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ABSTRACT Dendritic cells (DCs) regulate the host-microbe balance in the gut and
skin, tissues likely exposed to nanoparticles (NPs) present in drugs, food, and cos-
metics. We analyzed the viability and the activation of DCs incubated with extracel-
lular media (EMs) obtained from cultures of commensal bacteria (Escherichia coli,
Staphylococcus epidermidis) or pathogenic bacteria (Pseudomonas aeruginosa, Staphy-
lococcus aureus) in the presence of amorphous silica nanoparticles (SiO2 NPs). EMs
and NPs synergistically increased the levels of cytotoxicity and cytokine production,
with different nanoparticle dose-response characteristics being found, depending on
the bacterial species. E. coli and S. epidermidis EMs plus NPs at nontoxic doses stimu-
lated the secretion of interleukin-1� (IL-1�), IL-12, IL-10, and IL-6, while E. coli and S.
epidermidis EMs plus NPs at toxic doses stimulated the secretion of gamma inter-
feron (IFN-�), tumor necrosis factor alpha (TNF-�), IL-4, and IL-5. On the contrary, S.
aureus and P. aeruginosa EMs induced cytokines only when they were combined
with NPs at toxic concentrations. The induction of maturation markers (CD86, CD80,
CD83, intercellular adhesion molecule 1, and major histocompatibility complex class
II) by commensal bacteria but not by pathogenic ones was improved in the pres-
ence of noncytotoxic SiO2 NP doses. DCs consistently supported the proliferation
and differentiation of CD4� and CD8� T cells secreting IFN-� and IL-17A. The syner-
gistic induction of CD86 was due to nonprotein molecules present in the EMs from
all bacteria tested. At variance with this finding, the synergistic induction of IL-1�

was prevalently mediated by proteins in the case of E. coli EMs and by nonproteins
in the case of S. epidermidis EMs. A bacterial costimulus did not act on DCs after ad-
sorption on SiO2 NPs but rather acted as an independent agonist. The inflammatory
and immune actions of DCs stimulated by commensal bacterial agonists might be
altered by the simultaneous exposure to engineered or environmental NPs.

KEYWORDS nanoparticle toxicity, commensal and pathogenic bacteria, DC
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Assessment of the possible interference of nanomaterials with host mechanisms
dedicated to fighting infections or to immune tolerance is critical (1–3). In fact, the

inhalation or the ingestion of various nanomaterials present in industrial, cosmetic,
pharmacological, and food products or released by several anthropic activities or their
contact with the skin may induce local alterations of the inflammatory and immune
balance in tissues. Nanoparticles (NPs) also likely translocate from the respiratory or
gastrointestinal mucosae to other organs via the blood (1, 2). In addition, the delivery
of nanotheranostic agents through the mucosae and the skin may become an impor-
tant route of administration in addition to intravenous injection (4, 5). Indeed, several
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studies have indicated that dendritic cells (DCs) and macrophages, which are especially
abundant in the mucosae and the skin, not only undergo oxidative stress, necrosis, and
apoptosis but also overexpress T lymphocyte-stimulating proteins, such as major
histocompatibility complex class II (MHC-II), CD80, and CD86, and secrete several
proinflammatory cytokines and chemokines when they are treated with a variety of NPs
(mesoporous silica NPs [SiO2 NPs], TiO2 NPs, and silica-coated iron dioxide and TiO2

NPs) (6–17). Consistent with that finding, in mouse models, various modified silica NPs
increased the efficacy with which DCs induced the differentiation of gamma interferon
(IFN-�)-producing CD8� T lymphocytes (Tc1), a phenotype linked with tissue inflam-
matory diseases, such as delayed-type hypersensitivity (DTH), characterized by macro-
phage and polymorphonuclear leukocyte (PMN) infiltration (18). Moreover, mouse
bone marrow DCs treated with SiO2 NPs were found to produce reactive oxygen
species (ROS), which in turn triggered purinergic signaling, caspase-1 activation, and
interleukin-1� (IL-1�) and IL-18 release (19). Eventually, it was found that the proin-
flammatory role of silica-loaded DCs is central in the pathogenesis of silicosis (20), and
NP-stimulated Th2 humoral responses may exacerbate hypersensitivity to allergens
(21).

