Open Access Article. Published on 04 August 2020. Downloaded on 7/29/2025 9:30:59 AM.

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

[{ec

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2020, 12, 17450

Received 7th May 2020,
Accepted 25th July 2020

DOI: 10.1039/d0nr03581e

rsc.li/nanoscale

Introduction

Relating the composition and interface
interactions in the hard corona of gold
nanoparticles to the induced response
mechanisms in living cells}

Gergo Peter Szekeres, {0 $*P Stephan Werner,© Peter Guttmann, (¢ 7
Cecilia Spedalieri,” Daniela Drescher,® Vesna Zivanovi¢,° Maria Montes-Bayon, ¢
Jorg Bettmer 2 9 and Janina Kneipp @ *°

Understanding the formation of the intracellular protein corona of nanoparticles is essential for a wide
range of bio- and nanomedical applications. The innermost layer of the protein corona, the hard corona,
directly interacts with the nanoparticle surface, and by shielding the surface, it has a deterministic effect
on the intracellular processing of the nanoparticle. Here, we combine a direct qualitative analysis of the
hard corona composition of gold nanoparticles with a detailed structural characterization of the mole-
cules in their interaction with the nanoparticle surface and relate both to the effects they have on the
ultrastructure of living cells and the processing of the gold nanoparticles. Cells from the cell lines
HCT-116 and A549 were incubated with 30 nm citrate-stabilized gold nanoparticles and with their aggre-
gates in different culture media. The combined results of mass spectrometry based proteomics, cryo soft
X-ray nanotomography and surface-enhanced Raman scattering experiments together revealed different
uptake mechanisms in the two cell lines and distinct levels of induced cellular stress when incubation
conditions were varied. The data indicate that the different incubation conditions lead to changes in the
nanoparticle processing via different protein—nanoparticle interfacial interactions. Specifically, they
suggest that the protein—nanoparticle surface interactions depend mainly on the surface properties of the
gold nanoparticles, that is, the {-potential and the resulting changes in the hydrophilicity of the nano-
particle surface, and are largely independent of the cell line, the uptake mechanism and intracellular pro-
cessing, or the extent of the induced cellular stress.

environment. Nanoparticles have long been considered for bio-
medical use, since their surface is easily functionalized. When

With the emerging exposure of people, animals, and plants to
nanomaterials it becomes essential to understand the intra-
cellular processing of nanoparticles by their biomolecular
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delivered into a complex biomolecular system, e.g., blood or
living cells, their surface interacts with a multitude of protein
molecules that form the protein corona.’ Cells can only see
this protein corona,” which triggers biomolecular response
mechanisms different than pristine nanoparticles would, thus
determining the processing of the nanomaterial in the biologi-
cal system.® Therefore, the protein corona plays a key role in
the nanoparticle-induced cellular processes. The innermost
layer of the protein corona, called the hard corona, consists of
proteins with the strongest affinity to the nanoparticles’
surface, while the outer protein layers interact with the hard
corona proteins and with each other.

Most studies focus on the composition of the protein
corona in complex protein solutions in vitro."*” The intra-
cellular hard corona has so far been addressed mainly
indirectly® and as a corona complex including the outer
protein layers as well.” However, the knowledge of the hard
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protein corona formed in living cells, specifically of its compo-
sition, interfacial interactions, and its connection to nano-
particle processing in vivo is scarce but of crucial importance.

Here, the composition of the hard protein corona and its
interaction with the nanoparticle surface in vivo are in focus.
We combine proteomics by high-performance liquid chrom-
atography-electrospray ionization tandem mass spectrometry
(HPLC-ESI-Q-TOF-MS), ultrastructural information from cryo
soft X-ray nanotomography (cryo-SXT) experiments, and the
in vivo vibrational spectral information of the nanoparticle-
protein interactions from surface-enhanced Raman scattering
(SERS). Thereby it is possible to gain a comprehensive
knowledge of the intracellular hard protein corona in the
intact cells and to describe its influence on nanoparticle pro-
cessing that is unprecedented by previous work where such
approaches have been used separately.'®™**

While HPLC-ESI-Q-TOF-MS reveals the composition of the
hard corona,™'® SERS can be used to determine protein-nano-
particle interactions.’®'* The SERS spectra are collected from
living cells, as reported in other approaches.'®*>*® In this way,
the interaction and composition of the hard protein corona as
the immediate environment of the nanoparticles are probed
in vivo. Cryo-SXT on vitrified cells of identical samples yields
three-dimensional information with a resolution lower than
40 nm, allowing for the detailed investigation of the localiz-
ation and arrangement of the intracellular nanoparticle
agglomerates, and the overall cellular ultrastructure in a quasi-
native state.'"'”'® The combination of these three types of
information enables us to relate the processing of citrate-
stabilized gold nanoparticles by the living cells to the compo-
sition of the intracellular hard protein corona and its depen-
dence on properties of the nanoparticle surface in vivo. Here
we address the influence of different culture media, two
different epithelial cell lines, as well as applying gold nano-
particles in their pristine form or as aggregates, on the charac-
teristics of the hard protein corona. We show that while the
composition of the hard protein corona and the induced cellu-
lar response depend strongly on the cell line and the culturing
conditions, respectively, the interaction of the hard protein
corona with the nanoparticles depends only on the interfacial
properties of the gold nanoparticles, regardless of variations in
physiological aspects of their uptake.

The results pinpoint the influence of the inherent cellular
processing and of the artificially designed physiological con-
ditions on the composition of the hard protein corona and on
the nanoparticle-protein interfacial interactions, which have
further implications in biomedical research and in
nanomedicine.

