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X-ray tomography shows the varying three-
dimensional morphology of gold nanoaggregates
in the cellular ultrastructuref
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The processing of nanoparticles inside eukaryotic cells is a key step in many wanted and unwanted nano-
bio-interactions. In order to understand the effects and functions of the intracellular aggregates that are
formed, their properties and their interaction with the biological matrix must be characterized. High
quality synchrotron soft X-ray tomography (SXT) data were obtained from cells containing gold
nanoparticles that are commonly applied as tools for optical probing or drug delivery. 3D volume
rendering of both cellular organelles and the nanoparticle aggregates of different sizes in the intact cells
of two cell lines reveals variation in localization, size, shape and density of the intracellular gold
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influence of pre-aggregation of primary nanoparticles is shown. The SXT results provide a detailed

DO 10.1035/c9na00198k picture of intracellular aggregation and will improve the design of safe and efficient nanoparticle
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Introduction

Understanding the interactions of nanomaterials, and in
particular gold nanoparticles with molecules, cells, and tissues
is required to achieve improvements in diagnostic imaging and
in therapeutic applications.”” In most cases, the quantity of
particle uptake at the cellular level can be critical, for example in
drug delivery or in radiotherapy. It is known that the physico-
chemical properties of nanomaterials, including their size,
morphology, crystallinity, and surface modification, influence
their cellular uptake, distribution and interaction with the cell
ultrastructure, and can lead to the intended theranostic result
and/or cytotoxicity.*® Moreover, the aggregation of nano-
materials can affect the degree of uptake and cytotoxicity, as
well as the experimental reproducibility in biological applica-
tions, depending on the nanoparticle composition and the cell
type.>*® The processing of nanoparticles in the cell is associated
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with endosomal maturation, including changes in vesicle
morphology and multivesicular fusion."**> To draw conclusions
about the intracellular processing and interaction of gold
nanoparticles with the molecules of the cell, ultrastructural data
on their intracellular localization are required.

Although high-resolution optical microscopy**™* overcomes
the drawbacks of diffraction-limited microscopy, it relies on the
selectivity of labels or nanoparticles and does not resolve all
ultrastructural features of the biological materials. Soft X-ray
microscopy (SXM), exploiting recent advances in X-ray optics
and synchrotron sources has led to unprecedented possibilities
to investigate the 3D volumes of whole hydrated cells.***® This
poses a clear advantage over preparation protocols in trans-
mission electron microscopy (TEM) that typically include
dehydration® and nm-sectioning.”*** At a wavelength range of
4.4-2.3 nm of soft X-ray radiation, the linear absorption coeffi-
cient of organic material is one order of magnitude higher than
that of the surrounding water, enabling the resolution of
cellular structures in vitrified cells."®**»** As shown previously,
individual gold nanoparticles or small aggregates of them can
be resolved in cellular substructures due to the high linear
absorption coefficient (LAC) of gold (23.7 um™ ') compared to
the cell matrix (LAC of proteins/lipids ~ 1.2 pm™").1*** The
measurement of the LAC can be used to identify and charac-
terize cellular organelles and particles in a specimen in
a quantitative manner.* In cryo-XM images, many different
cellular organelles and membranes can be resolved,'”*%*”
enabling the localization of nanoparticles in the cellular ultra-
structure with a resolution of a few tens of nanometers.'***-3°

Nanoscale Adv., 2019, 1, 2937-2945 | 2937


http://crossmark.crossref.org/dialog/?doi=10.1039/c9na00198k&domain=pdf&date_stamp=2019-08-05
http://orcid.org/0000-0002-0534-238X
http://orcid.org/0000-0001-8542-6331
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00198k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA001008

Open Access Article. Published on 13 June 2019. Downloaded on 6/17/2026 11:16:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Here, the cellular uptake and 3D distribution of gold nano-
particles in the cell under different conditions are observed by
synchrotron soft X-ray tomography (SXT) using a photon energy
of 510 eV. As will be discussed, nanoscale SXT can, in addition
to the characterization of the nanoparticle-incubated cells, be
applied for the quantitative analysis of the average particle
properties, the statistical distributions for the level of uptake
and the size of nanoparticle aggregates inside the cells. In the
reported experiments, SXT data are obtained for different
incubation conditions from two cell lines that are known to take
up nanoparticles by different physiological processes. The size
and 3D morphology of the intracellular particle aggregates is
directly visualized by 2D projection images and in 3D tomo-
graphic reconstructions. In particular, the effect of aggregates
that are formed prior to incubation on uptake and intracellular
processing is discussed. The results reveal differences in local-
ization and in the properties of the formed nanoparticle
aggregates depending on incubation time and cell type.