All these studies indicate the effects of NPs on immune-regulatory cells in host tissue
interfacing with the external environment and open the possibility, at present poorly
understood, that microbial factors modulate the effects of NPs on tissues by altering the
function of local immune/inflammatory leukocytes. In fact, not only pathogenic micro-
organisms but also commensal and symbiont microorganisms (organisms making up
the microbiome) are especially present in those tissues prone to NP exposure, like the
mucosae and the skin. Since the reciprocal interactions between the microbiome and
the immune system (22–24) influence a delicate balance of defensive/proinflammatory
and tolerance/anti-inflammatory responses (25–30), the presence of NPs may represent
a factor perturbing host-microbe interactions and, in the end, tissue homeostasis. Such
a possibility is indeed suggested by the little evidence that is available: endocytosed
NPs and the lipopolysaccharide (LPS) of Gram-negative bacteria synergistically increase
the levels of cytokine production by monocytes, macrophages, and DCs (17, 31–36) and
cytotoxicity in A549 epithelial cells (37). In addition, prokaryotic agonists of formyl
peptide receptors (FPRs) synergize with different NP types [SiO2 NPs, bare or pegylated
organically modified silica NPs, poly(lactic-coglycolic acid) NPs, and liposomes] in
determining specific inflammatory responses in monocytes and PMNs (38, 39).

The hypothesis emerging from these considerations and data is essentially that the
mechanism underlying NP-induced inflammation in the airway and gastrointestinal
mucosae or the skin may involve not only the direct stimulation of innate inflammatory
cells and cell damage but also alteration of the balance of the DC-mediated proinflam-
matory (Th1, Th17, and Tc1) or anti-inflammatory (regulatory T cell) response due to
microbial factors and antigens.

To test this idea, we measured the mutual modulatory effects of SiO2 NPs and
diluted extracellular medium (EM) from selected bacteria on human DCs. This choice of
NP is based on the fact that the mean human adult intake of amorphous silica, which
is used as a drug excipient or as a food additive and which is used for these purposes
at concentrations ranging from 3 to 15 �g/g of product (40), is estimated to be about
2 mg/kg of body weight/day (41). Although the nanosize nature of this material needs
to be clarified (42), experiments suggest that SiO2 NPs can enter intestinal epithelial
cells and diffuse to the undermucosa or to the skin dermis (43–46), where they may
induce anaphylactic reactions (47, 48). SiO2 NPs are reported to induce cytotoxic,
proinflammatory, and proimmune effects in murine DCs and skin Langerhans cells in
vitro and in vivo (9, 49, 50). The Gram-negative bacterium Escherichia coli and the
Gram-positive bacterium Staphylococcus epidermidis were chosen for use in this study
because they are major commensals in the human gut and skin, respectively, while the
Gram-negative bacterium Pseudomonas aeruginosa and the Gram-positive bacterium
Staphylococcus aureus were employed because of their large diffusion in human
bacterial infectious disease and ability to act as pathogenic/opportunistic agents. The
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conditioned media from cultures of these bacteria were produced in a standardized
manner and serially diluted to the point that their intrinsic activity was absent or
suboptimal. We decided to use a cell-free mixture of molecules from bacterial cultures
to mimic as close as possible the ensemble of potentially diffusible signals which may
reach subepithelial DCs in vivo but that act at a distance from the bacterial cells
producing these signals. The nanotoxicological and pathophysiological implications of
the effects that were found correlated with the bacterial species (commensal or
pathogenic) and the NP doses and are discussed.

RESULTS
Bacterium-derived factors and SiO2 NPs synergistically induce cytotoxicity

in DCs. DCs were coincubated for 24 h with NPs (concentration range, 25 to 400
�g/ml; see Fig. S1 in the supplemental material for transmission electron micros-
copy [TEM] images of the nanoparticles) and bacterial extracellular media (EMs)
from E. coli, P. aeruginosa, S. epidermidis, and S. aureus at three dilutions lacking
toxic and cytokine-inducing activity on DCs (Table S1 and Fig. S2). Their viability
was then measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) tests. The results (Fig. 1A and B) showed that the
toxicity of NPs, when used alone as an agonist (50% inhibitory concentration [IC50] �

260 �g/ml), was moderately increased upon coincubation with EMs from the Gram-
negative species E. coli (�1.3-fold toxicity increase; IC50 range � 193 to 207 �g/ml) and
P. aeruginosa (�1.8-fold toxicity increase; IC50 range � 139 to 160 �g/ml). Stronger
improvements in the cytotoxic effects of NPs were instead obtained when DCs were

FIG 1 DC cytotoxicity induced by bacterial EMs and silica NPs. (A) DCs were incubated for 24 h with different NP concentrations in the presence or absence
of the indicated EMs. The supernatants were aspirated, and cells were incubated with MTS solution until color development. The percent MTS reduction was
calculated with respect to the amount for nontreated cells (control). Data are the means � SEs (n � 3, run in triplicate). *, P � 0.05 with respect to cells not
treated with EMs. (B) IC50 (SiO2 NP doses resulting in 50% of the maximal cytotoxic effect, as measured by the MTS assay) values were plotted against EM
concentrations. Data are means � SEs (n � 3, run in triplicate). *, P � 0.05 with respect to cells treated with NPs alone. (C) DCs, treated as described above,
were stained with annexin V-FITC and propidium iodide (PI) and subsequently subjected to FACS analysis. Bars represent the mean percentage � SE (n � 3)
for assays run in triplicate of PI-positive or annexin V-positive cells. *, P � 0.05 with respect to cells treated with NPs alone.
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incubated with EMs from the Gram-positive bacteria S. epidermidis (�2.5-fold toxicity
increase; IC50 range � 77 to 137 �g/ml) and S. aureus (3.7-fold toxicity increase; IC50

range � 65 to 76 �g/ml). Fluorescence-activated cell sorting (FACS) analysis showed a
higher percentage of annexin V-positive cells than propidium iodide (PI)-positive ones
in the populations treated with NPs and EMs from E. coli and S. epidermidis, suggesting
the synergistic induction of apoptosis (Fig. 1C).

Different patterns of cytokine secretion were synergistically induced in DCs
costimulated with SiO2 NPs and bacterial factors. All EMs from the tested bacteria
synergized the production of the major proinflammatory cytokine IL-1�, but with
different efficacies and different levels of dependence on the NP dose-response. If we
consider the Gram-negative bacteria (Fig. 2A and B), E. coli EMs synergized the
production of IL-1� (NP concentration threshold, �25 �g/ml; maximal level of cytokine
production, �2,800 pg/ml) much more intensely than P. aeruginosa EMs (NP concen-
tration threshold, �100 �g/ml; maximal level of cytokine production, �800 pg/ml). At
variance with this finding, the synergistic secretion of IL-1� induced by the EM of the
Gram-positive bacterium S. epidermidis was only moderately stronger (NP concentra-
tion threshold, �25 �g/ml; maximal level of cytokine production, �3,300 pg/ml) than
that induced by the S. aureus EM (NP concentration threshold, �50 �g/ml; maximal
level of cytokine production, �3,200 pg/ml) and comparable to that induced by the E.
coli EM (Fig. 2C and D). Overall, the synergy between bacterial EMs and SiO2 NPs in
inducing IL-1� in DCs was in the same range as that for SiO2 NPs and the most effective
doses of E. coli LPS, which was used here as a positive control, although in this case the
threshold concentration of NP was about 100 �g/ml (Fig. 2E). When the dose-response
curves of IL-1� secretion and cytotoxicity were compared (see Fig. 1 and the schematic
annotation in Fig. 2 showing the range of NP doses corresponding to IC50s), we found
interesting differences that were bacterium specific. In fact, in the case of the patho-
genic species P. aeruginosa and S. aureus, IL-1� production occurred only at NP doses
well above those inducing strong cytotoxic effects. On the contrary, in the cases of

FIG 2 Coincubation of DCs with SiO2 NPs and bacterium-derived EMs induces the release of IL-1�. DCs were incubated for 24
h with different concentrations of SiO2 NPs and the culture supernatants (EMs) from different Gram-negative bacteria (A and
B) or Gram-positive bacteria (C and D) or E. coli LPS as a positive control (E). The level of extracellular IL-1� was measured by
ELISAs. Data are the means � SEs (n � 4, performed in triplicate). Black asterisks, P � 0.05 with respect to cells treated with
NPs alone for all EM concentrations used; green or red asterisks, P � 0.05 with respect to cells treated with NPs alone for the
indicated concentration of EMs (indicated by the green and red symbols, respectively).
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commensal E. coli and S. epidermidis bacteria, significant cytokine secretion was already
observed at NP doses with few cytotoxic effects.