Materials and methods
Gold nanoparticle synthesis

~30 nm citrate stabilized gold nanoparticles (30 + 7 nm calcu-
lated from 50 particles) were synthesized based on the protocol
described by Lee and Meisel'® and characterized by trans-
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mission electron microscopy and UV-vis spectroscopy as
described previously, see Fig. S1.1 *°

Cell cultivation and incubation

Two epithelial cell lines, HCT-116 human colorectal carcinoma
(LGC Standards, Wesel, Germany) and A549 human alveolar
basal epithelial adenocarcinoma cells (DSMZ, Braunschweig,
Germany), were grown under standard conditions (37 °C, 5%
CO,) in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum (both from Biochrom, Berlin,
Germany) and in McCoy’s modified 5A medium (Sigma-
Aldrich, Steinheim, Germany) supplemented with 10% fetal
bovine serum, respectively. When the cell culture reached
75-90% confluence (depending on the experiment), the
culture medium was exchanged with the 10: 1 volume mixture
of the respective culture medium and gold nanoparticles or
gold nanoparticles mixed with 0.1 mol L' NaCl, yielding a
final nominal gold nanoparticle concentration of 40 pmol L™".
After 24 h, the culture medium with gold nanoparticles was
removed, and the cells were rinsed with phosphate buffered
saline (PBS, Biochrom, Berlin, Germany) to wash off excess
gold nanoparticles. The incubation time of 24 h was deter-
mined based on prior experiments that indicated that the hard
corona remains unchanged over the course of 24 h.'**!

Analysis of the protein corona composition

The protein corona composition was analyzed by HPLC-ESI-Q-
TOF-MS as described previously.'® Briefly, ~10 000000 cells
were incubated in a 25 cm? cell culture flask for the analysis of
the protein corona composition. The cells underwent soft lysis
upon addition of 150 pL of lysis buffer containing 1% (v/v)
Triton X-100 as detergent, 150 mmol L™' NaCl, 1 mmol L™*
ethylenediaminetetraacetic acid, and 20 mmol L™ tris(hydro-
xymethyl) aminomethane (all chemicals purchased from
Sigma-Aldrich, Steinheim, Germany). After 5 min of incu-
bation on ice, the nanoparticle-hard protein corona bioconju-
gates were purified through a sucrose cushion and three cycles
of washing with PBS and centrifugation at 18 000g, which
was shown to eliminate the contribution of soft corona
proteins.®'® After the separation of the corona proteins with
gel electrophoresis and in-gel trypsinization, the protein frag-
ments were identified with HPLC-ESI-Q-TOF-MS. The collected
data were analyzed in MASCOT>* using the SwissProt database.
The hard corona proteomes were analyzed by the Database
for Annotation, Visualization and Integrated Discovery
(DAVID)**?** and STRING.>®> DAVID was used to obtain protein
groups with similar functions in the case of enriched proteins
in the hard corona, while STRING analyzed them only based
on function, and protein enrichment was not considered.

Cryo soft X-ray nanotomography (cryo-SXT)

Cells were grown on Formvar-coated gold tomography grids
and cultured and incubated as described above. After rinsing
three times with PBS to remove non-internalized gold nano-
particles, the excess liquid was blotted with a filter paper, and
the sample was snap-frozen in liquid ethane with the help of a
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plunge freezer. Cryo-SXT experiments were performed with a
transmission X-ray microscope equipped with a cryostage at
the U41-XM beamline at the BESSY II electron storage ring
(Helmholtz-Zentrum Berlin fiir Materialen und Energie,
Berlin, Germany), which allowed for the native-state study of
the cells."™*® All images were taken at 510 eV photon energy
with a zone plate with an outermost zone width of 25 nm. The
angular range of the tilt series was between —60° and +60°
with an angular step of 1°. Tomograms were reconstructed in
Etomo (IMOD® 4.9.0.) using the internalized gold nano-
particles as fiducial markers. Since the image pixel size corres-
ponds to ~9.8 nm per pixel, 30 nm gold nanoparticles are
visible even as single particles in the cellular compartments.
The 3D ultrastructure of the cells and the intracellular nano-
particle aggregates were segmented and visualized using
Amira (Thermo-Fisher Scientific) software.

Surface-enhanced Raman scattering (SERS)

Cells were grown on glass coverslips and, after 24 h incubation
with nanoparticles and subsequent rinsing with PBS, the
slides were transferred to a Raman microspectrometer
equipped with a nitrogen-cooled charge-coupled device detector
(Horiba, Munich, Germany). A 60x water immersion objective
(Olympus, Germany) was used for Raman mapping experiments
of single cells. Each spectrum was acquired in 1 s with excitation
by a 785 nm laser at a laser intensity of 2.3 x 10° W cm ™2,

The spectra were frequency-calibrated using a spectrum of
50-50% toluene and acetonitrile. Spectral pre-processing in
MatLab R2016b (The MathWorks, Inc.) comprised removal of
spikes, background-correction using AsLS algorithm,>” and
vector-normalization. Band occurrences were analyzed in
Mathematica 11.0 (Wolfram). To analyze frequencies of occur-
rence of spectral bands, a band was considered as present, if
the local integral exceeded the average integral value of all the
20 cm™" windows of an identically pre-processed spectrum
without signals and their standard deviation by at least a
factor of five.

