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Multiparametric Pro�ling of Engineered Nanomaterials:
Unmasking the Surface Coating E�ect

Audrey Gallud, Mathilde Delaval, Pia Kinaret, Veer Singh Marwah, Vittorio Fortino,
Jimmy Ytterberg, Roman Zubarev, Tiina Skoog, Juha Kere, Manuel Correia,
Katrin Loeschner, Zahraa Al-Ahmady, Kostas Kostarelos, Jaime Ruiz, Didier Astruc,
Marco Monopoli, Richard Handy, Sergio Moya, Kai Savolainen, Harri Alenius,
Dario Greco, and Bengt Fadeel*

Despite considerable e�orts, the properties that drive the cytotoxicity of
engineered nanomaterials (ENMs) remain poorly understood. Here, the
authors inverstigate a panel of �� ENMs with di�erent core chemistries and a
variety of surface modi�cations using conventional in vitro assays coupled
with omics-based approaches. Cytotoxicity screening and multiplex-based
cytokine pro�ling reveals a good concordance between primary human
monocyte-derived macrophages and the human monocyte-like cell line
THP-�. Proteomics analysis following a low-dose exposure of cells suggests a
nonspeci�c stress response to ENMs, while microarray-based pro�ling
reveals signi�cant changes in gene expression as a function of both surface
modi�cation 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 in�ammatory responses are
upregulated. These �ndings 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 e�ects of ENMs.
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�. 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
bene�t 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 di�cult to draw conclusions re-
garding the material properties that drive
the biological responses to ENMs.[�] 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).[�] From a practical stand-
point, there is a trade-o� 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 pro�l-
ing study by Shaw et al.[
] provides a case in point. The authors
conducted high-content screening of a large panel of ENMs of
varying core compositions and surface modi�cations and were
able to derive robust structure-activity relationships by using this
approach. The cell-based assays applied were re�ective of cell
death and oxidative stress, two of the most commonly studied
endpoints in nanotoxicology. Hence, by de�nition, 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 e�ects on cell function in the absence of
cell death.[����] Multi-omics approaches, combining, for instance,
proteomics and transcriptomics methods, coupled with bioinfor-
matics analysis of the data, a�ord 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.[��,��] 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 �� ENMs, including cytotoxicity screening
and cytokine pro�ling, using primary human monocyte-derived
macrophages (HMDMs) and the human monocytic THP-� cell
line. Furthermore, proteomics and transcriptomics assessment
of THP-� 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 speci�c 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 modi�cations 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 e�ects
on cells.

�. Results
�.�. 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 �eld. The true value of such reporting requirements lies in
their adoption by the scienti�c 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 di�erent core chemistries encompassing both
metal, metal oxide, and carbon-based materials and varying
diameters and surface modi�cations, i.e., amino/ammonium-,
carboxyl/carboxylate-, or poly(ethylene glycol) (PEG)-terminated
surfaces versus pristine ENMs. The three surface modi�cations
provide stability to ENMs in aqueous media, while they convey
di�erent 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 humanmonocyte-like THP-� cells (nondi�eren-
tiated). Both cell types were maintained in the same cell culture
medium in the presence of ��% fetal bovine serum (FBS). Cyto-
toxicity screening and cytokine pro�ling was performed in both
models, while omics methods were applied only in THP-� 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 �rst barrier against
foreign intrusion and previous studies have shown that mono-
cytes/macrophages are particularly susceptible to ENMs.[��] With
regard to methods, we �rst 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 pro�ling 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.

�.�. ENM Characterization

ENMs of di�erent chemical composition were pre-
pared with three types of surface functionalization: car-
boxyl/carboxylate groups (COOH/COO�), amino/ammonium
groups (�NH�/�NR�+) 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
S�, Figures S� and S�, Supporting Information). Morphology
and primary particle size were determined by using transmis-
sion electron microscopy (TEM) (Figure S�a�h, Supporting
Information). The spherical and rod-shaped features of the two
di�erent TiO� NPs could be clearly distinguished. Dynamic light
scattering (DLS) measurements showed, overall, that ENMs in
suspension were in the range of ������ nm in diameter, except
CuO-core and CuO�COOH displaying an average hydrodynamic
diameter size of about � m, and the degree of agglomeration
was found to be acceptable for all ENMs with PDI values < �.�.
However, DLSmeasurements 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)
(� � 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 S�f (Supporting In-
formation) revealed that the amino-modi�ed QDs did not display
�uorescent properties, unlike the other QDs. MWCNTs were
also examined with Raman spectroscopy and the characteristic
D and G bands were clearly observed (Figure S�g, Supporting
Information). In addition, X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FTIR) (data
not shown) con�rmed the presence of the expected functional
groups on the di�erent ENMs. Overall, our analysis con�rmed
the expected properties of the �� ENMs.
ENMs were then evaluated for possible endotoxin content

by using the Limulus Amebocyte Lysate (LAL) chromogenic
assay.[�	] In the case ofMWCNTs andAuENMs, interferencewith
the LAL assay was noted. To overcome this issue, we used the
macrophage-based TNF-� expression test (TET), as described.[�
]
High levels of TNF-� secretion were found in macrophages ex-
posed to Au�COOH (� nm) and Au�COOH (�� 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 (< �.� EU). The

subsequent experiments were performed with endotoxin free
ENMs.

