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Despite considerable efforts, the properties that drive the cytotoxicity of
engineered nanomaterials (ENMs) remain poorly understood. Here, the
authors inverstigate a panel of 31 ENMs with different core chemistries and a
variety of surface modifications using conventional in vitro assays coupled
with omics-based approaches. Cytotoxicity screening and multiplex-based
cytokine profiling reveals a good concordance between primary human
monocyte-derived macrophages and the human monocyte-like cell line
THP-1. Proteomics analysis following a low-dose exposure of cells suggests a
nonspecific stress response to ENMs, while microarray-based profiling
reveals significant changes in gene expression as a function of both surface
modification and core chemistry. Pathway analysis highlights that the ENMs
with cationic surfaces that are shown to elicit cytotoxicity downregulated DNA
replication and cell cycle responses, while inflammatory responses are
upregulated. These findings are validated using cell-based assays. Notably,
certain small, PEGylated ENMs are found to be noncytotoxic yet they induce
transcriptional responses reminiscent of viruses. In sum, using a
multiparametric approach, it is shown that surface chemistry is a key
determinant of cellular responses to ENMs. The data also reveal that
cytotoxicity, determined by conventional in vitro assays, does not necessarily
correlate with transcriptional effects of ENMs.

1. Introduction

Considerable progress has been made
in recent years with respect to hazard
assessment of engineered nanomaterials
(ENMs), and advanced methods including
high-throughput and high-content screen-
ing platforms as well as omics-based ap-
proaches are gaining traction.['! However
careful study design and appropriate data
analysis tools are required to maximize the
benefit of these emerging technologies.?!
Indeed, despite the great promise of high-
throughput approaches,! the limitation in
most studies is the small number of ENMs,
making it difficult to draw conclusions re-
garding the material properties that drive
the biological responses to ENMs.[¥l More-
over, another challenge that is often over-
looked is the fact that biology is complex.
Indeed, it appears that toxicologists often
apply the same “paradigm” for all ENMs
rather than seeking to understand biologi-
cal responses to ENMs in all their complex-
ity (which is not to say that ENMs necessar-
ily trigger novel responses—the pathways
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involved may very well be conserved).l®! From a practical stand-
point, there is a trade-off between simple and robust assays
which are amenable to high-throughput screening!®! versus com-
prehensive, omics-based approaches that promise a wealth of
information—though the latter studies may ultimately not be
informative if the results are not validated. The seminal profil-
ing study by Shaw et al.l”l provides a case in point. The authors
conducted high-content screening of a large panel of ENMs of
varying core compositions and surface modifications and were
able to derive robust structure-activity relationships by using this
approach. The cell-based assays applied were reflective of cell
death and oxidative stress, two of the most commonly studied
endpoints in nanotoxicology. Hence, by definition, such stud-
ies, though they provide a solid basis for hazard screening, can-
not provide information on alternative cell fates, such as low-
dose and/or long-term effects on cell function in the absence of
cell death.l®1% Multi-omics approaches, combining, for instance,
proteomics and transcriptomics methods, coupled with bioinfor-
matics analysis of the data, afford an opportunity to study the bi-
ological responses to ENMs in an unbiased manner, taking into
account all the changes that occur at the level of protein and/or
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gene expression.l'"12] Such studies serve to complement, but can-
not replace, toxicological studies using conventional assays.

In the present study, we conducted comprehensive in vitro
testing of a panel of 31 ENMs, including cytotoxicity screening
and cytokine profiling, using primary human monocyte-derived
macrophages (HMDMs) and the human monocytic THP-1 cell
line. Furthermore, proteomics and transcriptomics assessment
of THP-1 cells exposed to a low dose (EC,,) of ENMs was per-
formed along with detailed bioinformatics analysis of the data.
Finally, validation experiments were performed to verify the im-
pact of ENMs on specific cellular pathways. Taken together, these
results have provided a systematic overview of nano-bio interac-
tions and served to shed light on the role of chemical composition
and surface modifications of ENMs. Our results also show that
ENMs that appear biologically inert when assessed using con-
ventional toxicity assays can still yield striking low-dose effects
on cells.

2. Results

2.1. Experimental Design

Faria et al."*! recently put forward a suggestion for a “minimum
information standard” for publications on nano-bio interactions,
focusing on three categories namely material characterization,
biological characterization, and experimental protocols (in other
words, materials, models, and methods). The aim is to improve
reproducibility and to enable comparisons between publications
in the field. The true value of such reporting requirements lies in
their adoption by the scientific community and one should seek
to place a reasonable burden on scientists in order to achieve
compliance.['*] In the present study, conducted in the frame of
the European Commission-funded NANOSOLUTIONS project,
close attention was paid to the selection of materials, models,
and methods. In brief, we prepared an extensive panel of ENMs
comprising eight different core chemistries encompassing both
metal, metal oxide, and carbon-based materials and varying
diameters and surface modifications, i.e., amino/ammonium-,
carboxyl/carboxylate-, or poly(ethylene glycol) (PEG)-terminated
surfaces versus pristine ENMs. The three surface modifications
provide stability to ENMs in aqueous media, while they convey
different charges. Hence, amino/ammonium-terminated coat-
ings provide a positive charge, PEGylation is an example of neu-
tral surface charge, and carboxyl/carboxylate coatings provide a
negative charge. The purpose was to address the hypothesis that
surface functionalization is the key driver of the biological (cel-
lular) responses to ENMs. As our model, we employed primary
HMDMs versus human monocyte-like THP-1 cells (nondifferen-
tiated). Both cell types were maintained in the same cell culture
medium in the presence of 10% fetal bovine serum (FBS). Cyto-
toxicity screening and cytokine profiling was performed in both
models, while omics methods were applied only in THP-1 cells.
The reason for choosing a cell line as opposed to primary cells for
omics was to minimize variability between experiments. Over-
all, the objective was to study the impact of ENMs on immune
cells as the immune system represents the first barrier against
foreign intrusion and previous studies have shown that mono-
cytes/macrophages are particularly susceptible to ENMs.['5] With
regard to methods, we first explored the impact of the panel of
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ENMs by using conventional cell viability assays to establish a
dose response and cytokine/chemokine arrays (using a subtoxic
dose) followed by proteomics and transcriptomics assays cou-
pled with detailed bioinformatics analyses. It is important to note
that the cells were exposed to equipotent doses (i.e., EC,,) for
the cytokine and omics profiling studies to allow for a compar-
ison between the ENMs (with minimal variations in cell death).
Functional assays were then performed to verify the microarray
results.

2.2. ENM Characterization

ENMs of different chemical composition were pre-
pared with three types of surface functionalization: car-
boxyl/carboxylate groups (COOH/COO™), amino/ammonium
groups (—NH,/—NR3**) or PEG. Additionally, in the case of TiO,
spheres and rods, CuO NPs, and multiwalled carbon nanotubes
(MWCNTs), nonfunctionalized variants (designated hereafter
as “core” ENMs) were synthesized. ENMs were subjected to a
thorough characterization of physicochemical properties (Table
S1, Figures S1 and S2, Supporting Information). Morphology
and primary particle size were determined by using transmis-
sion electron microscopy (TEM) (Figure Sla-h, Supporting
Information). The spherical and rod-shaped features of the two
different TiO, NPs could be clearly distinguished. Dynamic light
scattering (DLS) measurements showed, overall, that ENMs in
suspension were in the range of 20-300 nm in diameter, except
CuO-core and CuO-COOH displaying an average hydrodynamic
diameter size of about 1 pm, and the degree of agglomeration
was found to be acceptable for all ENMs with PDI values < 0.5.
However, DLS measurements were not conducted for MWCNTs,
and the results were unreliable for the very small ENMs includ-
ing Au NPs, quantum dots (QDs), and nanodiamonds (NDs)
(£ 5 nm). Zeta potential measurements showed, overall, that
the surface charge was altered with the surface chemistry (in
Milli-Q water). MWCNTs, Ag NPs, Au NPs, and QDs were also
characterized by using ultraviolet (UV)-visible spectroscopy, and
QDs were evaluated with photoluminescence spectroscopy. The
photoluminescence spectra shown in Figure S2f (Supporting In-
formation) revealed that the amino-modified QDs did not display
fluorescent properties, unlike the other QDs. MWCNTs were
also examined with Raman spectroscopy and the characteristic
D and G bands were clearly observed (Figure S2g, Supporting
Information). In addition, X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FTIR) (data
not shown) confirmed the presence of the expected functional
groups on the different ENMs. Overall, our analysis confirmed
the expected properties of the 31 ENMs.