Results and discussion

The hard corona contains proteins important for nanoparticle
processing

Two different cell lines with similar function, the epithelial
cells A549 and HCT-116, were chosen for all experiments
because epithelia are the first contact point of nanoparticles in
an organism. After HCT-116 and A549 cells were respectively
incubated with gold nanoparticles for 24 h in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (DMEM-FBS), the hard protein corona of the
internalized gold nanoparticles was purified and analyzed by
gel electrophoresis and mass spectrometry. The tentative func-
tional assignment of the hard corona proteins extracted from
live cells provides an unprecedented insight into the inter-
actions of the gold nanoparticles from the moment of their
introduction into the cell culture medium until the cell lysis.
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Fig. 1 Protein profile of the protein corona of gold nanoparticles inter-
nalized by HCT-116 and A549 cells in DMEM-FBS. Green rectangles
mark the excised gel segments analyzed by HPLC-ESI-Q-TOF MS.

This provides direct information about the interacting proteins
and informs about the possible cellular responses.

The electropherogram of the hard corona proteins extracted
from HCT-116 and A549 cells, respectively, are shown in Fig. 1.

Despite some similarities in the identified hard corona pro-
teins in Tables S1 and S2,f the two hard corona profiles are
majorly different (Fig. 1 and Tables S1 and S2f). After the
mass spectrometric analysis of the peptides extracted from the
excised gel segments (marked with green solid rectangles in
Fig. 1), 297 and 52 proteins were identified with MASCOT>* in
the hard protein corona of gold nanoparticles in HCT-116 and
in A549, respectively (see the lists of identified proteins in
Tables S1 and S2f). Since the culture medium was sup-
plemented with fetal bovine serum and the majority of the
identified proteins was of human origin, it can be concluded
that the analyzed hard protein corona was formed during and
after the internalization of the nanoparticles, as also discussed
in ref. 28. As seen in Fig. 1, only the most intense bands in the
extracted hard corona proteins from A549 cells were excised
for further mass spectrometric analysis, because proteins with
low concentration increased the threshold of significance in
the data sets.

The proteins listed in Tables S1 and S2+ were first analyzed
by DAVID.”*?* Twelve and four functional clusters were deter-
mined in the hard corona of gold nanoparticles in HCT-116
and A549, respectively, as shown in Table 1. As indicated in
Table 1, bovine proteins were found in the hard corona pro-
teome of both cell lines: four in that of HCT-116 and two in
that of A549 (Table 1). Bovine hemoglobin subunit alpha and
vitronectin were found in the respective protein coronas
extracted from both cell lines (Tables S1 and S27), and hemo-
globin fetal subunit beta and a protein similar to bovine apoli-
poprotein B were additionally detected in the hard corona
formed in HCT-116 (Table S17). These proteins were present in
the hard corona even after 24 h of incubation, which suggests
their strong interaction with gold nanoparticles. In a complex
protein solution, e.g., inside intracellular compartments, first,

This journal is © The Royal Society of Chemistry 2020
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Table 1 Protein clusters based on the enrichment and functional
assignment of hard corona proteins on gold nanoparticles recovered
from HCT-116 and A549 cells. The functional assignment was done by
DAV|D23,24

Cluster HCT-116 A549
Ribonucleoprotein-related 77 —
Translation initiation factor-related 16 —
Translation regulation-related 5 —
RNA-binding-related 32 —
RNA transport-related 4 —
Protein folding-related 9 —
Nucleosome-related 5 9
Helicase-related 8 —
GTP-binding-related 6 —
Endoplasmic reticulum-related 10 —
Mitochondrion-related 14 —
Porin-related 4 —
Glycolysis-related — 3
Calcium ion binding-related — 4
Unclassified 110 40
Bovine proteins 4 2
Total 297 52

the most abundant proteins interact with the surface, which
then gradually exchange to proteins with higher surface
affinity because of the Vroman effect.”**°

The concentration of bovine serum albumin, the most
abundant protein in fetal bovine serum-supplemented culture
media, was below the detection limit, which suggests that
bovine serum albumin only participates in weak interactions
with the gold nanoparticles. This is in accordance with pre-
vious publications related to bovine serum albumin-gold
nanoparticle interactions,"**! that concluded only non-specific
interactions between the exposed lysine residues of bovine
serum albumin and the citrate ions adsorbed on the nano-
particle’s surface.

The enrichment of some proteins with specific functions in
the hard corona (see Tables S1 and S27) allows for the discus-
sion of their role in the cellular processing of the nano-
particles. A schematic representation of the assessed proces-
sing is shown in Scheme 1. As examples, annexins and ladinin
indicate an interaction of the gold with cell membranes,***’
as well as the interactions of nanoparticles with cilia (e.g,
cilia- and flagella-associated protein 157 in HCT-116).
Cytoplasmic actin is present in both protein corona profiles,
which is responsible for the pit formation in the cell mem-
brane during active uptake.*® The presence of clathrin light
chain A and clathrin heavy chain 1, as well as AP-2 complex
subunit alpha-1 in the hard corona suggests that gold
nanoparticles can be internalized by clathrin-mediated
endocytosis.>>?® While these proteins are generally on the
outer surface of vesicles, in multivesicular bodies and in com-
partments targeted for exocytosis, they can get in direct
contact with the gold nanoparticles as well.*

After their internalization, gold nanoparticles induced
different cellular response mechanisms in the two cell lines
under study. In A549, the protein corona of gold nanoparticles
contains vimentin, which is the highest scoring entry among

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Summary of the proteins involved in the processing of gold
nanoparticles by cells as indicated by the proteomics data of the
extracted hard protein corona. After uptake by e.g., clathrin-mediated
endocytosis (CME), nanoparticles are processed via the endolysosomal
pathway that may direct them to single-membrane endosomes or
double-membrane autophagosomes.

the heavier proteins based on the algorithms in MASCOT?*?
(Table S2t). Vimentin is involved in the formation of aggre-
somes, which are intracellular bodies formed by the grouping
of aggregated, denatured proteins that are meant to be pro-
cessed further.””