Reverse transcription-PCR indicated that EM and NP costimulation improved the
transcription of the pre-IL-1� gene (Fig. S3). This suggests that SiO2 NPs and EMs could
also synergize the production of other cytokines (Fig. 3). Indeed, we found that S.
epidermidis and E. coli EMs and SiO2 NPs synergized IL-12p70, IL-10, and IL-6 (in order
of efficacy) production at noncytotoxic NP doses, while they synergized TNF-�, IFN-�,
IL-4, and IL-5 (in order of inefficacy) production only at cytotoxic ones. Notably, the
synergistic induction of IL-12p70 and IL-6 production by the S. epidermidis EM and SiO2

NPs was significantly more effective than that by the E. coli EM and SiO2 NPs, while the
release of IL-10, TNF-�, IFN-�, IL-4, and IL-5 showed similar dose-response curves with
both EMs. In line with the level of IL-1� secretion, neither the P. aeruginosa EM nor the
S. aureus EM synergized with nontoxic NP doses in inducing the production of any
cytokine. However, at toxic NP doses, the S. aureus EM was especially effective in
synergistically increasing the levels of IL-12p70, TNF-�, and IFN-� release by DCs and
also induced IL-4 and IL-5 release. The P. aeruginosa EM induced the weakest synergistic
cytokine release by DCs, with the exception of TNF-� induction, the level of which was
comparable to that induced by E. coli and S. epidermidis EMs. The above-documented
synergy of SiO2 NPs and bacterial EMs in inducing the production of IL-1� and other

FIG 3 Expression profile of cytokines induced by coincubation of DCs with SiO2 NPs and bacterium-derived EMs. The extracellular media from DCs that had
been treated for 24 h with SiO2 NPs and EMs, as indicated, were collected, and the concentrations of the indicated cytokines were measured by ELISAs. Data
are the means � SEs (n � 4, performed in triplicate). Black asterisks, P � 0.05 with respect to cells treated with NPs alone for all EM concentrations used; green
or red asterisks, P � 0.05 with respect to cells treated with NPs alone for the indicated concentration of EMs (indicated by the green and red symbols,
respectively). N.D., not determined. Orange straight lines, IC50 values; red boxes, the induction of cytokine release occurred at concentrations less than the IC50

values.
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cytokines was specific for dendritic cells. In fact, in agreement with previous observa-
tions (51), in monocytes SiO2 NPs alone were sufficient to induce IL-1� and TNF-�
above a concentration threshold (100 �g/ml), and EMs weakly modulated or did not
modulate such effects (Fig. S4).

SiO2 NPs partially increase the intrinsic ability of E. coli and S. epidermidis EMs
to induce major maturation markers in DCs. We documented above how secreted
bacterial factors and SiO2 NPs synergistically stimulate cytotoxic effects in DCs and the
secretion of several cytokines by these cells. Therefore, we also decided to quantify the
expression of maturation markers necessary for antigen presentation and T lymphocyte
activation (CD86, CD80, CD83, intercellular adhesion molecule 1 [ICAM-1], MHC-II, and
MHC-I) on the surface of DCs costimulated with NPs and bacterial EMs (Fig. 4A and B).
While SiO2 NPs alone only marginally increased the basal levels of these markers in DCs,
bacterial EMs, as expected, had an intrinsic ability to increase their expression. However,
noncytotoxic NP doses further up-modulated the induction of CD80, ICAM-1, MHC-II,
CD86, and CD83 (in order of efficacy) by the E. coli EM (Fig. 4A). The S. epidermidis EM
(Fig. 4B) alone had more pronounced intrinsic activity than the E. coli EM in the absence
of NPs and synergized CD86, ICAM-1, and CD80 expression (in order of efficacy) in the
presence of noncytotoxic NP doses. It is to be noted that maturation marker overex-
pression, even upon NP costimulation, was clearly less than the maximal stimulation,
which was induced by the positive control, LPS. In fact, the level of CD86, CD83, and
MHC-I induction by E. coli EM was suboptimal, weak, and absent, respectively. The S.
epidermidis EM also induced low levels of CD80, CD83, and MHC-II and did not increase
the level of MHC-I expression. Eventually, the effects of the S. aureus and P. aeruginosa
EMs on CD86 and CD83 expression in the presence of NPs were much reduced and
absent, respectively, compared to those determined by E. coli and S. epidermidis EMs
(Fig. S5A).