Results and discussion

Size, morphology and intracellular distribution of gold
nanoparticle aggregates

The SXT experiments were conducted with cells that were grown
adherently on Formvar-coated gold grids. There, fibroblast and
macrophage cells, respectively, were exposed to 32 nm-sized
gold nanoparticles for 3 hours and for 24 hours, as well as to
gold nanoaggregates for 3 hours. Formation of these pre-
formed nanoaggregates was induced by adding sodium chlo-
ride solution prior to adding the nanoparticles into the culture
medium. Tomographic data sets were recorded by tilting the

fibroblasts

macrophages
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cryogenic sample holder about an axis orthogonal to the X-ray
beam. Tilt angle series consisting of up to 131 projections at
a pixel size of 9.8 nm were recorded for vitrified whole cells, and
enable the tomographic reconstruction of the sample volume
and surface rendering of the particles. The data reveal an
undisturbed  cellular ultrastructure, including intact
membranes of mitochondria and nuclei.

Fig. 1 displays selected slices of tomographic reconstructions
together with the surface rendered particles in representative
fibroblast (Fig. 1A-C) and macrophage (Fig. 1D-F) cells.
Comparing the 3D SXT reconstructions of fibroblasts incubated
with gold nanoparticles (Fig. 1A) with those incubated with pre-
aggregated particles for 3 hours (Fig. 1B), differences in the
number and size of particle aggregates in the cells, and in their
localization with respect to the nucleus are found. After 3 h of
exposure to individual nanoparticles, single particles and small
aggregates are located close to the nucleus, and larger nano-
particle aggregates accumulate near the plasma membrane
(Fig. 1A). In contrast, the incubation of the fibroblast cells with
aggregates of the nanoparticles leads to a much higher number
of intracellular particles (Fig. 1B). Almost no individual nano-
particles are found in the fibroblast cell (Fig. 1B). Large intra-
cellular aggregates, containing more than five particles, are
visible when the time for incubation with non-aggregated
nanoparticles is increased to 24 hours (compare Fig. 1A and
C). In this case, large aggregates are found throughout the
cytoplasmic region with no considerable preferences for
a particular area (Fig. 1C).

In contrast to the fibroblast cells, macrophages contain large
nanoparticle aggregates (>200 nm) after 3 hours of incubation.
In the reconstruction of the example macrophage cell incubated

Fig. 1 Slices of tomographic reconstructions together with the surface rendered particles in (A-C) fibroblast cells and (D—F) macrophages
incubated with gold nanoparticles for (A and D) 3 hours and (C and F) 24 hours and with nanoaggregates for (B and E) 3 hours. Images show the
3D extension and distribution of the particle aggregates inside the cell. Scale bars: 1 um. The particles and their aggregates are highlighted in
yellow (in fibroblasts) and blue (in macrophages) after surface rendering by Amira software. Abbreviations: N, nucleus.
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with pre-aggregated nanoparticles (Fig. 1E), numerous large
aggregates with a three-dimensional extension and a size of up
to 450 nm are identified, in addition to some small aggregates.
The presence of both large and small nanoparticle aggregates in
the macrophage cells can be attributed to endocytosis and
phagocytosis, respectively, both known to take place as uptake
mechanisms in macrophages.®** Increasing the incubation
time of the gold nanoparticles from 3 to 24 hours (Fig. 1F and
ESI Fig. S3A, Bt), leads to a significant increase of the size and
number of particle aggregates inside the cells. Fig. 1D illustrates
that nanoparticle aggregates in macrophages are located in the
perinuclear region also after particle incubation for 3 hours
(Fig. 1D), therefore we conclude that transport to the vicinity of
the cell nucleus must take place in the first 3 hours.