In contrast, the corona extracted from HCT-116 is exempt
from vimentin as it is not expressed in this cell line*® and
shows very distinct properties and a much higher protein
diversity. In total, 77 different ribosome-related proteins and
14 mitochondrial proteins are present. Since gold nano-
particles are most often stored in different intracellular com-
partments, they cannot interact with ribosomes and mitochon-
dria in the cytosol, but only inside endolysosomal organelles,
e.g., autophagolysosomes. These compartments are crucial for
the processing of damaged or unwanted intracellular
materials, and they help in their elimination in the form of
extracellular vesicles.>>*® In comparison to the DAVID analysis
of the hard corona proteome of A549, suggesting complete
absence of ribosomal and mitochondrial proteins, STRING
analysis, based solely on protein functions but not on enrich-
ment, classified ten proteins related to ribosomes and zero to
mitochondria.

Both cell lines associate gold nanoparticles with histones
(Tables S1 and S27), which are the primary component in the
bands corresponding to 10-15 kDa proteins in Fig. 1. Histones
can adsorb on the surface of gold nanoparticles in extracellular
vesicles or vesicles targeted to be excreted, most frequently in
apoptotic bodies.*' Apoptotic bodies contain intact organelles
with cytoplasmic matter and, in some cases, nuclear frag-
ments. In such extracellular vesicles, gold nanoparticles can
interact with histones, ribosomes, and mitochondria as well.
Moreover, 23 and 15 stress-related, and 41 and 14 apoptosis-
related proteins were also identified by STRING® in the hard
coronas extracted from HCT-116 and A549 cells, respectively,

Nanoscale, 2020, 12, 177450-17461 | 17453
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Fig. 2 Tomographic slices of HCT-116 cells grown in (A) DMEM-FBS and (B) McCoy-FBS incubated with non-aggregated gold nanoparticles. M:
mitochondrion, L: liposome, PM: plasma membrane, NM: nuclear membrane, Nu: nucleus, Ns: nucleolus. Gold nanostructures are marked with red

arrowheads. Scale bar: 2 ym.

which further supports that apoptotic processes were activated
in the presence of gold nanoparticles.

Ultrastructural changes in the course of nanoparticle uptake
and processing

To study potential effects of the culture medium composition
on nanoparticle uptake, processing, and interaction of the pro-
teins in the hard corona, both cell lines were cultured in
DMEM-FBS and in McCoy’s modified 5A medium sup-
plemented with 10% fetal bovine serum (McCoy-FBS). While
McCoy-FBS is suggested by the distributor of HCT-116 for culti-
vation, DMEM-FBS is widely used in experiments with this cell
line,**** which could affect the viability of cells in case of
incubation with nanoparticles.*”> As a possible result of McCoy-
FBS being more supplemented than DMEM-FBS,*® HCT-116
cells grew slower in DMEM-FBS than in McCoy-FBS as
observed under a light microscope (data not shown). In con-
trast, the growth rates of A549 cells in the two culture media
were comparable to each other. The gold nanoparticles were
added to each culture medium in non-aggregated form and as
nanoaggregates, respectively, to study the potential influence
of larger size and different surface properties due to the aggre-
gation by NaCl on the processing. As a cellular response to the
internalization of gold nanoparticles and their intracellular
accumulation, ultrastructural changes are expected to be
induced in the course of nanoparticle processing. Cryo soft
X-ray nanotomography (cryo-SXT) experiments were per-
formed, which yield three-dimensional ultrastructural
information about organelles and the internalized gold
nanoparticles.

17454 | Nanoscale, 2020, 12, 17450-17461

Tomographic slices of HCT-116 cells incubated for 24 h
with non-aggregated gold nanoparticles in DMEM-FBS and in
McCoy-FBS, respectively, are shown in Fig. 2. The ultrastruc-
tural features of A549 cells after their incubation with non-
aggregated gold nanoparticles are shown in Fig. S2A and S3A.}
In both media, the gold nanoparticles form aggregates inside
the cells, in agreement with processing of these nanoparticles
by other cell lines.""'* In accordance with the proteomics and
mass spectrometric results of proteins related specifically to
clathrin-mediated endocytosis in the hard corona proteome
(Table S17) that results in only a few nanoparticles in the same
vesicle, we conclude that the aggregate formation occurred
during processing inside the cells.

In HCT-116, the increased number of small, round mito-
chondria suggests mitochondrial fission (Fig. 2A), and the
dilated perinuclear cisternae (Fig. 2A) indicate that apoptosis
could have started in the cells" ™ when -cultured in
DMEM-FBS and after uptake of the non-aggregated gold nano-
particles. In contrast, when the cells were grown in McCoy-FBS
and incubated with the gold nanoparticles (Fig. 2B), longer
mitochondria and intact nuclear membrane were observed.
This suggests that the use of DMEM-FBS may promote cellular
stress by insufficient nutrition, e.g., a lack of biotin, vitamin
B12, or ascorbic acid or low choline concentration,’® which
specifically has been shown to promote apoptosis.”® Although
the mitochondrial cristae are well contoured, suggesting that
these organelles are intact here (Fig. 2A), it is known that gold
nanoparticles can trigger mitochondrial damage, which
results in mitochondrial fission or apoptosis.”® The tomo-
grams of HCT-116 in DMEM-FBS suggest that the cellular and
organelle damage upon gold nanoparticle uptake is more pro-

This journal is © The Royal Society of Chemistry 2020
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minent at less optimal culture conditions, possibly because of
a lower efficiency of the processes that promote survival.
Contrary to HCT-116, A549 cells appeared healthy in both cell
culture media. Nevertheless, their mitochondria are slightly
more abundant when the cells were grown in DMEM-FBS
(Fig. S2AY) than in McCoy-FBS (Fig. S3AT).