ENMs were then evaluated for possible endotoxin content
by using the Limulus Amebocyte Lysate (LAL) chromogenic
assay.l'®l In the case of MWCNTs and Au ENMs, interference with
the LAL assay was noted. To overcome this issue, we used the
macrophage-based TNF-a expression test (TET), as described.!”]
High levels of TNF-a secretion were found in macrophages ex-
posed to Au-COOH (5 nm) and Au-COOH (20 nm), and this
was blocked by polymyxin B, indicating the presence of endo-
toxin (data not shown). Therefore, new carboxylated Au ENMs
were prepared and these were endotoxin-free (< 0.5 EU). The
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subsequent experiments were performed with endotoxin free
ENMs.

2.3. Cytotoxicity Screening

The ENMs were evaluated for cytotoxicity using HMDMs and
the undifferentiated monocytic THP-1 cell line. To this end, cells
were exposed for 24 h to freshly dispersed ENMs at doses up
to 100 pg mL™" and the Alamar Blue assay was applied as a
proxy for cell viability (based on cellular metabolic activity).!'8] For
HMDMs, the data were generated with cells derived from three
individual donors (each experiment performed in triplicate). As
shown in Figure S3 (Supporting Information), a greater cyto-
toxicity was observed for CuO-core and CuO-NH, in compari-
son to CuO-COOH and CuO-PEG. Regarding MWCNTs, only
MWCNT-PEG induced cell death, around 50% at the highest
concentration. For TiO, NPs, neither spheres nor rods affected
cell viability, while for CdTe QDs, all were found to be cytotoxic
irrespective of the surface modification. Furthermore, for Ag NPs
and Au NPs (5 and 20 nm), only the ENMs with ammonium sur-
face functionalization were cytotoxic. Finally, no effect on cell vi-
ability was observed for the NDs.

For the THP-1 cell line, the data obtained were from three
independent experiments each performed in triplicate (Figure
S4, Supporting Information). Regarding CuO NPs, CuO-core
and CuO-NH, induced a greater cytotoxicity in comparison to
CuO-COOH, while CuO-PEG had a minor impact on cell viabil-
ity only at the highest concentration. MWCNT-core, -NH,, and
—COOH were found to be cytotoxic for THP-1 cells exposed to
50 or 100 pg mL~!, while MWCNT-PEG did not affect cell viabil-
ity. Neither TiO, spheres/rods nor the NDs affected cell viability.
Regarding QDs, CdTe-NH, was highly cytotoxic for THP-1 cells
when compared to COOH- or PEG-modified QDs. Similar pat-
terns were observed for Ag NPs and Au NPs (5 and 20 nm), for
which only the ammonium modified ENMs triggered cell death.
To summarize, the results obtained using HMDMs and THP-
1 cells showed good concordance (Figure 1a,b). This is notable
not least as differentiated macrophages are adherent when cul-
tured ex vivo, while undifferentiated monocytes grow in suspen-
sion. However, some differences were also observed. Hence, QDs
were more prone to induce cell death in HMDMs irrespective
of surface modification when compared to THP-1 cells. Over-
all, while certain ENMs appear to be inherently more cytotoxic
(such as, QDs and CuO NPs), the ENMs with amino/ammonium
groups (—NH,/—NR>**) tended to be more cytotoxic, as seen,
for instance, in the case of the Ag and Au NPs (5 and 20 nm).
Moreover, PEGylation markedly reduced the cytotoxic potential
of some ENMs, such as the CuO NPs. Our studies also confirmed
that TiO, NPs (regardless of shape and surface modification) ap-
peared inert, at least in the case of monocytes/macrophages, in
line with our previous studies of TiO, NPs using primary human
macrophages and dendritic cells.!*")

2.4. Cytokine Profiling
To evaluate the immune responses following ENM exposure,

we quantified the production of a panel of human cytokines,
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Figure 1. Cytotoxicity screening showed good concordance between primary macrophages and the monocyte-like cell line. Heatmaps of cytotoxicity
results obtained using A) HMDMs versus B) THP-1 cells A). The percentages of cell viability following 24 h exposure to the 31 ENMs (see Table S1,
Figures ST and S2, Supporting Information) are shown; the corresponding cytotoxicity results obtained using HMDMs and THP-1 cells are reported
in Figures S3 and S4 (Supporting Information). The results are based on experiments using cells from three different donors (HMDM:s) or biological

replicates (THP-1), each experiment performed in triplicate.

chemokines, and growth factors by using a multiplex array, as
previously described.!'¥! HMDMs and THP-1 cells were exposed
to a dose corresponding to a maximum of 10-15% cell death
(ECyy) at 24 h. Cells incubated in medium alone or with LPS
(100 ng mL™") for 24 h were used as negative and positive con-
trols for immune activation, respectively. Overall, the cytokine
responses were more pronounced in HMDMs as compared to
THP-1 cells (Figure 2a,b). The results are reported for 23 of the
27 biomarkers in the multiplex array; the remaining cytokines
were below the detection limit (Figure S5, Supporting Informa-
tion). Notably, surface-modified Au NPs (5 and 20 nm) were
found to trigger the production of the Thl-type cytokines, IFN-y,
and IL-12, as well as the Th2 cytokine, IL-10, and several proin-
flammatory mediators including IL-6 and TNF-a. Au NPs also
elicited the secretion of the chemokines, MIP-1a (CCL3) and
RANTES (CCLS5), but not MIP-1p (CCL4). We performed hier-
archical cluster analysis(?%! to highlight associations between the
different ENMs in relation to their cytokine profiles in the two
cell models (Figure S6, Supporting Information). Three clus-
ters were identified: cluster I which groups the most inflammo-
genic ENMs, such as PEGylated Au NPs (5 and 20 nm); clus-
ter II which groups mainly the THP-1 responses; and cluster III
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which groups mainly the cytokine responses in HMDMs. To bet-
ter visualize the responses in the two cell models, the results for
HMDMs are shown in Figure 2a, while results in THP-1 cells are
shown in Figure 2b. Again, noncytotoxic Au-20-PEG (Figure 1)
stands out as being the most inflammogenic NP.

2.5. Proteomics Analysis

To further probe the biological responses to ENMs, THP-1 cells
were exposed for 24 h at the EC,, doses of the 31 ENMs. Stau-
rosporine (0.3 x 107° m) and LPS (100 ng mL™!) were used as pos-
itive controls for cell death induction and immune activation, re-
spectively. LC-MS/MS-based proteomics analysis was performed
as previously described.[?!! The heatmap in Figure S7 (Support-
ing Information) shows the unsupervised clustering of the top-
100 proteins identified for all ENMs. No distinct clusters could
be identified suggesting a nonspecific response to ENMs. Never-
theless, in order to extract as much information as possible, path-
way analysis was performed using the Ingenuity Pathway Analy-
sis (IPA) software tool.1??! Figure 3 shows the analysis of the dif-
ferent metal ENMs with activation (red) or inactivation (blue) of

© 2020 The Authors. Published by Wiley-VCH GmbH
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the most significant canonical pathways (p < 0.001). Notably, the
pathway, “EIF2 signaling,” was found to be predominantly upreg-
ulated by all the ENMs. EIF2 (eukaryotic translation initiation fac-
tor 2) is an essential factor for protein synthesis.[?}] As expected,
staurosporine upregulated the “mitochondrial dysfunction” path-
way, while LPS triggered the pathway related to phagocytosis
in macrophages and monocytes (Figure 3). The corresponding
heatmaps for the metal oxide and carbon-based ENMs are shown
in Figure S8a,b (Supporting Information), respectively. Overall,
the proteomics data indicated a general stress response in cells
exposed to ENMs at EC,,, doses.