In Fig. 2, cryo-XM images of fibroblast cells after 3 h-exposure
to individual gold nanoparticles (Fig. 2A and B) and pre-
aggregated nanoparticles (Fig. 2C-F) are shown. After incuba-
tion with non-aggregated gold nanoparticles for 3 hours, a large
number of separated single nanoparticles along with small
aggregates of 5-6 nanoparticles are present in the vicinity of the
nucleus in the cytoplasmic region of the cells (Fig. 2A and B; see
also Movies S1 and S27). From UV-vis absorbance spectra (see ESI
Fig. S17), which prove the stability of the nanoparticles in the
incubation medium, we conclude that the cells take up primary
nanoparticles, and that the aggregation of the particles in the cell
occurs due to intracellular processes. In the course of endosomal
maturation inside the cell,** stabilization of the particles by
serum proteins that are adsorbed by the nanoparticles in the cell
culture medium****** gets lost, so that aggregates can be formed.
The local accumulation of particles in certain regions of the cryo-
SXM images also indicates that the particles are likely contained
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in vesicular structures in the cytosol. Based on previous results
we infer that due to the low absorption contrast and the super-
position with the high-contrast nanoparticles,'® the vesicle
membranes are visible in many but not all reconstructions. The
presence of vesicular membranes around the nanoparticle
aggregates is also confirmed by TEM obtained in parallel samples
that were fixed and cut (Fig. S27).

In contrast to the incubation with primary particles, expo-
sure of the fibroblast cells to pre-aggregated particles for the
same duration of 3 hours yields only large particle accumula-
tions inside the cells, and no individual nanoparticles are found
(Fig. 2C-F). Fig. 2E shows a cell after completed division of the
nucleus but before the cell division, as a result of which the
particle-containing vesicles are distributed to the two daughter
cells. As visible here, numerous particle aggregates are located
in the cytoplasmic area between the two nuclei already at the
beginning of the cytokinesis. The aggregates vary in size and
shape and consist in the majority of more than five nano-
particles each (Fig. 2C-F). In contrast to silver nanoparticles, for
which we had observed half-ring or ring shaped arrangements
previously,'® the aggregates of the gold nanoparticles are mostly
three-dimensional and occur in spherical arrangements or have
elongated morphologies (Fig. 2F). Regarding the 3D arrange-
ment of the nanoparticles with respect to one another within
the aggregates, we find that each aggregate shows unique inter-
nanoparticle spacing and geometries. Gaps between the parti-
cles can be identified, suggesting that the particles are not
completely densely packed. This is, for example, clearly visible
in the sphere-like aggregate structure (Fig. 2F), which has larger
gaps inside and is not completely filled with particles. With
increasing incubation time, the intracellular aggregates contain

Fig. 2 X-ray microscopic images of fibroblast cells after incubation for 3 hours with (A and B) gold nanoparticles and (C—E) nanoaggregates. (F)
Intracellular nanoaggregates in fibroblast cells after incubation of gold nanoaggregates for 3 hours. Size, morphology and quantity of particle
aggregates differ in individual cells, cf. Fig. 4 for statistical evaluation of all data sets. The presence of a high amount of single nanoparticles after 3
h-exposure to gold particles is also obvious from a tilt series (Movie S1) and a tomogram (Movie S27t) of a fibroblast cell of the same sample. All
images were acquired with a 25 nm zone plate (9.8 nm pixel size). Scale bars: (A—E) 1 um; (F) 250 nm. Abbreviations: N, cell nucleus; NM, cell

nucleus membrane; Nu, nucleolus; M, mitochondrion; V, vesicle.
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larger quantities of nanoparticles (compare Fig. 2A, B and ESI
Fig. S3C-G).

Fig. 3 provides further details on the nanoparticle aggregates
in the macrophage samples that were discussed in Fig. 1D to F.
Compared to the situation in the fibroblast cells (Fig. 1A-C and
2), the number of aggregates in the macrophages is much
higher, and their size is larger (Fig. 3). Also the shape of the
aggregates varies considerably with respect to those of the
aggregates in fibroblast cells, with their extension always being
three-dimensional and the particle density being relatively high
(Fig. 3F and G). The inter-particle distances in the aggregates
appear very similar, regardless whether the particles were not
aggregated (Fig. 3F) or pre-aggregated (Fig. 3G) during incuba-
tion. The morphology of the intracellular aggregates that are
formed after an incubation of primary nanoparticles for 24 h
(Fig. 1F and ESI Fig. S3A, Bf) are much more compact and
different from circular gold particle arrangements in macro-
phages that were reported previously in similar experiments.**