In opposition to the incubation with individual nano-
particles, HCT-116 cells show signs of stress in both culture
media upon incubation with nanoparticles that were aggre-
gated by the addition of sodium chloride prior to uptake
(Fig. S47). Mitochondrial fission (not shown) or hyperfusion
(Fig. S4AT) can be observed in the whole tomogram due to
mitochondrial damage and higher energy demand,**"?
respectively. In the nucleus, chromatin granules form
(Fig. S47), and large vacuoles with bright lumen appear in the
cytoplasm (Fig. S4BT). The virtual segmentation of the whole
tomogram (Fig. 3, corresponding to the section shown in
Fig. S4Bft) clearly shows the high number of chromatin gran-
ules (Fig. 3, blue volumes) that are distributed over the entire
nucleus, and the high intracellular volume occupied by the
cytoplasmic vacuoles (Fig. 3, red volumes). This indicates that
the excessive endocytosis of the pre-aggregated gold nano-
particles induces cellular damage,’*>® that can ultimately lead
to apoptosis and autophagy.”’® The large cytoplasmic vacuoles
can also originate from the dilation of the endoplasmic reti-
cula®® or other processes related to the water permeation of
the cell membrane.>® The high density of the chromatin
granules, resulting in higher absorption,”® suggests that they
must be tightly packed, as a possible result of apoptosis-
induced chromatin condensation,’® and different from typical,
naturally abundant, heterochromatin patches (compare also
Fig. S4t with Fig. 2).

When A549 cells are incubated with pre-aggregated gold
nanoparticles, similar signs of cellular injury and stress are
observed (Fig. S2B and S3Bf). They include the altered mito-
chondrial morphologies as in the HCT-116 cells, leading us to
infer on changes in energy production and demand of the

»

Fig. 3 Segmentation of the tomogram of an HCT-116 cell, incubated in
McCoy-FBS, with pre-aggregated gold nanoparticles (also represented
by a tomographic slice in Fig. S4Bf). Red volumes: vacuoles, yellow
volumes: gold nanoparticles, green mesh: nuclear membrane, blue
volumes: chromatin granules.
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cells. Damage and cell death are also revealed by chromatin
granules formed in the nucleus (Fig. S3Bf) and by the disrup-
tion of the nuclear membrane (Fig. S2Bf). The formation of
extracellular vesicles can be observed in Fig. S3B.T Relating
this particular observation from cryo-SXT to the mass spectro-
metric results, e.g., the presence of caspase-14, histones, and
heat-shock proteins (Table S27), it is most likely that they are
apoptotic bodies.

The virtual segmentation of tomograms permits an analysis
of the amount of nanoparticles internalized by the different
cell lines and under different conditions, and of the mor-
phology of the nanoaggregates during the processing by the
cells."™'® The intracellular gold nanoparticle aggregates in
both cell lines were highlighted by segmentation (Fig. 4), and
their size was analyzed.

The average intracellular aggregate size increased when the
cells were incubated with the pre-aggregated gold nano-
particles (Fig. 4B, D, F and H) compared to the incubation
with non-aggregated gold nanoparticles (Fig. 44, C, E and G).
After incubation with individual gold nanoparticles, the ren-
dered structures, corresponding to the intracellular nanoaggre-
gates, have a more homogeneous size (indicated by a lower
standard deviation) in the A549 cells (Fig. 4E and G with a
standard deviation of +129 and +190 nanoparticles per aggre-
gate, respectively) than in HCT-116 cells (Fig. 4A and C with a
standard deviation of +445 and +228 nanoparticles per aggre-
gate, respectively). This shows the important influence of the
intracellular processing of the nanoparticles, which in the case
of uptake of individual nanoparticles is specific for each cell
line.

From the number and size of the intracellular nanoparticle
aggregates and the size of the pristine nanoparticles, the
number of nanoparticles internalized by the cells in the
different culture media can be estimated (Table S37).
Regardless of the number of internalized aggregates, in both
cell culture media and both cell lines, the total number of
internalized nanoparticles is higher in the case of incubation
with pre-aggregated gold nanoparticles than with non-aggre-
gated nanoparticles (compare columns in Table S37). This
overall increase is the result of the higher number of simul-
taneously internalized particles in the form of aggregates com-
pared to the case of single nanoparticle uptake.

We explain the higher intracellular gold nanoparticle
number in HCT-116 when cultured in DMEM-FBS (Table S3,f
compare first two rows) by the sub-optimal nutrition of the
cells in this medium, possibly leading to the recognition of
the nanoaggregates as a source of nutrients by the cells. The
pre-formed gold nanoaggregates are covered with a primary
protein corona formed in the culture medium when they reach
the cell membrane, and it is possible that the cell internalizes
them more readily than in McCoy-FBS, that is, under optimum
nutrient conditions. As discussed above, also in A549 cells the
signs of cellular stress become more prominent in the case of
incubation with pre-aggregated gold nanoparticles (Fig. S2 and
S3t). While the amount of nanoparticles contained in intra-
cellular aggregates after incubation with individual gold nano-
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Fig. 4 Segmentation reveals gold nanoparticle aggregates in the tomograms (Fig. 2 and Fig. S2—-4+): of (A) an HCT-116 cell grown in DMEM-FBS
with non-aggregated (cf. Fig. 2A) and (B) pre-aggregated gold nanoparticles (cf. Fig. S4AT), (C) an HCT-116 cell grown in McCoy-FBS incubated with
non-aggregated (cf. Fig. 2B) and (D) pre-aggregated gold nanoparticles (cf. Fig. S4Bt). (E) A A549 cell grown in DMEM-FBS incubated with non-
aggregated (cf. Fig. S2AT) and (F) pre-aggregated gold nanoparticles (cf. Fig. S2B+), respectively and (G) a A549 cell grown in McCoy-FBS incubated
with non-aggregated (cf. Fig. S3At) and (H) pre-aggregated gold nanoparticles (Fig. S3BT), respectively.