SiO2 NPs and E. coli and S. epidermidis EMs synergistically induce DC-mediated
T lymphocyte activation. A mixed lymphocyte reaction (MLR) with allogeneic T
lymphocytes was performed to assess the immune competence of DCs (Fig. 5). SiO2 NPs
were inactive, while the E. coli or S. epidermidis EM triggered some T lymphocyte
proliferation. However, DCs costimulated with both NPs and bacterial EMs further
up-modulated T lymphocyte proliferation, consistent with their synergistic induction of
T cell costimulatory molecules. T cell proliferation mediated by DCs pretreated with
SiO2 NPs and the S. epidermidis EM reached a maximum at NP doses of about 50 �g/ml
and gradually decreased at higher NP concentrations. The synergistic effect of the E. coli
EM with SiO2 NPs was smaller than that of S. epidermidis EM and SiO2 NPs, reaching a
maximum at NP doses of 150 to 200 �g/ml.

The maximal percentage of T cells induced to proliferate in the MLR assays by DCs
stimulated with E. coli and S. epidermidis in the presence of SiO2 NPs, obtained at NP
doses of 150 �g/ml and 50 �g/ml, respectively, was relatively low (6 to 7%) compared
to the percentage induced by optimal LPS doses (22 to 25%) (Fig. S6) and tended to
further decrease at higher NP doses, roughly inversely correlating with the intensity of
the cytotoxic effects. This may have been due to the only partial onset of DC maturation
marker upregulation compared to that achieved with LPS, as mentioned above (Fig. 4).
In addition, cytotoxic effects can also explain the reduced level of T cell activation.
Indeed, a parallel FACS analysis (Fig. 6A, S7, and S8) indicated the synergistic induction
of DC populations by E. coli and S. epidermidis EMs and high NP concentrations (150 to
200 �g/ml), characterized by reduced side and forward scatter and a lack of CD86
expression. The percentage of these nonresponding DCs (60 to 70%) (Fig. 6B) was even
higher than the percentage of DCs showing sign of necrosis (5%) and apoptosis (22%)
(Fig. 1C), suggesting that immunocompetent DCs were progressively replaced by dead
cells but also by nonfunctional, although still alive, cells unable to undergo immune
maturation upon an increase in the NP dose (Fig. 6C).

In spite of this reduced lymphocyte proliferation, we could characterize the main
differentiation phenotypes characterizing the activated T cell populations and the
cytokines which were released by them. The T lymphocytes induced by DCs treated
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FIG 4 Modulation of the expression of activation markers on DCs coincubated with SiO2 NPs and bacterium-derived EMs. DCs
were incubated for 24 h with SiO2 NPs alone or in the presence of E. coli EM (A) or S. epidermidis EM (B) or with E. coli LPS as
a positive control, as indicated. Cells were then stained with fluorescent antibodies, washed, and analyzed by flow cytofluo-

(Continued on next page)
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with a low dose of E. coli EM (15 pg/ml) and NPs were prevalently CD4� cells (92% �

2%). At variance with this finding, in all other situations (DC preincubation with higher
E. coli EM concentrations, with any S. epidermidis EM dose, and with EM plus SiO2 NPs)
the compositions of the activated and proliferating T lymphocytes were rebalanced
toward CD8� cells (� 60% CD4� cells and �40% CD8� cells) (Fig. 7A). The pattern of
cytokine production by these T lymphocytes (Fig. 7B) was prevalently characterized by
the proinflammatory cytokines IFN-� (indicating the likely presence of both CD4� Th1
and CD8� Tc1 lymphocyte differentiation) and IL-17A (Th17). In agreement with the
MLR dose-response trend (Fig. 5), the level of production of IFN-� was higher with S.
epidermidis EM and NP costimulation than with E. coli EM and NP costimulation and
reached a maximum at 50 to 100 �g/ml NP in the case of NP and S. epidermidis EM
costimulation. Significant amounts of IL-4 (suggesting Th2 phenotype differentiation)