2.6. Transcriptomics Analysis

We then performed genome-wide expression analysis of THP-1
cells. To this end, THP-1 cells were exposed for 24 h at the EC,,
doses of the 31 ENMs, and total RNA was harvested for microar-
ray analysis, as described previously.[**] Figure 4a depicts the hi-
erarchical clustering of the differentially expressed genes (DEGs)
found to be significantly regulated by ENMs in THP-1 cells (av-
erage gene expression values derived from three replicates; the
cluster analysis before averaging of the replicates is shown in Fig-
ure S9, Supporting Information). Notably, the strongly cytotoxic
Au-5-NR** and Ag-NR** ENMs clustered together on the basis
of the deregulated DEGs. A second, closely related cluster was
formed by the noncytotoxic ENMs, Au-20-PEG, QD-PEG, and
QD-COOH, while Au-20-NR** (also cytotoxic) was also closely
clustered yet formed a separate node in the dendrogram (Fig-
ure 4a). However, other cytotoxic ENMs such as CuO-core or
CuO-NH, did not cluster with the ammonium-modified Au or
Ag ENMs. Overall, these results serve to illustrate that cytotoxi-
city profiling of ENMs does not necessarily align with the gene
expression profiles of the ENMs (following a low-dose exposure).
Indeed, the Au-5-NR3*, Au-20-NR3**, and Ag-NR** ENMs were
all strongly cytotoxic, while the Au-20-PEG, QD-PEG, and QD-
COOH ENMs were noncytotoxic (as shown in Figure 1b; and Fig-
ure S4, Supporting Information), yet these six ENMs all displayed
closely related gene expression changes (Figure 4a).

Venn diagrams highlighted that the ammonium modified Au
NPs (5 and 20 nm) triggered the most pronounced responses
with the greatest number of unique DEGs (Figure 4b). Thus, at
least for Au NPs, the ammonium modification results in stronger
biological responses overall, both with respect to cell death and
in terms of gene expression changes. However, the PEGylated Au
NPs evidently triggered significant changes in gene expression
yet displayed no overt cytotoxicity. PEGylated CuO, on the other
hand, clustered close to the negative control (cell culture medium
alone) in the heatmap (Figure 4a).

The results presented here represent the largest nano-
transcriptomics dataset to date, providing a wealth of informa-
tion for further analysis of the biological responses to ENMs. To
explore the relevance of the observed gene expression changes,

www.advancedscience.com

we focused our attention on the six metal ENMs that displayed
the most pronounced effects (see above) and performed gene on-
tology (GO) enrichment analyses.[’] The top-10 biological pro-
cess GO terms for Ag-NR**, Au-5-NR**, Au-20-NR3*, Au-20-PEG,
QD-PEG, and QD-COOH were sorted by adjusted p-value (Ta-
ble S2, Supporting Information). GO terms were displayed ac-
cording to up- or down-regulated DEGs. For Ag-NR**, Au-5-
NR**, and Au-20-NR**, the most significantly downregulated GO
terms corresponded to DNA replication, DNA repair, and cell cy-
cle transition. With regard to the upregulated GO terms, all six
ENMs showed a significant impact on cytokine-mediated signal-
ing and inflammation/neutrophil-mediated immunity. For com-
parison, CuO-core and CuO-NH, were found to affect metal
detoxification and ion homeostasis (data not shown), suggesting
a very different cellular response. We also determined the top-
20 up- and downregulated genes for the six metal ENMs (Table
S3, Supporting Information). These results do not necessarily
match the GO enrichment analysis, as the latter was performed
on the full set of significantly up- or downregulated DEGs. Sev-
eral metallothionein-encoding genes were found to be upregu-
lated in Ag-NR** exposed cells. For five out of the six ENMs
(Au-5-NH**, Ag-NH** Au-20-PEG, QD-PEG, QD-COOH), SER-
PINB2 was found to be one of the most strongly downregulated
genes (Table S3, Supporting Information). SERPINB2 encodes a
serine protease inhibitor abundantly expressed in macrophages
and implicated in the regulation of innate and adaptive im-
mune responses.l??’] Moreover, AHRR encoding the aryl hydro-
carbon receptor repressor!?®! was found to be one of the most
downregulated genes in cells exposed to surface-modified MWC-
NTs (data not shown). To explore the transcriptomics data fur-
ther, we utilized the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database that integrates genomic, chemical, and func-
tional information.??] Figure 5a shows the results for the “hu-
man diseases” category for the 23 ENMs (out of 31) for which
significant DEGs were identified. Results are plotted based on
activation scores (p < 0.001). Interestingly, the three transcrip-
tionally “active,” yet noncytotoxic ENMs (i.e., Au-20-PEG, QD—
COOH, and QD-PEG) clustered together, with activation of NF-
kB, Toll-like receptor (TLR) and NOD-like receptor (NLR) sig-
naling. Furthermore, these ENMs all showed activation of infec-
tious disease pathways including the “influenza virus” infection
pathway. The three transcriptionally “active” and cytotoxic ENMs
(i-e., Ag-NR**, Au-5-NR**, Au-20-NR**) did not show any over-
lap with Au-20-PEG, QD-COOH, and QD-PEG. Instead, these
ENMs were characterized by inactivation of DNA replication and
cell cycle pathways (Figure 5a), in line with the GO enrichment
analysis (Table S2, Supporting Information). Moreover, upstream
regulator analysis using IPA identified TLR7 and TLR9 as po-
tential regulators of gene expression in cells exposed to Au-20-
PEG, QD-COOH, and QD-PEG (Figure 5b). Furthermore, Bru-
ton tyrosine kinase (BTK) was identified as a potential upstream
regulator with a negative activation score (Figure S10b, Support-
ing Information). Venn analysis showed a considerable overlap

Figure 2. Cytokine profiling of HMDMs A) and THP-1 cells B) exposed to 31 different ENMs. The cells were exposed to the ENMs for 24 h at doses
inducing a maximum of 10-15% of cell death (EC). Cell culture medium alone was used as a negative control. The secretion of cytokines, chemokines,
and growth factors into the supernatant was monitored by using the BioPlex Pro Human Cytokine Standard 27-Plex array (Figure S5, Supporting In-
formation). The heatmaps represent the mean concentrations detected in 3 individual experiments. A comparison of results obtained in HMDMs and
THP-1 cells is shown in Figure S6 (Supporting Information).

Adv. Sci. 2020, 7, 2002221 2002221 (6 of 18) © 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
ADVANCED
SCIENCE EEWS SCIENCE

www.advancedsciencenews.com www.advancedscience.com

4 -2 0 2 4
Normalized -log(p-value)

| | | RhoA Signaling
| | Actin Cytoskeleton Signaling
Granzyme B Signaling
Signaling by Rho Family GTPases
Death Receptor Signaling
CD28 Signaling in T Helper Cells
| Rac Signaling
| Cdc42 Signaling
Mi h Repair in Eukaryotes
Superoxide Radicals Degradation
Antigen Presentation Pathway
Huntington's Disease Signaling
Adenine and Adenosine Salvage |
Colanic Acid Building Blocks Biosynthesis
S-adenosyl-L-methionine Biosynthesis
p70S6K Signaling
Role of NFAT in Regulation of the Immune Response
Chemokine Signaling
Caveolar-mediated Endocytosis Signaling
Virus Entry via Endocytic Pathways
Aspartate Degradation I
TCA Cycle Il (Eukaryotic)
tRNA Charging
Clathrin-mediated Endocytosis Signaling
| Pentose Phosphate Pathway (Oxidative Branch)
Pentose Phosphate Pathway
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages
G(alpha)q Signaling
Phospholipase C Signaling
IL-8 Signaling
Role of PKR in Interferon Induction and Antiviral Response
Toll-like Receptor Signaling
LXR/RXR Activation
Glutaryl-CoA Degradation
Tryptophan Degradation 11l (Eukaryotic)
Isoleucine Degradation |
Valine Degradation |
Ketolysis
Sucrose Degradation V (Mammalian)
Mevalonate Pathway |
ls(uperpathway of Geranylgeranyldiphosphate Biosynthesis | (via Mevalonate)