particles is similar in both culture media, the number of gold
nanoparticles taken up in the form of nanoaggregates
increased in DMEM-FBS by over 37% compared to incubation
in McCoys-FBS (Table S3, compare bottom two rows). The
higher numbers of internalized gold nanoparticles, together
with the observed stress- and cellular injury-related changes in
cellular ultrastructure, (Fig. S2B and S3Bt), lead to the con-
clusion that the nanoparticle uptake is higher under higher
cellular stress.

In summary, the cryo-SXT data clearly show that the uptake
of gold nanoparticles can induce cellular stress and injury on
the single-cell level. The proteomics and mass spectrometric
results in Tables S1 and S2,7 as well as the XTT results shown
in Fig. S51 are in agreement with the conclusions of the cryo-
SXT data. The extent of the ultrastructural changes connected
to cellular injury and cell death depends both on the cell line

17456 | Nanoscale, 2020, 12,17450-17461

and on the chosen incubation conditions. Specifically, the cel-
lular stress as well as nanoparticle uptake are enhanced by
depleted culture medium, as in the case of HCT-116 in
DMEM-FBS. Furthermore, uptake of the nanoparticles in the
form of sodium chloride-induced nanoaggregates enhances
the effect in both cell lines. This observation is in agreement
with the role of the hard corona as interface with its specific
physicochemical properties between the surface of the pristine
gold nanoparticles and the processing by the -cellular
structures.

The processing of nanoparticles and their accumulation are
influenced directly by the hard corona composition

While the hard corona composition at a certain stage of cellu-
lar nanoparticle processing depends on the preceding proces-
sing pathways, it also determines the subsequent fate of the

This journal is © The Royal Society of Chemistry 2020
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internalized nanoparticle. The average number of nano-
particles per aggregate was nearly constant in HCT-116, regard-
less of whether the particles were administered as single or
pre-aggregated gold nanoparticles (Table S3+). This indicates
that the HCT-116 cells process the nanoparticles and their
aggregates in a way that yields similar particle numbers per
intracellular aggregate. In contrast, in A549, more substantial
differences were found: the average number of particles per
aggregate increased in both media when the cells were incu-
bated with pre-aggregated nanoparticles instead of individual
particles (Table S37). This could suggest that the internalized,
pre-formed aggregates are preserved after uptake, and that the
individual nanoparticles become part of aggregates that form
during endolysosomal processing. Furthermore, while the
total number of aggregate structures increased in HCT-116
when the internalized particles were pre-aggregated (Fig. 4A-
D), in A549, their number decreased (Fig. 4E-H).

The difference between the nanoparticle processing of the
two cell lines can be explained by relating the aggregate mor-
phological properties obtained from cryo-SXT experiments to
the results of the proteomic analysis of the hard corona dis-
cussed in the beginning. As observed by mass spectrometry,
one of the most abundant proteins in the hard corona
extracted from A549 is vimentin (Table S2}), which plays a key
role in intracellular aggresome formation.’” As mentioned
above, aggresomes are the deposit sites of aggregated or mis-
folded proteins regulated by the cell. In line with the rationale
that the proteins forming the corona are what the cell “sees”,?
these results indicate that the A549 cells might see the nano-
particle corona as a form of aggregated proteins. The for-
mation of a vimentin cage around the gold nanoparticles was
previously shown to reduce oxidative stress.>” This can explain
why the A549 cells, due to high abundance of vimentin in the
hard corona are more robust and show less stress-related
changes upon the uptake of gold nanoparticles than HCT-116
cells do.

HCT-116 cells process the nanoparticles and their aggre-
gates based on different mechanisms, as also supported by a
different hard corona proteome (Table S1t). Based on the pres-
ence of proteins with a role in clathrin-mediated endocytosis
in the hard corona, this pathway is a possible uptake mecha-
nism for the internalization of the gold nanoparticles by
HCT-116. However, clathrin-mediated endocytosis only
explains the uptake of the single particles or of small aggre-
gates corresponding to 2-6 particles.’®®° For uptake of larger
structures, such as the pre-formed aggregates hereby HCT-116,
another mechanism has to be activated. It has been shown
that HCT-116 cells readily combine clathrin-mediated endocy-
tosis with macropinocytosis during the uptake of nano-
particles.’” The tomographic segmentation data show that in
A549 the total number of intracellular aggregates decreases
upon incubation with pre-aggregated gold nanoparticles com-
pared to HCT-116, which suggests that such an uptake via
macropinocytosis must be less abundant in A549 cell. This is
in agreement with previous discussions that macropinocytosis
is not a prevalent uptake mechanism by A549 cells.®*

This journal is © The Royal Society of Chemistry 2020
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Interactions at the hard corona-gold interface