The quantitative analysis of the X-ray tomograms using the
linear absorption coefficient and based on the rendered gold
nanostructures (compare Fig. 1) yields great differences in the
number of aggregates of a particular size in fibroblast (Fig. 4A-
C) and macrophage cells (Fig. 4D-F). The aggregates cover
a wide size range between 50 nm and 500 nm. The number of
intracellular aggregates and their mean size as well as their
maximum size are summarized in Table 1. The mean size of the
aggregates differs in both cell types after 3 hours of incubation
with both non-aggregated particles and pre-aggregated parti-
cles. Fewer and smaller aggregates are present in fibroblast cells
(Fig. 4A and B) than in macrophages (Fig. 4D and E). In both cell
lines, the fraction of small aggregates is greater when the cells
are exposed to the primary particles than when incubated with
pre-aggregated particles.

After an incubation of fibroblast cells with primary particles
for 3 hours, a very narrow aggregate size distribution with
a maximum size of 250 nm is observed (Fig. 4A). For the
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maximum aggregate size of ~300 nm, as it occurs when the
fibroblast cells are exposed to pre-aggregated nanoparticles for
3 hours (Table 1), we estimate that up to 610 nanoparticles can
be present per vesicle, considering a face centered cubic sphere
packing (fcc, packing fraction of 74%). This significantly
exceeds the number of particles that are typically counted in the
vesicular structures of fibroblast cells in most cases (compare,
e.g., the examples in Fig. 2F). After 24 hours, the number of
particles in the fibroblast cells varies from individual nano-
particles to aggregates that are estimated to consist of several
hundred particles (Table 1). Only after such a long incubation
period, aggregates with sizes larger than 400 nm are found,
which are possibly the result of multivesicular fusion events.**

In contrast to the sizes of the aggregates in the fibroblast cells,
macrophages accumulate intracellular nanoparticle aggregates of
>400 nm already after 3 hours of incubation with primary nano-
particles (Fig. 4D and Table 1). From previous work it is known
that macrophages can engulf 40 nm particles by either clathrin-
mediated endocytosis, macropinocytosis, or phagocytosis,* the
latter two of which can lead to the formation of large aggregates.
Fig. 4E shows similar numbers of aggregates for a broad range of
aggregate sizes when the macrophages are exposed to pre-
aggregated particles. The mean size of the aggregates of 182 nm
corresponds to 136 particles per aggregate, assuming fcc sphere
packing (Table 1). After an incubation period of 24 hours, the
number of aggregates per cell decreases, which can be explained
by the fact that the aggregates may be excreted by exocytosis or
merge in the course of processing in the cell by multivesicular
fusion into a larger aggregates."*” It was reported that the level of
exocytosis in macrophage cells can increase after receptor-
mediated endocytosis of foreign materials, in order to maintain
membrane integrity®® and to prevent tissue damage.*

As visible in Fig. 4A, C, D and F, the size distribution of
aggregates smaller than 125 nm is very similar when the cells
are incubated with primary nanoparticles independent of cell
type or incubation time, with nanoparticle pairs (50-75 nm)

Fig. 3 X-ray microscopic images of macrophage cells after incubation for 3 hours with (A—C) gold nanoparticles and (D and E) nanoaggregates.
Intracellular nanoaggregates in fibroblast cells after incubation of (F) gold nanoparticles and (G) nanoaggregates for 3 hours. All images were
acquired with a 25 nm zone plate (9.8 nm pixel size). Scale bars: (A—E) 1 um; (F and G) 250 nm. Abbreviations: N, cell nucleus; NM, cell nucleus
membrane; M, mitochondrion; PM, plasma membrane; P, pseudopod; V, vesicle; cV, cytosolic vacuole.

2940 | Nanoscale Adv., 2019, 1, 2937-2945

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00198k

Open Access Article. Published on 13 June 2019. Downloaded on 6/17/2026 11:16:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale Advances
“w 40 40
A fibeoblast celis B fibroblast cells C fibroblast cells
2 354 non-aggregated partickes for 3 h 3 35 4 pre-aggregated particles for 3 h 3 35 4 non-aggregatad particles for 24 h
g ] % ] g 2]
254 ? 254 254
& E k:
> 204 S 204 S 204
§ 20 i 20 g®
£ 154 f 15 4 E 154
& 5 &
S 104 S 104 S 104 1
3 3 g
g 54 £ 54 £ 54 Pﬂﬂ
0+ - - 0 0 — M= Y  —
] 100 200 300 400 500 0 100 20 300 400 ) 100 200 300 400 500
diameter [nm] diameter [nm) diameter [nm)
“© 0 40
D macrophage cells E macrophage cells F macrophage celis
g 354 non-aggregated parteles for 3h g 35 pre-aggregated panicles g 384 non-aggregated panicles for 24 h
2 2 for3h =
g 04 § 304 % 204
® 254 ? 254 § 254
2 2 2w
8 8 3
£ 154 S 154 £ 154
€ € €
B 104 B 10 S 104
€ € ‘i’
g 54 g 54 g 54 H
0+ 0+ 0 i ‘DD |a_m
] 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

diameter [nm]

diameter [nm)

diameter [nm)