T (11T [0 1171 [P

Superpathway of Serine and Glycine Biosynthesis |
Aldosterone Signaling in Epithelial Cells
NRF2-mediated Oxidative Stress Response
Glycolysis |
Gluconeog:
Purine Nucleotides De Novo Biosynthesis ||
Inosine-5'-phosphate Biosynthesis Il
Guanine and Guanosine Salvage |
Cell Cycle: G2/M DNA Damage Checkpoint Regulation
Remodeling of Epithelial Adherens Junctions
Methionine Degradation | (to Homocysteine)
Cysteine Biosynthesis Il (mammalia)
Fatty Acid (beta)-oxidation |
Protein Ubiquitination Pathway
Oxidative Phosphorylation

Phagosome Maturation
| | | Apoptosis Signaling
Fc(gamma) Receptor-mediated Phagocytosis in Macrophages and Monocytes

AR e,

s

— Regulation of elF4 and p70S6K Signaling
E— mTOR Signaling
Mitochondrial Dysfunction
EIF2 Signaling
g g
v -

Au-5-PEG
Ag-PEG
Ag-COOH
CdTe-NH2
Au-20-NH2
Au-20-COOH
Au-5-NH2
CdTe-COOH
Ag-NH2
CdTe-PEG
Au-5-COOH
Au-20-PEG

Figure 3. Pathway analysis of proteomics data. THP-1 cells were exposed to the 31 ENMs for 24 h at doses inducing a maximum of 10-15% of cell death
(ECy) and samples were then subjected to proteomics analysis (refer to Figure S7, Supporting Information). STS (EC,0) and LPS (100 ng mL™") were
used as positive controls for cell death induction and immune activation, respectively. Pathway analysis was then performed using the Ingenuity Pathway
Analysis (IPA) software.[??] The heatmap shows the results for the metal ENMs. The corresponding results for metal oxide and carbon-based ENM:s are
reported in Figure S8a,b (Supporting Information), respectively. The significance values for the canonical pathways were calculated by Fisher’s exact test
right-tailed and indicate the probability of association of the proteins with the respective pathway. The cutoff for p-values was p < 0.001 for at least one
of the conditions.

between QD-COOH and QD-PEG (Figure S10a, Supporting In-  tive” metal ENMs, we decided to explore cytokine responses fur-
formation). ther by using the IPA software tool. We previously provided
evidence, in an unrelated study of 19 ENMs, that grouping
could be achieved on the basis of cytokine responses in THP-
2.7. Validation Experiments 1 cells. Hence, by using multiplex arrays coupled with bioin-
formatics analysis of the cytokine results, we found that the
Since our transcriptomics analysis pointed to the upregulation =~ ENMs could be segregated into two distinct groups based on
of cytokine-mediated signaling for the most transcriptionally “ac-  the activation or deactivation of the nuclear receptors, PPAR
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(peroxisome proliferator-activated receptor) and LXR/RXR (liver
X receptor/retinoid X receptor).'®¥ We decided to test this pro-
posal in the present study. To this end, canonical pathway analy-
sis was performed on the cytokine data obtained for the full set
of ENMs (Figure 2b). As shown in Figure 6a, the ENMs segre-
gated into two groups, with activation or deactivation of PPAR
and LXR/RXR. Furthermore, canonical pathway analysis was per-
formed on the transcriptomics data obtained for the metal ENMs.
Interestingly, as shown in Figure 6b, the ENMs were found to in-
activate PPAR and LXR/RXR along with DNA damage and cell
cycle related pathways (p < 0.001), suggesting that: i) nuclear re-
ceptor activation/deactivation in monocyte-like THP-1 cells is a
valid paradigm for ENMs, and ii) cytokine profiling and transcrip-
tomics results for the studied metal ENMs show good concor-
dance at the level of pathway activation.

To further validate the microarray results, we turned our atten-
tion to the most downregulated biological processes, i.e., DNA
replication/repair, and cell cycle transition (Table S2, Support-
ing Information). First, we applied the conventional DNA con-
tent/cell cycle assay,®! using THP-1 cells exposed for 24 h at the
EC,, dose. Etoposide (10 X 107¢ M) was included as a positive
control. Figure 7a shows the results for all the metal ENMs tested
(i.e., Ag, Au 5 nm, Au 20 nm, and CdTe, with three different sur-
face modifications). Notably, the ammonium modified Ag and Au
(5 and 20 nm) ENMs all triggered a strong cell cycle arrest com-
parable to that seen for etoposide while this was not the case for
their carboxyl modified or PEGylated counterparts. Next, we eval-
uated DNA damage in cells by using a specific phospho-histone
H2A X antibody. Etoposide (10 X 10~° m) was used as a positive
control. Both Au-5-NR** and Ag-NR3*, the two ENMs that were
shown to be the most closely related according to hierarchical
clustering of DEGs (Figure 4a), triggered a significant degree of
DNA damage (Figure 7b) comparable to that seen for etoposide
treated cells. The carboxyl modified or PEGylated ENMs did not
elicit DNA damage. Thus, the transcriptomics results were vali-
dated with respect to DNA damage and cell cycle arrest.

Previous work has shown that NPs with a high affinity for
DNA strongly inhibited DNA replication, whereas those with low
affinity had no or minimal effects.**) We therefore decided to
study the interaction of Au NPs of different diameters and vary-
ing surface modifications with respect to their binding to RNA
and DNA. To this end, we isolated total cellular RNA and DNA
from THP-1 cells using standard protocols. Then, ENMs were in-
cubated with 25 ng of RNA or 50 ng of DNA for 15 min (on ice).
To monitor binding, we performed DLS and zeta potential mea-
surements (data not shown) and PCR (Figure S11a,b, Supporting
Information). These studies showed, not unexpectedly, that the
positively charged ammonium modified ENMs interacted more
readily with RNA (Figure S11a,b, Supporting Information) and
DNA (Figure S11c, Supporting Information). These experiments
were performed with “naked” DNA, while in the cell, DNA is
bound to histones, forming nucleosomes. Nevertheless, the re-
sults suggest that direct nucleic acid binding could potentially
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contribute to the effects observed for ammonium modified Au
NPs.

3. Discussion

In this study, we performed a multiparametric evaluation of a
large panel of ENMs using human in vitro models represent-
ing the immune system.3!l Our overarching conclusion is that
the surface properties are a key determinant of the biological re-
sponses toward EMNs, thus supporting our initial hypothesis.
However, core chemistry also plays a role, and this was evidenced
both when studying cytotoxicity and gene expression changes.
Furthermore, ENMs that do not display cytotoxicity may still elicit
major effects on cells. Indeed, certain PEGylated metal NPs were
found to be highly inflammogenic, and the transcriptional re-
sponses were reminiscent of those induced by viruses, as we dis-
cuss below.