FIG 4 Legend (Continued)
rimetry. Data are the means � SEs (n � 3, run in triplicate). Black asterisks, P � 0.05 with respect to cells treated with NPs alone
for all EM concentrations used; green, red, or blue asterisks, P � 0.05 with respect to cells treated with NPs alone for the
indicated concentration of EMs (indicated by the green, red, and blue symbols, respectively). Orange straight lines, IC50 values;
red boxes, the induction of marker expression occurred at concentrations less than the IC50 values.

FIG 5 Mixed lymphocyte reaction (MLR) between allogeneic T lymphocytes and DCs pretreated with SiO2

NPs and bacterial EMs. Allogeneic T cells, prelabeled with CFSE, were incubated for 5 days with DCs that
had been preincubated with the indicated doses of SiO2 NPs and EMs for 24 h and washed before the
assay. The percentages of proliferating T cells, identified on the basis of their reduced MFI by FACS, are
the means � SEs (n � 7, run in triplicate); the concentration of LPS, which was used as a positive control,
was 100 ng/ml. Black asterisks, P � 0.05 with respect to cells treated with NPs alone for all EM
concentrations used; green or red asterisks, P � 0.05 with respect to cells treated with NPs alone for the
indicated concentration of EMs (indicated by the green and red symbols, respectively). Orange straight
lines, IC50 values.
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and of IL-6 were also induced by S. epidermidis EM and NP cotreatment but not by E.
coli EM and NP cotreatment. The levels of IL-5 induced by E. coli and S. epidermidis EM
alone were not increased significantly by NP costimulation; on the contrary, there was
a significant inhibitory effect due to NP costimulation. The anti-inflammatory cytokines
IL-10 and transforming growth factor � (TGF-�) were not significantly induced in either
case. The S. aureus EM did not induce a significant increase in the amount of
lymphocyte-derived cytokines, in agreement with the lack of a synergistic effect of the
S. aureus EM and NPs in increasing DC-mediated T cell activation (Fig. S9).

Role of protein bacterial factors and of their nanoparticle adsorption in syn-
ergy of EMs and SiO2 NPs. SiO2 NPs are captured by DCs at the physiologic temper-
ature (37°C), while they are not captured at 0°C, a fact suggesting their active inter-
nalization (Fig. S10). Therefore, it is possible that bacterial EMs exert their synergy with
NPs, resulting in cytotoxic, proinflammatory, and proimmune effects in DCs, by increas-

FIG 6 Synergic induction of a DC population unable to overexpress CD86 by SiO2 NPs and bacterial EMs. (A) Illustrative dot plots and
histogram plots of CD86 expression distributions obtained by FACS analysis of DCs treated for 24 h with SiO2 NPs and EMs. Gating,
the percentage of anomalous cells (green) with reduced side and forward scattering properties, and their corresponding levels of CD86
expression (indicated as MFI values) are shown. Red histogram plots represent functional DCs with forward scatter (FSC) and side
scatter (SSC) parameters similar to those of control (Ctrl) cells; green histogram plots represent anomalous dendritic cells that had
forward scatter and side scatter parameter values lower than those of control cells and that were unable to undergo maturation. Data
are from 1 representative experiment of 10 experiments conducted. (B) Illustrative histogram plots of the CD86 MFI expressed by
dendritic cells after 24 h of incubation with the different stimuli indicated in the figure. Numbers indicate the MFI of the peak. Data
represent the percentage of altered DCs (with low forward scatter and side scatter parameter values) after treatment with different
NP and EM concentrations. (C) CD86 expression (indicated as MFI values) by total cells (with no gating in dot plots), normal cells (gated
by means of their forward scatter and side scatter values similar to those for control cells), and shrunken cells (gated by means of their
low forward scatter and side scatter values) after DC treatment (with NPs alone or with different concentrations of EMs). S. epi, S.
epidermidis.
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FIG 7 Percentages of CD4� and CD8� cells and cytokine release by allogeneic T lymphocytes mixed with DCs pretreated with SiO2 NPs and bacterial EMs. (A)
The relative amounts of CD4� T cells and CD8� T cells among resting or DC-induced proliferating lymphocytes after preincubation with LPS or NPs and EMs
were determined by FACS analysis using specific antibodies (means � SEs; n � 4, run in triplicate). *, P � 0.05 with respect to control cells. (B) Relative amounts
of cytokines produced by allogeneic T lymphocytes after 5 days of incubation with DCs preincubated for 24 h with SiO2 NPs and bacterial EMs, as indicated.
Data are from one representative experiment of four experiments conducted and represent means � SEs. Black asterisks, P � 0.05 with respect to cells treated
with NPs alone for all the EM concentrations used; green or red asterisks, P � 0.05 with respect to cells treated with NPs alone for the indicated concentration
of EMs (indicated by the green and red symbols, respectively); green, blue, or red section signs, P � 0.05 with respect to cells treated with NPs alone for the
indicated concentration of EMs (indicated by the green, blue, and red symbols, respectively). Orange straight lines, IC50 values; red boxes, induction of cytokine
release occurred at concentrations less than the IC50 values.
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ing the efficacy with which they capture NPs. We tested this possibility for E. coli and
S. epidermidis EMs, which showed the best synergic actions even at noncytotoxic NP
doses. The results, however, showed no increase in the level of NP binding (Fig. 8A) or
internalization (Fig. 8B) by DCs costimulated with EMs compared to that by control DCs
during the first 6 h and partial inhibition after 24 h, compatible with a cytotoxic
phenomenon.