Fig. 4 Number of intracellular particle aggregates per cell for particular aggregate sizes based on 3D X-ray microscopic imaging of (A-C)
fibroblasts and (D—F) macrophages incubated with non-aggregated gold nanoparticles for 3 and 24 hours and with pre-aggregated nano-
particles for 3 hours. The values are normalized to 100 per cent. The blue lines indicate the mean aggregate size.

Table1l Overview of the nanoaggregate properties (number, average size, particles per aggregate, maximum size) in fibroblast and macrophage
cells for different incubation conditions. Number of particles per aggregate is estimated by considering a face centered cubic sphere packing

(packing fraction of 74%)

Number of aggregates

Average size Average number of particles Maximum size

Cell line Incubation condition per cell in nm per aggregate in nm
3T3 3 h non-aggregated 149 78 + 34 11 251
3 h pre-aggregated 103 131+ 73 51 302
24 h non-aggregated 116 114 + 76 33 468
J774 3 h non-aggregated 166 128 + 89 47 437
3 h pre-aggregated 93 182 + 102 136 461
24 h non-aggregated 78 100 £ 62 23 360

occurring most frequently. This is in agreement with a contin-
uous uptake of nanoparticles by the cells. Larger aggregates are
found at different frequencies in the two cell lines, pointing
towards a different processing by the cells. The distribution of
both, smaller and larger aggregates, are different from those
obtained with pre-aggregated particles in both cell types (Fig. 4B
and E).

Interaction of particles with the cellular ultrastructure

For a precise distinction between the localization of the parti-
cles in the cytoplasm and in the nucleus, and with respect to
other organelles, the reconstruction of the sample volume
based on the X-ray microscopic tilt series is required. Fig. 5
shows slices of reconstructed X-ray tomograms of representative
macrophage cells after an exposure to primary (Fig. 5A-C, see
also Movie S3t) and pre-aggregated (Fig. 5D-F, see also Movie
S41) gold nanoparticles. In addition to the nanoparticles,

This journal is © The Royal Society of Chemistry 2019

cellular compartments including the nucleus, mitochondria,
vesicles, and the membranes of the cell nucleus and the plasma
membrane can be reconstructed in high resolution, which
allows a precise localization of the particles with respect to the
cellular ultrastructure. The nanoparticles and nanoaggregates
are predominantly located in endosomes, which supports their
endocytotic uptake into the cells. Individual gold nanoparticles
and aggregates are seen near mitochondria and the nuclear
membranes, but not inside the cell nuclei as confirmed by the
corresponding Movies S3 and S4.f The number of aggregate-
containing vesicles in the perinuclear region is very high,
which indicates an advanced endosomal maturation.'? As evi-
denced from two sections taken at different heights in the cell
and in accord with the known distribution of endocytic vesicles
across the whole cytoplasm, the particle containing vesicles are
found in different planes in the z-direction (Fig. 5E, F and ESI
Fig. S41).

Nanoscale Adv., 2019, 1, 2937-2945 | 2941
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Fig. 5 Slices of tomographic reconstructions of J774 macrophage cells exposed for 3 hours to (A—C) gold nanoparticles or (D-F) pre-
aggregated nanoparticles. The intracellular nanoaggregates are located in the proximity of mitochondria or of the cell nucleus. (E) and (F) show
the same part of the cell at different planes of the tomogram. Allimages 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; Nu, nucleolus; NM, nuclear membrane; PM, plasma membrane; P, pseudopod; M,

mitochondrion; V, vesicle; cV, cytosolic vacuole.