Previous toxicity profiling studies have focused mainly on a
single class of ENMs. For instance, Cai et al.*?] studied a panel
of Fe, 0, ENMs by applying metabolomics and proteomics analy-
ses (at relatively high doses, i.e., 100 pg mL™!). Shaw et al.’] per-
formed profiling studies of iron oxide ENMs (Fe,O, and Fe;0,)
plus QDs (CdSe) using conventional assays. Zhang et al.33] ex-
plored the biological effects of a panel of metal oxides and Ag
ENMs. Breznan et al.?*! focused on a panel of mesoporous silica
particles, while Wu et al.*®! studied a large set of surface modi-
fied MWCNTs. Taken together, these studies have provided valu-
able insights with respect to nano-bio interactions insofar as they
showed that different physicochemical properties, such as sur-
face reactivity, or size, or shape/aspect ratio, or a combination
of several properties, may dictate cellular outcomes. Cell type-
specific differences were also noted in several studies. What does
the present study add to this picture? First, using a broad panel
of ENMs encompassing metal, metal oxide, and carbon-based
ENMs, we showed that surface properties are an important driver
of the cytotoxicity of ENMs. This was verified in a commonly
used human cell line as well as in primary human macrophages.
However, the relation between physicochemical properties and
biological responses is complex and the core chemistry also mat-
ters. Interestingly, we found that while certain surface modifica-
tions, i.e., amino/ammonium termination, may convert ENMs
that are inherently inert (such as Au) into a strongly cytotoxic
material, the same surface modification had no effect on other
ENMs (such as TiO, or NDs) that remained biologically inert no
matter the surface properties (in the current model). For compar-
ison, Orecchioni et al. studied the impact of pristine graphene
oxide (GO) versus GO functionalized with amino groups (GO-
NH,) on various subpopulations of peripheral blood mononu-
clear cells by using single-cell mass cytometry and supplemented
this with genome-wide transcriptomics analysis of GO and GO-
NH, exposed Jurkat cells and THP-1 cells.?®] Using pathway
analysis, the authors found that the perturbations induced by GO
were reflective of cytotoxic mechanisms, while the transcriptional

Figure 4. Unsupervised clustering of microarray data. A) Hierarchical clustering of differentially expressed genes (DEGs) significantly regulated in THP-1
cells after 24 h exposure to the 31 ENMs at doses inducing a maximum of 10-15% of cell death (EC;4). The heatmap was colored based on activation
z scores of the normalized expression levels for the DEGs; refer to Figure S9 (Supporting Information) for the hierarchical clustering results prior to
averaging of the replicates. B) Venn analysis of significant DEGs (FC> 1.5 and adjusted p-value <0.05) in THP-1 cells exposed to different Au (5 nm)

ENMs and Au (20 nm) ENMs.
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changes induced by GO-NH, were consistent with immune
activation.l*] Thus, the impact of amino/ammonium function-
alization may potentially depend on how the functional groups
are displayed (i.e., on a flat surface as opposed to a surface with
high curvature). We noted that while PEGylation of ENMs, a
commonly used strategy in nanomedicine,*”) may passivate cer-
tain ENMs (such as CuO) the same surface modification may
promote the inflammogenic properties of other ENMs (such as
Au) and may even enhance toxicity of certain ENMs (as seen for
MWCNTs). Hence, this further supports the view that the man-
ner in which the functional groups are presented also matters.
The stability or lability of surface ligands may also be a factor,
as suggested in a previous microarray study of surface modified
Au NPs.I®] Overall, carboxyl functionalization appeared to be the
most biocompatible modification in the present study. However,
itis important to qualify this statement in at least two ways. First,
macromolecules (such as PEG) may acquire different conforma-
tions depending on a number of factors including the type of
bond anchoring the ligand to the surface, the curvature of the par-
ticle, and the ionic strength and pH of the surrounding media.*!
Second, differences in surface coating may lead to the adsorption
of different proteins or other biomolecules which, in turn, may
impact on cellular uptake of ENMs.[*0*!] Notwithstanding, our
survey of a large panel of ENMs using two cell models has shown
that surface functionalization (coating) is an important determi-
nant of the cellular effects of ENMs.

The present study takes as its starting point the adminis-
tered dose (the amount added to the cell cultures) as opposed
to the internalized dose, although the concentration of ENMs
internalized by cells may, in principle, vary depending upon
the surface chemistry (and, potentially, the composition of the
so-called corona).[*?l However, we have studied the internaliza-
tion of spherical TiO, ENMs (pristine and surface-modified)
by using TEM and found that these ENMs were avidly taken
up by HMDMs regardless of surface functionalization (unpub-
lished observations). On the other hand, as shown in the present
study, none of these ENMs displayed any cytotoxicity toward
macrophages (or THP-1 cells). These results thus dispel the no-
tion that cellular uptake equals toxicity, at least for TiO, ENMs.
Furthermore, it is of interest to note that the cytotoxicity results
for the entire panel of ENMs were largely concordant between
the two cell models, despite the fact that primary macrophages
are more proficient in terms of phagocytosis when compared to
cell lines.

The second major point of interest is that we have shown, us-
ing a low-dose (equipotent) exposure regimen (to avoid excessive
cell death as this may confound the results), that transcriptional
responses to ENMs are related to surface properties. The cur-
rent dataset spanning 31 different ENMs is the largest transcrip-
tomics dataset thus far, and our results provide a useful resource
for in silico exploration of nano-bio interactions, as exemplified
in previous publications.[****] The most striking finding in this
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regard was that the small, ammonium modified Ag and Au ENMs
which were found to be strongly cytotoxic in our model were also
clustered together based on significant changes in gene expres-
sion (at EC,,). Furthermore, with regard to the six different metal
(Ag, Au, CdTe) ENMs that were found to be the most transcrip-
tionally “active” among the 31 ENMs, we found a remarkably con-
sistent pattern in terms of affected cellular pathways. Hence, the
downregulated pathways were related to DNA replication/DNA
repair and cell cycle transition, while the upregulated pathways
were associated with cytokine-dependent signaling and inflam-
mation. Importantly, these findings were validated by using con-
ventional cell-based assays. It is noteworthy that not all cytotoxic
ENMs displayed the same pattern of gene expression changes.
For instance, cytotoxic CuO ENMs were found to activate metal
detoxification pathways, likely due to the release of toxic ions, as
shown in several previous studies.[**#?] On the other hand, our
proteomics analysis did not distinguish specific effects for any
of the ENMs and pointed to a general activation of EIF2 signal-
ing (i.e., protein translation). This shows that gene expression
profiling is a more sensitive method able to discern low-dose ef-
fects of ENMs. However, we reported in a previous study on a
set of Au ENMs that proteomics can be applied to detect changes
at doses corresponding to ECy, and found a good concordance
between transcriptomics and proteomics approaches in THP-1
cells."IIn line with the latter findings, a recent proteomics study
of metal oxide ENMs (SiO, and TiO,) and GO showed no effects
in a lung epithelial cell line atlow doses (< 1 pg cm~2) while doses
of 10 ug cm ™ yielded significant changes.[*’]

It is interesting to note that three ENMs (Au-20-PEG, QD-
COOH, and QD-PEG) were noncytotoxic as shown by conven-
tional toxicity assays, yet they were found to elicit significant
changes in gene expression in THP-1 cells. Our bioinformat-
ics analyses revealed that these ENMs activated NF-«xB, TLR,
and NLR signaling pathways. Furthermore, the gene expression
profiles matched those of several infectious diseases including
influenza virus infection, and upstream regulator analysis pre-
dicted both TLR7 and TLR9 as positive regulators and BTK as a
negative regulator of gene expression. TLR7 and TLR9 are endo-
somal pattern recognition receptors that function as sensors of
single-stranded RNA and double-stranded DNA, respectively.[*8]
BTK, in turn, is involved in the sensing of multiple microbes, in
part, via TLRs.[*l Taken together, these observations imply that
Au-20-PEG, QD-COOH, and QD-PEG are “sensed” as microbes.
This may not be surprising if one considers that viruses are nano-
sized particles (e.g., influenza virus particles are between 80 and
120 nm) that display repetitive molecular motifs on their surface;
these molecular patterns are, in turn, recognized by extracellular
or intracellular pattern recognition receptors, such as TLRs.[%
Moreover, viruses were recently shown to display a “corona”
of surface adsorbed proteins,?!) further blurring the distinction
between synthetic and natural nanoparticles. Previous studies
have provided evidence that QD-COOH and QD-PEG activate

Figure 5. Functional analysis of the transcriptomics data. A) Functional annotation of the microarray data obtained for 23 out of 31 ENMs (i.e., ENMs
for which significant DEGs were identified) was performed using the KEGG databasel?®] focusing on “human disease” categories. The results were
visualized by using the FunMappOne graphical tool.[®3] The activation z scores are shown (red: activation, green: deactivation). The cutoff for p-values
was p < 0.001. B) Upstream regulator analysis of the transcriptomics results was performed,[5483] and TLR7/TLR9 were identified as putative regulators
on the basis of z scores. Refer to Figure S10 (Supporting Information) for upstream regulator results with a negative activation z score and the legend

for the upstream regulator analysis shown in panel B.
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TLR signaling pathways in murine RAW264.7 macrophages, >33
though this does not prove a direct interaction of QDs with
TLRs. Moreover, Au NPs were shown to modulate TLR9 signaling
within macrophage lysosomes in a size-dependent manner.>*l
Luo et al. recently demonstrated that PEGylated GO stimulates
cytokine responses in peritoneal macrophages, and comparable
results were obtained for the unrelated 2D material, MoS,.l>]
Therefore, the widely held assumption that PEGylation serves to
passivate ENMs may not be correct. Instead, it appears that PE-
Gylation promotes inflammogenic responses, at least for certain
ENMs (such as Au). QDs (with or without PEG) may be especially
prone to trigger “virus-like” responses by virtue of their small size
and spherical shape.