Then, to increase our understanding of the nature of the bacterial factors involved
in synergy, we pretreated EMs with proteinase K to digest proteins and tested the
ability of the EMs obtained to synergize with NPs to upregulate CD86 and induce IL-1�

production. The results showed that the maturation marker upregulation induced by E.
coli and S. epidermidis EMs after proteinase K digestion in the presence of SiO2 NPs was
not affected, suggesting that nonprotein agonists are responsible for this effect (Fig. 9A,
top). At variance with this finding, IL-1� secretion under the same conditions was
strongly dependent on a proteinase K-sensitive protein factor in the case of E. coli, while
it was largely independent of protein factors in the case of S. epidermidis (Fig. 9A,
bottom). These data indicate that the induction of cytokines and the upregulation of
CD maturation markers are synergized by different sets of bacterial agonists in E. coli
and that nonproteinaceous pathogen-associated molecular pattern (PAMPs) are mostly
responsible for the synergic action of S. epidermidis. On the contrary, proteinaceous
factors are mostly responsible for the synergistic activity of E. coli and NPs for IL-1�

induction.
Eventually, since SiO2 NPs can bind proteins with a high affinity (36), we assessed the

possibility that the observed synergic effects were due to the physical association of

FIG 8 SiO2 NP uptake by DCs is not affected by the presence of bacterial EMs. (A) After incubation at 37°C with FITC-labeled
Stöber SiO2 NPs, bacterial EMs, or E. coli LPS as a positive control, NP uptake by DCs was quantified by flow cytofluorimetry.
Data, expressed as MFI, are means � SEs (n � 2, run in duplicate). The percentage of positive cells is indicated in brackets.
*, P � 0.05 with respect to samples treated with NPs alone. (B) DCs were placed on poly-L-lysine-coated slides and left
untreated in the heated chamber for 5 min to allow adhesion to the surface of the slides; then, the cells were incubated with
FITC-labeled Stöber NPs and bacterial EMs, as indicated, for 2 h, washed, and directly analyzed by confocal microscopy.
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bacterial factors with NPs, a fact that could favor the targeting of a bound bacterial
agonist(s) thanks to its effective binding and endocytosis by DCs. To test this hypoth-
esis, NPs preincubated with EMs from E. coli and S. epidermidis were centrifuged and
washed to eliminate unbound proteins and used to stimulate DCs in the presence of
fresh medium free of EM. The data show that the washed NPs decorated with the
protein corona obtained after incubation with both E. coli and S. epidermidis lost their
ability to trigger IL-1� secretion (Fig. 9B). However, when the supernatant still contain-