Fig. 6 shows a 3D segmentation of the nanostructures and
some organelles as result of volume rendering of the aggre-
gated nanoparticles (blue), the cell nucleus (red) and cytosolic
vacuoles (green), thereby providing a better idea of the inter-
action of the particles with the cellular ultrastructure, for the
same data set that was shown in Fig. 5D. The different views
(Fig. 6B-D) of the particle aggregates inside the macrophage
cell, in x-y, x-z, and y-z direction, reveal their arrangement
and distribution in all three dimensions. It is clearly visible
that the aggregates are located above the cell nucleus rather
than inside. When incubated with pre-aggregated particles for
3 hours (Fig. 6, see also Fig. 5D-F), the macrophages show
a higher number of cytosolic vacuoles than when exposed to
non-aggregated particles (compare Fig. 5A-C). As character-
istic feature, distinctive from endolysosomes, the vacuoles
have brighter lumina than the endolysosomes, some are
asymmetric and have a length of 1-2 um and they do not
contain gold particles.

The exemplary slices of the reconstructed tomograms of the
fibroblast cells exposed to primary particles (Fig. 7A, B and
Movie S27) or pre-aggregated particles (Fig. 7C and D) also
reveal aggregates inside endolysosomal structures that are
surrounded by mitochondria in the immediate vicinity of the
nuclear membrane. Since no phagocytosis takes place in the

2942 | Nanoscale Adv., 2019, 1, 2937-2945

fibroblast cells, the particles must be located exclusively in
endo/lysosomes, not phagosomes, as is also supported by the
TEM images of Fig. S2.f All SXT images shown in Fig. 7 indi-
cate the presence of the particles and/or their aggregates in
multivesicular bodies (Fig. 7, blue arrows) that arise during
endosomal maturation and multivesicular fusion of particle-
containing vesicles.">** Most of these vesicles near the
nucleus or mitochondria contain between one and ten nano-
particles (Fig. 7A, B and Movie S2t). These aggregates also
show a high affinity for the membrane of the vesicles (Fig. 7).
The interaction could occur both directly via the lipid layer
and via another biological component, for example
proteins."** For silver particles, such an interaction with the
endosomal membranes was attributed to the presence of
a stable and specific biomolecule corona surrounding the
nanoparticles by combining cryo-SXM experiments with
a chemical characterization of the molecules at the nano-
particle surface by surface-enhanced Raman scattering.'®
Probing the surface composition of gold nanoparticles in
fibroblast cells suggests an altering molecule corona with
increasing incubation time.***»* This is in accordance with
SXT data showing variation in intracellular aggregate locali-
zation, size and shape.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Volume rendering of the nanoparticle aggregates (blue), the cell nucleus (red) and cytosolic vacuoles (green). The 3D data correspond to
the macrophage cell in Fig. 5D exposed to nanoaggregates for 3 hours. (A—D) The segmented images show the interaction of the particles with
the cellular ultrastructure. The different views of the macrophage cell, (B) x-y, (C) x—z and (D) y—z, reveal the 3D arrangement of the intracellular

particle aggregates. Scale bars: 1 pm.

Experimental
Nanoparticle synthesis

Gold nanoparticles were synthesized by sodium citrate (Merck,
Darmstadt, Germany) reduction of chloroauric acid (Sigma
Aldrich Chemie GmbH, Taufkirchen, Germany) according to
ref. 44. Particles were characterized by transmission electron
microscopy and UV-vis spectroscopy (see ESIT).

Cell culture

Swiss albino mouse fibroblast cells (cell line 3T3) and macro-
phages (cell line J774; both from DSMZ, Braunschweig, Ger-
many) were maintained in DMEM supplemented with 10% FCS,
100 U ml~" penicillin and 100 pg ml~" streptomycin (all from
Biochrom AG, Berlin, Germany) and grown in a humidified
environment at 37 °C and 5% CO,. For seeding, cells were
harvested and cultivated in sterile culture plates on coated X-ray
grids. For SXM, adherent mouse fibroblast cells and macro-
phages were first pelleted and grown as monolayer on Formvar-
coated tomography gold grids (Gilder Grids, Lincolnshire,
England) under standard cell culture conditions.