In sum, we report multiparametric assessment of a large panel
of ENMs and show that surface properties are key determinants
of cellular (immune) responses to ENMs. However, the core
chemistry (composition) of the ENMs is also important. Our find-
ings also demonstrate that ENMs can be discriminated on the
basis of transcriptional profiling.

4. Experimental Section

ENM Synthesis and Functionalization: Spherical TiO, ENMs
(TiO,s-core) were prepared at room temperature by hydrolysis of
titanium tetrachloride solution with a further condensation of the
reaction products, and stabilization by nitric acid. TiO, nanorods
(TiO,r-core) were obtained by forced hydrolysis in acidic condi-
tions at normal pressure, leading to high yield and desired diam-
eter and aspect ratio. TiO,-spheres and TiO,-rods were surface
modified using a multistep procedure. First, the particle cores
were modified with an NH,-terminated silane (APTMS), yielding
to amino-modified TiO,. Then, to produce COOH and PEG mod-
ified particles, succinic anhydride and PEG-COOH were bound
to amino group through amide bonds, respectively. For the syn-
thesis of the two Au ENMs (Au-5 and Au-20) the strategy con-
sisted in growing the metallic NPs with the simultaneous at-
tachment of self-assembled thiol monolayers on the growing nu-
clei in order to allow the surface reaction to take place during
metal nucleation and growth. Briefly, Au-5 were prepared us-
ing reduction of Au** to Au® with NaBH, in the presence of bi-
functional ligands of the type XRSH (X = COOH, N(CH,),, or
CH,) so that the surface is terminated with these functionalities.
The ligands bind to the gold surface through their thiolate (RS
end). Au-5-PEG were obtained by direct synthesis with controlled
ratio of [HAuCl,]/[poly(ethylene glycol) methyl ether thiol aver-
age 550 g mol™!]. The Au-20 were synthesized by reduction of
Au** to Au® with Na; citrate which yielded Au ENMs of core size
> 10 nm. The citrate reduction process involves hot gold chlo-
ride and sodium citrate as reactants. In this reaction, the citrate
molecules act as both reducing and stabilizing agents, allowing
for the formation of the colloidal gold. The bifunctional ligands
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of the type XRSH (X = COOH, N(CH,;);, and CH,) were used in
order to replace the citrate ligands on the nanoparticle surface.
Poly(ethylene glycol) methyl ether thiol (average 550 g mol~!) was
the bifunctional ligand used in the synthesis of the Au-20-PEG.
CuO ENMs were synthesized by the precipitate decomposition
method. A precursor, basic copper carbonate (Cu,(OH),CO;),
was first prepared by precipitation reaction from an aqueous
solution composed of 1 M copper nitrate and sodium carbon-
ate. The obtained precursor was dewatered, dried, and milled.
Nanocrystalline CuO particles were obtained by thermal decom-
position of the precursor at 300 °C for 2 h. For surface modifi-
cation of the CuO ENMs, the thiol-ligands, HSHCH,CH,NH,,
HSCH,COOH, and HSCH,COOPEGOCH,, were used due to
their strong ability to bind to copper oxide in order to obtain
CuO-NH,, CuO-COOH, and CuO-PEG ENMs, respectively. Ag
ENMs were prepared by reduction of Ag* to Ag® with excess ice-
cold NaBH, solution. The bifunctional ligands of the type XRSH
(X = COOH, N(CH,;);, and CH;) were added and also provided
an efficient stabilization. Ag-PEG was obtained by using the [poly
(ethylene glycol) methyl ether thiol, average 550 g mol™] ligand.
CdTe QDs were synthesized by PlasmaChem GmbH (Berlin)
in the frame of FP7-NANOSOLUTIONS. Briefly, cadmium and
tellurium precursors were mixed together with a thiocarboxylic
acid, which serves as a stabilizing ligand. After introduction of the
reducing atmosphere, the solution was refluxed until a desirable
fluorescence emission wavelength is achieved. The carboxylated
QDs (CdTe-COOH) had an emission wavelength of 590 nm.
Modification of CdTe-COOH with amino and PEG groups was
performed through the ligand exchange procedure with the
respective thiols. Briefly, CdTe-COOH QDs were extensively
washed with a solvent mixture containing an excess of a target lig-
and (HS- , R-(PEG) or HS-R-NH,) followed by incubation of the
obtained QDs in the suspension of a pure target ligand. The pro-
cess of ligand exchange was monitored by the dispersibility of the
QDs in water and change of the optical properties of QDs. NDs
were prepared by detonation in two stages: first, synthesis of nan-
odiamond soot by explosion of mixed trinitrotoluene-hexogen ex-
plosive charges (TNT-RDX 60/40) in a large-sized chamber (50
m?) at a raised pressure of a cooling gas, and second, oxida-
tion with a HNO,-HCIO, mixture of metals and nondiamond
carbon and isolation of the carboxylated NDs (ND-COOH).
The carboxylic groups were used as reactive sites for the
ligands —C(0)-NH—(CH,),NH—(CH,),NH~(CH,),~NH,Cl and
~C(0)0-CH,CH,~(0-CH,-CH,)11-0-CH, in order to obtain
ND-NH, and ND-PEG. MWCNT-core, MWCNT-NH, and
MWCNT-COOH were produced by Nanocyl SA (Sambreville)
in the frame of FP7-NANOSOLUTIONS via catalytic carbon
vapor deposition (CCVD) (NC7000, NC3152, and NC3151, re-
spectively). For PEGylated MWCNTs, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(poly ethylene glycol)-2000]
(DSPE-PEG 2000) was used for a noncovalent functionalization

Figure 6. Pathway analysis of immune responses. A) Pathway analysis was performed by using IPA software,[?2] by integrating the normalized cytokine
profiling results of THP-1 cells exposed to the 31 ENMs. The results shown highlight the grouping of ENMs into activators and deactivators of nuclear
receptor (PPAR and LXR/RXR) pathways, respectively. The heatmaps show the significant canonical pathways with activation score > 2, and adjusted
p-value < 0.05 for at least one activated pathway per treatment. B) Pathway analysis was also performed on transcriptomics results obtained for the
metal ENMs. The heatmap based on activation z scores depicts the activation (red) or inactivation (blue) of the most significant canonical pathways
associated with the various conditions. The significance values for the canonical pathways were calculated by Fisher’s exact test right-tailed and indicates
the probability of association of DEGs with the respective pathway. The cutoff for the p-value was p < 0.001 for at least one of the conditions.
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Figure 7. Validation of microarray results. A) Quantification of cell cycle analysis results for THP-1 cells exposed for 24 h at the EC;, dose of the indicated
metal ENMs, i.e., Ag, Au (5 nm), and CdTe. N.C., negative control (medium alone); P.C., positive control (etoposide, 10 x 106 m). Data analyzed by one-
way ANOVA followed by Dunnett test: *p < 0.05, ***p < 0.001, ****p < 0.0001. B) DNA damage was determined by staining cells with an anti-histone
H2A.X (Ser139) antibody with quantification by flow cytometry. Cells were exposed as described in (A). N.C., negative control; P.C., positive control
(etoposide). Data analyzed by one-way ANOVA followed by Dunnett’s test for comparison to N.C. or by Bonferroni’s test for multiple comparisons: *p

< 0.05, #*%p < 0.001, **iip < 0.0001, ###p < 0.001.

process. 125 mg of DSPE-PEG 2000 was first dissolved in 20 mL
of water, then added to the pristine MWCNT (25 mg) at a 1:5
[MWCNT:DSPE-PEG 2000] weight ratio. The mixture was then
sonicated at room temperature for 1 h and diluted to 250 mL with
water before filtration through a Millipore 100 kDa cut-off filter 5
times to remove any unbound DSPE-PEG 2000. The final prod-
uct of MWCNT-PEG was then resuspended in water to give the
final product of MWCNT-PEG.