�.�. Cytotoxicity Screening

The ENMs were evaluated for cytotoxicity using HMDMs and
the undi�erentiated monocytic THP-� cell line. To this end, cells
were exposed for �� h to freshly dispersed ENMs at doses up
to ��� g mL�� and the Alamar Blue assay was applied as a
proxy for cell viability (based on cellularmetabolic activity).[��] For
HMDMs, the data were generated with cells derived from three
individual donors (each experiment performed in triplicate). As
shown in Figure S� (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 ��% at the highest
concentration. For TiO� NPs, neither spheres nor rods a�ected
cell viability, while for CdTe QDs, all were found to be cytotoxic
irrespective of the surfacemodi�cation. Furthermore, for AgNPs
and Au NPs (� and �� nm), only the ENMs with ammonium sur-
face functionalization were cytotoxic. Finally, no e�ect on cell vi-
ability was observed for the NDs.
For the THP-� cell line, the data obtained were from three

independent experiments each performed in triplicate (Figure
S�, 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-� cells exposed to
�� or ��� g mL��, while MWCNT-PEG did not a�ect cell viabil-
ity. Neither TiO� spheres/rods nor the NDs a�ected cell viability.
Regarding QDs, CdTe�NH� was highly cytotoxic for THP-� cells
when compared to COOH- or PEG-modi�ed QDs. Similar pat-
terns were observed for Ag NPs and Au NPs (� and �� nm), for
which only the ammonium modi�ed ENMs triggered cell death.
To summarize, the results obtained using HMDMs and THP-
� cells showed good concordance (Figure �a,b). This is notable
not least as di�erentiated macrophages are adherent when cul-
tured ex vivo, while undi�erentiated monocytes grow in suspen-
sion.However, some di�erences were also observed. Hence, QDs
were more prone to induce cell death in HMDMs irrespective
of surface modi�cation when compared to THP-� cells. Over-
all, while certain ENMs appear to be inherently more cytotoxic
(such as, QDs and CuONPs), the ENMswith amino/ammonium
groups (�NH�/�NR�+) tended to be more cytotoxic, as seen,
for instance, in the case of the Ag and Au NPs (� and �� nm).
Moreover, PEGylation markedly reduced the cytotoxic potential
of some ENMs, such as the CuONPs. Our studies also con�rmed
that TiO� NPs (regardless of shape and surface modi�cation) 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.[��]

�.�. Cytokine Pro�ling

To evaluate the immune responses following ENM exposure,
we quanti�ed the production of a panel of human cytokines,
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Figure �. 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-� cells A). The percentages of cell viability following �� h exposure to the �� ENMs (see Table S�,
Figures S� and S�, Supporting Information) are shown; the corresponding cytotoxicity results obtained using HMDMs and THP-� cells are reported
in Figures S� and S� (Supporting Information). The results are based on experiments using cells from three di�erent donors (HMDMs) or biological
replicates (THP-�), each experiment performed in triplicate.

chemokines, and growth factors by using a multiplex array, as
previously described.[��] HMDMs and THP-� cells were exposed
to a dose corresponding to a maximum of �����% cell death
(EC��) at �� h. Cells incubated in medium alone or with LPS
(��� ng mL��) for �� 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-� cells (Figure �a,b). The results are reported for �� of the
�
 biomarkers in the multiplex array; the remaining cytokines
were below the detection limit (Figure S�, Supporting Informa-
tion). Notably, surface-modi�ed Au NPs (� and �� nm) were
found to trigger the production of the Th�-type cytokines, IFN-� ,
and IL-��, as well as the Th� cytokine, IL-��, and several proin-
�ammatory mediators including IL-	 and TNF-�. Au NPs also
elicited the secretion of the chemokines, MIP-�� (CCL�) and
RANTES (CCL�), but not MIP-�� (CCL�). We performed hier-
archical cluster analysis[��] to highlight associations between the
di�erent ENMs in relation to their cytokine pro�les in the two
cell models (Figure S	, Supporting Information). Three clus-
ters were identi�ed: cluster I which groups the most in�ammo-
genic ENMs, such as PEGylated Au NPs (� and �� nm); clus-
ter II which groups mainly the THP-� responses; and cluster III

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 �a, while results in THP-� cells are
shown in Figure �b. Again, noncytotoxic Au-��-PEG (Figure �)
stands out as being the most in�ammogenic NP.

�.	. Proteomics Analysis

To further probe the biological responses to ENMs, THP-� cells
were exposed for �� h at the EC�� doses of the �� ENMs. Stau-
rosporine (�.�× ���	 �) and LPS (��� ngmL��) 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 S
 (Support-
ing Information) shows the unsupervised clustering of the top-
��� proteins identi�ed for all ENMs. No distinct clusters could
be identi�ed suggesting a nonspeci�c 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.[��] Figure � shows the analysis of the dif-
ferent metal ENMs with activation (red) or inactivation (blue) of
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