Nanoparticle incubation and sample preparation

After 24 hours of cultivation, the cells were exposed to gold
nanoparticles for 3 or 24 hours at a concentration of 100 pM in

This journal is © The Royal Society of Chemistry 2019

standard growth medium (DMEM supplemented with 10%
FCS). For incubation with pre-aggregated nanoparticles particle
aggregation was induced by addition of 100 mM NaCl solution
to the nanoparticle suspension before adding the nanoparticles
into the cell culture medium. The three incubation conditions
were chosen based on results of other microscopic methods
that we have used to characterize nanoparticles and their
interaction in the cell lines used here.'*?*** For vitrification, SXT
grids were washed three times with PBS buffer, blotted with
filter paper and snap-frozen on a plunge freezer using liquid
ethane. The cell monolayer with a thickness of up to about 10
um was examined in the X-ray microscope equipped with
a cryostage, allowing for the investigation of cells in their native
state.

Cryo soft X-ray microscopy and tomography

XM was performed at beamline U41-XM equipped with a cryo-
stage at the electron storage ring BESSY II (Helmholtz-Zentrum
Berlin fiir Materialien und Energie, Germany).'”** Measure-
ments of cells were conducted at a photon energy of 510 eV at
a temperature of 170 °C. Projection images of vitrified cells were
obtained at a tilt angle of 0°. Tilt series were acquired from 11
individual cells at different angles in increments of 1° at a pixel
size of 9.8 nm (25 nm zone plate objective). Depending on
sample thickness, exposure time was adjusted for each tilt angle
varying between 1 and 15 s. The irradiation dose was chosen as
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Fig. 7 Slices of reconstructed tomograms of 3T3 fibroblast cells
exposed for 3 hours to (A and B) non-aggregated gold nanoparticles or
(C and D) pre-aggregated nanoparticles. The particles are enclosed in
vesicles in the proximity of mitochondria or of the cell nucleus. Arrows
point at particles in multivesicular bodies (MVB). 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; cV, cytosolic vacuole; L, lipid droplet.

low as possible to avoid the loss of structural information due to
irreversible radiation damage. The reconstructed tomograms
consist of up to 131 images ranging from —65° to +65° at
increments of 1°.

Reconstruction and segmentation

The projection images were first pre-processed by flat-field
correction (average from 10 flat-field images obtained under
the same experimental conditions) and then normalized in
order to correct for different beam current and longer exposure
times at higher tilt angles. Tomogram was obtained by align-
ment of the corrected tilt series and tomographic reconstruc-
tion using the software eTomo from IMOD (Colorado, USA).*
Reconstruction of the sample volume was carried out by back-
projection or SIRT. Images of a tilt series were aligned using the
intracellular gold nanoparticles as fiducial markers. For faster
processing, some tomograms were binned by a factor of two
(projection images: no binning).

Amira software (Thermo Fisher Scientific, Oregon, USA) was
used for surface rendering to generate 3D views of the particle
distribution in cells. Based on the reconstructed data,
segmentation of the particles was processed automatically, the
cell organelles manually. From these data, the diameter, volume
and area of each segmented particle aggregate were calculated.

Conclusions

In this paper, the intracellular aggregates of gold nanoparticles
that are formed in the endolysosomal system of different cell
lines after incubation of the cells were characterized. Two cell
types with very different uptake mechanisms, fibroblast cells
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and macrophages, were studied by cryo-SXT. As the results
show, the applied microscopic approach enables data sets that
allow a 3D volume rendering of both, cellular organelles and the
nanoparticle aggregates of different sizes in the intact cells. The
obtained 3D information reveals that the distribution and
shape of the intracellular gold nanoaggregates depend on the
duration of incubation and whether the cells were exposed to
non-aggregated or pre-aggregated nanoparticles. In particular
the occurrence of larger intracellular aggregates upon incuba-
tion with primary nanoparticles differs in the two cell lines,
indicating the different processing by the cells. The high reso-
lution and contrast in the tomographic slices suggests differ-
ences in nanoparticle density between intracellular aggregates,
in agreement with known variations in the composition of the
biomolecular corona of gold nanoparticles in endosomes that
have been suggested by in situ vibrational spectroscopic
probing'29,42,43

The possibility to detect different aggregate morphologies
within subcellular structures of eukaryotic cells highlights the
resolution that is presently attainable with cryo-SXT. This
technique can be applied to obtain quantitative information
together with the localization, which is essential for under-
standing the cellular effects in response to nanoparticle expo-
sure, for the identification of drug targets, and for determining
modes of toxic action. The detailed, 3D pictures of the aggregate
morphologies/densities as demonstrated here will help a better
understanding of functional nanoparticles in cellular applica-
tions, including optical nanoprobes and theranostic tools.
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