ENM Characterization: DLS and zeta potential measure-
ments were performed on freshly prepared ENM suspensions
using a Malvern Zetasizer Nano ZS (model ZEN3600) operating
with a 632.8 nm laser wavelength. The angle of detection was set
at 173° and the temperature was maintained at 25 °C through-
out the analysis. The Zetasizer v.6.32 software was used for data
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processing. UV—vis measurements were performed on a UV-vis
spectrometer Lambda 750 (Perkin Elmer). The parameters for re-
fractive index were set according to the ENM core type measured,
the range of acquisition covered 200 to 800 nm and the interval
was set at 0.5 or 1 nm. The software UVWinLab was used for
data processing. Photoluminescence analysis of QDs was done
on a LS-55B Luminescence spectrometer (Perkin Elmer). The ex-
citation wavelength was set at 550 nm and emission was collected
from 560 to 700 nm. The software FLWinLab was used for data
processing. Raman spectroscopy of MWCNTs was performed us-
ing a WITec alpha 300 RAS instrument, coupled to a 532 nm
wavelength laser operating with the WITec project FOUR soft-
ware. One single acquisition represents the average of 10 spectra
each integrated over 0.5 s. The presence of impurities (Al, Si, Mn,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Fe, Co, Ni, Cu, Cr, Ga, Fe, Br, St, As, Mo, Ag, Sn, Sb, Te, W, Au, Pb)
was investigated by inductively coupled plasma-mass spectrome-
try. The presence of functional groups was confirmed with XPS,
FTIR, and thermogravimetric analysis (TGA). Complete datasets
can be retrieved from the NANOSOLUTIONS repository (refer
to Table S1 for a summary, Supporting Information).

Endotoxin Assessment: The procedure for the detection of
gram-negative bacterial endotoxin followed the QCL-1000 End-
point Chromogenic LAL assay (Lonza) protocol. The enzy-
matic reaction was performed on ENMs alone, ENMs in pres-
ence of LPS or ENMs in presence of LPS and polymyxin B
(PolyB). Briefly, the stock suspensions of ENMs were diluted at
100 pg mL~! in endotoxin-free culture medium and 50 pL of each
suspension were dispensed into a 96-well plate. LPS and PolyB
were added at 1-3 EU mL™! or 5-10 X 107 M, respectively, fol-
lowing by 1 h incubation at room temperature. The reaction was
initiated by first adding the proenzyme and then the substrate.
Then, a stop solution of acetic acid 25% v/v in dH20 was added
and the absorbance was determined at 405 nm, using an Infi-
nite 200 Tecan microplate reader operating with Magellan v7.2
software. For ENMs for which assay interference was shown, the
macrophage-based TET assay was deployed.!'”] Briefly, HMDMs
were obtained from human monocytes seeded into a 96-well plate
and differentiated with recombinant human M-CSF (PeproTech)
for 3 days. ENMs suspensions were diluted to 5 pg mL™! in cell
culture medium, supplemented or not with PolyB (10 X 107 m).
HMDMs were then exposed for 24 h to the ENM suspensions,
or culture medium alone, or LPS at 100 ng mL™! (positive con-
trol for TNF-a production). Following incubation, cell culture su-
pernatants were collected and the levels of TNF-a were moni-
tored using a specific ELISA (Mabtech) according to the manu-
facturer’s protocol.

Cell Line and Primary Cells. HMDMs are obtained from pe-
ripheral blood mononuclear cells as described.®®! Briefly, cells
were isolated from buffy coats of healthy adult donors by den-
sity gradient centrifugation followed by positive selection of
CD14+ monocytes using CD14 MACS magnetic beads (Mil-
tenyi Biotech). Cells were then cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated bovine serum (FBS),
2 X 107 M glutamine, 100 U mL™" penicillin, and 100 pg mL™"
streptomycin and M-CSF (50 ng mL™!) was added for 72 h to in-
duce macrophage differentiation. The human monocytic THP-1
cell line was purchased from ATCC (UK). The cells were cultured
in RPMI-1640 medium supplemented with 10% FBS, 2 x 1073 m
glutamine, 100 U mL™! penicillin, 100 pg mL~! streptomycin,
and 0.05 X 107 M f-mercaptoethanol. The cell density was
strictly maintained at 0.1-2.0 X 10° cells mL.

Cytotoxicity Assessment: HMDMs and undifferentiated THP-
1 cells were seeded into 96-well plates at a density of 10°
cells mL~! (100 pL per well). ENMs were freshly prepared and
the following working concentrations were applied: 0.78, 1.56,
3.13,6.25,12.5, 25, 50, 100 pg mL~! in 100 puL of complete RPMI
cell medium supplemented with 10% FBS. Dimethyl sulfoxide
(DMSO) 5%, LPS (100 ng mL™!), and culture media alone were
used as positive controls for cell death, immune activation, and as
a negative control, respectively. After differentiation of HMDMs,
the cell medium was removed, and cells were exposed directly to
100 pL of the treatment solutions prepared at the final working
concentration. For THP-1 cells, 100 pL of a twice concentrated
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solution was added to the cells. After 24 h, 100 pL of the super-
natants were collected into 96-well plates and stored at —80 °C for
subsequent analysis by multiplex immunoassay (see below). The
cytotoxic effects were evaluated by incubating cells with the Ala-
mar Blue reagent (ThermoFischer Scientific) for 4 h at 37 °C. The
resulting fluorescence was determined at 540/590 nm (ex/em),
using an Infinite 200 Tecan microplate reader. The statistical
analysis was performed by one-way ANOVA analysis using Prism
5.02 (GraphPad), on results obtained from three independent ex-
periments (three individual donors in case of HMDMs), each per-
formed in triplicate.

Cytokine Measurements: For the multiplex immunoassay,
HMDMs and THP-1 cells were exposed to ENM doses inducing
10-15% cell death (EC,,). The procedure followed the Bio-Plex
Pro Human Cytokine Immunoassay 27-plex, Group I (BioRad
LUMINEX) protocol, as described.>”] Briefly, the beads were first
dispensed into a 96-well plate and incubated with antigen stan-
dards or samples for 1 h at room temperature. The beads were
then washed, followed by incubation with the biotinylated detec-
tion antibodies for 30 min at room temperature. After washing
the unbound biotinylated antibodies, beads were incubated with
the reporter SA-PE conjugate for 10 min at room temperature.
Following removal of the excess of SA-PE, the beads were passed
through the Bio-Plex 200 array reader to detect the 27 cytokines,
chemokines, and growth factors (IL-18, IL-1ra, IL-2, IL-4, IL-5, IL-
6, IL-7, IL-8, IL-9, IL-10, IL-12, 1L-13, IL-15, IL-17, Eotaxin, FGF
basic, G-CSF, GM-CSF, IFN-y, IP-10, MCP-1, MIP-1«, PDGF,
MIP-14, RANTES, TNF-«a, and VEGF) by measuring the fluores-
cence of the bound SA-PE. Data processing was performed with
the Bio-Plex Manager v6.0 software. The calibration curves were
determined by adjusting logistic functions to the standard points
assessed and limits of detection were established. Data retrieved
from the multiplex assay were analyzed using hierarchical clus-
tering analysis.['®] Pathway analysis was performed on normal-
ized cytokine expression data using the Ingenuity Pathway Anal-
ysis (IPA) software (Ingenuity Systems, Redwood City, CA).