To reveal the interactions of the hard corona proteins identi-
fied by mass spectrometry and the surface of the gold nano-
particles, SERS spectra were measured from the intracellular
nanoaggregates in living cells in mapping experiments.
Acknowledging the typical variations in relative band intensi-
ties and signal fluctuation inherent to a SERS experiment, a
total of ~5300 individual spectra that yielded a signal, ie.,
from gold nanoparticles inside the cells, were analyzed regard-
ing the occurrence of bands. This enables an identification of
those molecular groups that are in direct proximity of the gold
nanoparticle surface and a discussion of spectral patterns
based on co-occurrences, independent of relative band intensi-
ties, that can be compared for different cell lines, incubation
media, and nanoparticles/nanoaggregates (Fig. 5, band assign-
ments in Table S41). The spectral patterns differ based on
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Fig. 5 Band occurrence determined from the respective SERS data sets
of (A and B) HCT-116 cells grown in DMEM-FBS and (C and D) McCoy-
FBS, and of A549 cells grown in DMEM-FBS (E and F) and McCoy-FBS (G
and H), after incubation with gold nanoaggregates (A, C, E and G) and
individual gold nanoparticles (B, D, F and H). Each curve represents SERS
spectra from five individual cells per incubation condition, yielding
627 (A), 661 (B), 705 (C), 402 (D), 823 (E), 602 (F), 604 (G), and 909 (H),
spectra, respectively, per data set. The original spectra were recorded at
785 nm excitation.
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whether the cells were incubated with non-aggregated or pre-
aggregated gold nanoparticles (compare red and black traces
in Fig. 5), but they are independent of the cell line or the
chosen culture medium. The band at 1130 cm ™", assigned to
the C-C and C-N stretching vibrational contribution of the
peptide backbone (assignments in Table S47) is present in the
majority of the spectra (Fig. 5). It is also prominent in the
average spectra calculated from each of the data sets (Fig. S67).
In all data collected from the cells incubated with the nano-
particles that were pre-aggregated with sodium chloride, the
occurrence of this band compared to signals around
1565 cm™ " that are assigned to tryptophan, tyrosine, amide II,
and COO" is lower than in the data collected with non-aggre-
gated nanoparticles (Fig. 5, compare red and black curves in
each panel).

In the corresponding average spectra from the samples with
pre-aggregated nanoparticles this reflects in a lower band ratio
(Fig. S6,7 red spectra). At the same time, the signal occurrence
(or average band intensity) at 1353 cm™', from another
vibrational mode of tryptophan compared to that of an
amide III mode at 1314 cm™ " (Table S4f) is higher in the
average spectra of the cells with pre-aggregated nanoparticles,
which indicates the promotion of hydrophobic interactions
between proteins and the nanoparticle surface. The frequent
occurrence of signals attributed to the non-polar residues on
the pre-aggregated nanoparticles is accompanied by a lower
contribution of the signal at 500 cm™" assigned to the di-
sulfide S-S stretching compared to that at 654 cm™" of cysteine
C-S stretching vibrations. The lower contribution from S-S
indicates that the secondary structure of proteins composing
the corona must be compromised in this case, as disulfide
bonds stabilize the protein folding.

The nanoparticle-side chain interactions reveal themselves
in more detail in the following co-occurrences of abundant
spectral bands. The band at 1565 cm ™", assigned to vibrations
of tryptophan, tyrosine, amide II, and COO™ often appears
together with the 1353 cm™' band assigned to tryptophan
vibrations in cells (Table S41). Although in principle an assign-
ment to other biomolecules than proteins is possible, we con-
sider the contribution of guanine to the band at 1353 ecm™" in
these data unlikely, based on its co-occurrence with other
typical protein modes. With the non-aggregated nanoparticles
(Fig. 5, black traces), the 1353 cm™' tryptophan signal is
mostly independent of the 1314 cm™' amide III band com-
ponent and of the 500 cm™" S-S stretching signal, respectively.
The co-occurrence of the amide III and disulfide bands indi-
cates intact structural elements in the secondary structure of
the proteins composing the corona on the non-aggregated
nanoparticles (Fig. 5, black traces). Also, in some cases, bands
attributed to aromatic side-chain vibrations, e.g., at 1565 cm™*
and 1353 cm ™", were found to co-occur with the S-S stretching
vibration, in agreement with the concentration of aromatic
residues around disulfides in proteins.®> When present, the
band at 654 cm™" cystine C-S stretching appears nearly exclu-
sively with an S-S stretching vibration, indicating the presence
of intact disulfide bonds. The co-occurrence of these bands
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suggests the interaction of the gold nanoparticle surface with
one of the sulfur atoms in a disulfide bridge, which can take
place via a nonbonding electron pair of the sulfur atom, as
proposed recently.®*

The stronger contribution by signals of nonpolar group
vibrations in the cells incubated with pre-aggregated particles
compared to those incubated with non-aggregated nano-
particles must be discussed in the context of the {-potential of
the nanoparticles as most important determinant of the inter-
facial properties of the nanoparticles. As has been discussed
previously in other work, the decrease of the absolute
{-potential of the gold nanoparticles when sodium chloride is
added®>°® to achieve pre-aggregation in our experiments leads
to a gold surface with lower affinity for electrostatic inter-
actions.”” Since the interaction between proteins and nano-
particles is the combination of electrostatic and hydrophobic
interactions, together with other effects,’” weakening of the
electrostatic component causes increased hydrophobicity of
the gold nanoparticles.®® This promotes the hydrophobic com-
ponent of protein-nanoparticle interactions. Therefore, the
low absolute (-potential of the pre-aggregated gold nano-
particles affects the formation of the primary corona in the
moment of their addition to the culture medium. Such change
on the potential results in protein adsorption based more on
hydrophobic than electrostatic interactions, as observed in the
SERS data of cells incubated with pre-aggregated gold nano-
particles. In contrast, when the nanoparticles are not pre-
aggregated, the interactions in the rapidly formed primary
protein corona rely more on electrostatic interactions. At the
same time, the proteins partially shield the surface of the
nanoparticles from the higher ion concentration of the culture
medium or the intracellular environment that could poten-
tially change their surface properties rendering them more
prone to interact with hydrophobic side chains. Since the
protein corona forms a multi-layer coverage on the gold nano-
particles, the exchange of the proteins directly interacting with
the nanoparticles occurs in a protected environment that at
least partially prevents the exposure of the nanoparticle
surface to the environment with higher ionic strength.