DNA Damage/Cell Cycle Analysis: THP-1 cells were exposed
for 24 h to the indicated ENMs at EC,, concentrations. Etopo-
side (10 x 107 M) was used as a positive control. Detection of
cellular yH2AX and simultaneous cell cycle analysis were car-
ried out by using the FlowCellect Cell Cycle Checkpoint H2A.X
DNA Damage Kit (Millipore) according to the manufacturer’s
instructions. Briefly, cells were washed twice with phosphate-
buffered saline (PBS), fixed, and permeabilized with the fixation
and permeabilization buffers, respectively, and thereafter stained
with an anti-phospho-Histone H2A.X (Ser139)-AlexaFluor 488
conjugated-antibody. DNA staining was performed by using a
PI/RNAse solution. Histone H2A X resides downstream of the
DNA damage kinase signaling cascade and phosphorylation of
H2A X at serine 139 is an important indicator of DNA damage.*®!
Samples were analyzed on a BD LSRFortessa and data were pro-
cessed using FCS Express DeNovo software.

Nucleic  Acid  Binding  Studies: Qiagen  AllPrep
DNA/RNA/miRNA Universal kit (Qiagen GmbH) was used
to extract RNA and DNA according to the manufacturer’s pro-
tocol. Briefly, cells were quickly washed once with ice-cold PBS,
and lysed directly into the well with 350 pL RTL plus buffer
from the kit supplemented with f-mercaptoethanol. Samples
were stored at —80 °C before RNA/DNA extraction. RNA was
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eluted with 30 pL of RNAse free water and DNA was eluted with
50 pL of elution buffer (EB). Au NPs were dispersed by sonica-
tion for 5 min in a bath sonicator at 47 kHz before they were
diluted to working suspensions (5.0, 0.5, 0.05, 0.005, 0.0005, and
0.00 005 pg mL™"). For RNA binding, 25 ng of total RNA from
THP-1 cells was incubated with each of the six EMNs in 100 pL
total volume using PBS as buffer. The incubation was performed
on ice for 15 or 30 min. Then, the suspension was centrifuged
with 16000 X g for 30 min at 4 °C and the supernatant was
collected. ENMs were then washed four times with 1 mL of
ice-cold PBS, centrifuged after each wash with 16000 x g for
30 min at 4 °C and the supernatants were saved. The washed
ENMs were resuspended into 100 pL of PBS. During this time,
25 ng total RNA in a volume of 100 pL was kept on ice to be
used as unbound control. The experiments were repeated three
times. For DNA binding, 50 ng of DNA from THP-1 cells was
incubated with each of the six ENMs in a volume of 10 pL diluted
in water for 15 min on ice; 50 ng DNA in a volume of 10 pL
without EMNs was used as unbound control.

Quantitative Real-Time PCR: cDNA was synthesized with
Maxima First Strand cDNA Synthesis Kit (K1642; Thermo Sci-
entific) according to manufacturer’s instructions. 12 pL of tem-
plate (control RNA, first supernatant, wash supernatants, fi-
nal suspension of ENMs, or water as no-template control)
was used in each reaction. Quantitative real-time PCR (qRT-
PCR) was analyzed with undiluted cDNA using SYBR Green
primers for human f-actin and GAPDH (0.2 x 10~° m) and
the FastStart Universal SYBR Green Master Mix (Roche Di-
agnostics). The following SYBR Green primers were used: f-
actin forward: 5-GACGACATGGAGAAAATCTG-3; f-actin re-
verse: “5-ATGATCTGGGTCATCTTCTC-3", GAPDH forward:
5 -ACGGATTTGGTCGTATTGGG-3; and GAPDH reverse: '5" -
TGATTTTGGAGGGATCTCGC-3". Human placenta cDNA was
used as positive control and water as negative control. Reac-
tions were amplified by using the 7500 Fast Real-Time PCR sys-
tem (Applied Biosystems). Agarose gel electrophoresis. PCR was
run in the presence of 1 x PCR buffer, 1.5 x 107 m MgCl,,
0.4 X 1073 M dNTPs, 1 X 10~° m of each primer, and 8.5 units Hot-
Star Taq Plus DNA Polymerase (Qiagen GmbH). The whole DNA-
ENM incubation reaction (10 pL) was used as a template for PCR.
The primers used were LDLR forward: CACCTGGCTGTTTC-
CTTGAT; and LDLR reverse: CGGTCAGGGGATATGAGTCT.
Reactions were amplified by using the T100 Thermal Cycler (Bio-
Rad) and a program of: 95 °C for 5 min; 35 rounds of 95 °C for
30, 62 °C for 30 s, and 72 °C for 1 min; finishing with 5 min of
elongation at 72 °C. The products were visualized on agarose gel
(1%) electrophoresis together with Thermo Scientific GeneRuler
100 bp Plus DNA Ladder (Thermo Scientific). DLS and zeta po-
tential measurements were performed on freshly prepared ENM
suspensions as described above. Measurements were done for
ENMs alone versus ENMs (5 pg) incubated with RNA (25 ng) or
DNA (50 ng).

Proteomics Analysis:  For proteomics samples, 10° cells per
well were seeded in a 12-well plate one day prior to exposure.
Cells were exposed for 24 h to the respective EC,, doses of freshly
resuspended ENMs. Staurosporine (at the EC,, dose equivalent),
LPS (100 ng mL™), and cell culture medium were used as pos-
itive controls for cell death, immune activation, and as a nega-
tive control, respectively. Each condition was performed in trip-
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licate. After exposure, the cells were washed twice with PBS by
centrifugation 300 g, 5 min at room temperature. Proteins were
extracted, digested, and analyzed using a Q Exactive Plus Hy-
brid Quadrupole-Orbitrap mass spectrometer. Data processing
was done using Raw2MGF and ClusterMGF from the Quanti
workflow 18. The data were searched against the human com-
plete proteome database (Uniprot) using the Mascot search en-
gine and quantified by Quant, an in-house developed software
for label-free quantification. Student’s t-test, adjusted for multi-
ple testing false discovery rate, where used to compare the differ-
ent treatments. Heatmaps were generated by calculating: i) the
median of each sample, ii) the variance from the median, and iii)
unsupervised clustering of the top 50 or 100 proteins identified
for each of the tested ENMs.

Microarray Analysis: For transcriptomics, 10° cells per well
were seeded in a 12-well plate one day prior to exposure. Cells
were exposed for 24 h to the respective EC,, doses of freshly
resuspended ENMs and to a fixed concentration for the noncy-
totoxic ENMs. Cell culture medium without ENMs was used as
negative control. Each condition was performed in triplicate. Af-
ter exposure, the cells were washed twice with ice-cold PBS by
centrifugation at 300 g, 5 min at 4 °C. RNA extraction was per-
formed using the AllPrep DNA/RNA/miRNA Universal Kit, ac-
cording to the manufacturer’s instruction. RNA samples were la-
beled with Cy3 or Cy5 (Quick Amp Gene Expression Labelling kit,
Agilent). Labeled samples were randomly hybridized to Agilent
SurePrint G3Human GE 8 X 60K DNA microarrays, according
to the manufacturer’s protocol (Agilent). Hybridized slides were
scanned using the Agilent microarray scanner (Model G2505C)
and raw data were extracted using Agilent feature extraction soft-
ware (version 12.0.1.1). Downstream analyses of the normal-
ized datal®®! were performed using the IPA software (Ingenuity
Systems, Redwood City, CA, http://www.ingenuity.com—version
33559992) to examine the canonical signaling pathways associ-
ated with the observed changes.[*”) Venn diagrams of the differ-
entially expressed genes (DEGs) were plotted with the web-based
tool, Venny 2.1.0.[°0) GO enrichment analyses were performed by
using Enrichr,®%2) and the GO database version 2017b. KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways were ana-
lyzed and visualized by using the FunMappOne graphical tool.[®3]

Statistical Analysis: Experiments were performed in at least
three biological replicates (for primary cells, three individual
donors) and samples were analyzed using three technical tripli-
cates. Data are average values + S.D. Statistical analysis was per-
formed by one-way ANOVA using Prism 5.02 (GraphPad Soft-
ware, Inc.), assuming equal variances with p < 0.05. For pro-
teomics, transcriptomics, and multiplex immunoassay data anal-
ysis, see above.
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