In the culture conditions that led to cellular stress and
damage, specifically in the HCT-116 cells grown in DMEM-FBS
and incubated with the pre-aggregated nanoparticles, SERS
spectra also give molecular evidence of the changes that were
observed at the level of subcellular ultrastructure (Fig. S4AT).
The vibration at 1070 cm™" appears together with the bands at
1110 cm™" assigned to the C-C stretching of carbohydrates,
lipids, and proteins,®® 1190 cm™' assigned to cytosine,
guanine, adenine, and antisymmetric phosphate vibration,®®
and 1470 cm™" assigned to C=N deformation of nucleobases
and lipids.°® Even though the band at 1470 cm™' can be
assigned to the C-H deformations of proteins as well,* the co-
occurrence of these bands, not observed in the other data sets,
suggests the interaction of gold nanoparticles with nucleic
acids, in agreement with the induced cell death process, and
also by the disintegration of mitochondria and ribosomes, and
by nuclear fragmentation (Fig. S4A and Table S1t). Based on

This journal is © The Royal Society of Chemistry 2020
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the mass spectrometric, cryo-SXT, and cell viability results, the
stronger contribution of nucleic acids to the SERS signal in
this sample compared to the others is the result of the signifi-
cant cellular damage caused by the internalized gold nano-
particle aggregates.

Conclusions

Using the two cell lines, HCT-116 and A549, incubated with
gold nanoparticles that were applied as individual particles
and as nanoaggregates, data on protein corona composition
from proteomics and mass spectrometry, on ultrastructural
changes in the cells from cryo-SXT, and on the uptake,
processing, and interfacial interactions of the nanostructures
studied by SERS were combined. Furthermore, a detailed
characterization of the protein interaction and composition at
the immediate surface of the gold nanostructures was under-
taken. Thereby, the composition and structure of the corona
proteins were directly linked to the physicochemical properties
of the gold nanostructures on the one hand, and associated
with the nanoparticle processing on the other hand, underpin-
ning the important mediator function of the hard protein
corona. In summary, the results show that not only are the pro-
cessing of nanoparticles and their accumulation directly influ-
enced by the hard corona composition, but that the latter is
determined by the interactions at the hard corona-gold inter-
face. The different perspectives on the protein-nanoparticle
interactions and their effects were combined by using MS-
based proteomics, SERS, and cryo-SXT.

The hard corona contains proteins that participate in essen-
tial events in the cellular processing of the gold nanoparticles,
in particular during their interaction with the outer surface of
the cell and their clathrin-mediated endocytosis. The protein
composition also indicates the role of the hard corona in
induced cellular response mechanisms that include protein
elimination and cell death. It was found that several bovine
proteins deriving from the culture medium remain in the hard
protein corona, which suggests their high affinity to the gold
nanoparticle surface. Interestingly, the most abundant serum
protein, bovine serum albumin, was not found in the hard
protein corona above the significance threshold, which
suggests its low affinity to the gold nanoparticle surface com-
pared to other proteins.

The number, shape, and integrity of the cellular compart-
ments, as determined from the rendering of soft-X-ray nanoto-
mograms, suggest that the internalized gold nanoparticles
induce cellular stress in both HCT-116 and A549 cells, albeit to
varied extent depending on the cell culture and incubation
conditions. Cells from cell line A549 were more robust and
showed severe cellular damage only when the nanoparticles
were internalized as nanoaggregates. This robustness is sup-
ported by the presence of the protein vimentin in the hard
corona proteome extracted from A549 cells, known to alleviate
oxidative stress.”” Together with the proteomics data, also the
number of intracellular nanoparticles and of their aggregates
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obtained from the quantitative analysis of the segmented
tomograms in both cell lines, the results clearly indicate
different uptake mechanisms and intracellular nanoparticle
processing.

While significant ultrastructural differences were found,
the interactions at the immediate nanoparticle surface were
independent of the cell line or the choice of culture medium.
The SERS data showed that when the absolute {-potential is
decreased, as was the case in the administered gold nanoag-
gregates, the surface interactions rely more on hydrophobic
than on electrostatic effects, which has implications for the
interaction and structure of the hard corona proteins, and for
the corona composition. The band occurrences and co-occur-
rences revealed that in the case of each incubation condition,
the secondary structure of the adsorbed proteins remains at
least partially intact. The stronger contribution of the non-
polar group vibrations on the nanoaggregates, represented,
e.g., by the contributions from tryptophan support the prefer-
ence of hydrophobic interactions over electrostatic inter-
actions. The SERS data also corroborate the signs of cellular
damage indicated by the XRT results in HCT-116 cells incu-
bated with pre-aggregated gold nanoparticles in DMEM-FBS,
as evidenced by increased spectral contributions of nucleic
acids. Even though the experiments revealed major differences
in the protein corona composition, nanoparticle uptake
mechanism, and in the level of induced cellular stress, the
SERS results clearly indicate that the governing nanoparticle-
protein interactions depend mainly on the surface properties
of the nanoparticles.
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