FIG 9 Dependence of NP and EM synergy on proteinaceous PAMPs and on an association with bacterial factors on the
surface of NPs. (A) DCs were treated (for 24 h at 37°C) with EMs or with EMs that had been incubated for 1 h at 50°C with
100 �g/ml proteinase K and then for 5 min at 95°C in order to degrade proteins; the cells were then analyzed for CD86
expression (top), and the amount of IL-1� in the culture supernatant was measured (bottom); data are from one
representative experiment of three experiments conducted and represent means � SEs. *, P � 0.05 with respect to cells
not treated with proteinase K. (B) NPs (100 �g/ml) were incubated with the indicated EM concentrations for 20 min at 37°C
in RPMI 1640 containing 10% FBS. The NPs were then centrifuged for 30 min at 13,000 rpm, and the supernatant was
recovered. The NPs were washed three times with PBS, and finally, some NPs were resuspended in fresh medium and other
NPs were resuspended with the recovered supernatant. Then, the NPs were used to treat DCs for 24 h at 37°C and IL-1�
production was measured by ELISA. Data are from one representative experiment of three experiments conducted and
represent means � SEs. *, P � 0.05. I, NPs coincubated with the indicated medium and DCs; II, NPs preincubated with the
indicated medium, pelleted, and incubated with DCs after resuspension in new medium without EM; III, NPs preincubated
with the indicated medium, pelleted, and incubated with DCs after resuspension in their corresponding supernatants.
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ing the EM was coincubated with washed NPs, the synergy was fully restored. These
data demonstrate that the bacterial factor(s) responsible for the synergic effects on DC
activation shown here did not act after adsorption on NPs to become a part of their
corona but acted as a free agonist in solution able to costimulate DCs independently.

DISCUSSION

Our study stemmed from the consideration that DCs are major controllers of the
inflammatory balance and of the immune defenses in both mucosae and skin and
continuously monitor signals derived from the commensal bacteria present there. In
addition, NPs, present as additives or excipients in several foods, drugs, and cosmetics,
are likely to be normally ingested by humans or to come into contact with their skin.
Hence, we asked if the costimulation of DCs with NPs and bacterially secreted mole-
cules could substantially influence the responses of these cells. To achieve this aim, we
used amorphous silica nanomaterial in the form of nanoparticles (SiO2 NPs), due to
their widespread use in food and pharmaceutical products, and mixtures of factors
spontaneously released under culture conditions by two common commensals, a
Gram-negative bacterium, E. coli, which is present in the gut, and a Gram-positive
bacterium, S. epidermidis, which is present on the skin. For comparison, we also used
similar preparations from common Gram-negative and Gram-positive bacteria that act
as opportunists/pathogens (P. aeruginosa and S. aureus, respectively).

A major result of our study is that all bacterial factors tested increased the cytotoxic
effects and the levels of cytokine production in DCs contemporaneously engaged in
SiO2 NP capture, while only those factors derived from commensal species also
stimulated their immune maturation. Moreover, as summarized in Table 1, the pattern
of induction of cytokines and the pattern of the proimmune effects not only had
distinctive traits according to the type of bacterial costimulus but also differently
correlated with cytotoxic phenomena. At NP doses determining weak cytotoxicity, the
synthesis of major cytokines regulating inflammation and T lymphocyte differentiation,
like IL-1�, IL-12, IL-10, and IL-6, was synergized only by a commensal E. coli or S.
epidermidis costimulus. Interestingly, some of the cytokines are proinflammatory (IL-1�

and IL-12), while some are anti-inflammatory (IL-10 and IL-6), suggesting the synergic
induction of counteracting signals. However, at cytotoxic NP doses, we extended the
set of cytokines induced by costimulation with commensal bacteria to TNF-�, IFN-�,
IL-4, and IL-5 and also detected the emergence of cytokine release by costimulation
with pathogenic bacteria (IL-12, TNF-�, IFN-�, IL-6, IL-4, IL-5). Similarly, although the
upregulation of maturation markers was not complete and had distinctive attributes,
depending on the bacterial species (CD80, CD86, CD83, ICAM-1, and MHC-II in the case
of E. coli and CD80, CD86, and ICAM-1 in the case of S. epidermidis), the increased ability
to support T lymphocyte activation was consistently induced only by commensal
bacterial factors and was more effective with poorly cytotoxic NP concentrations. T
lymphocyte activation by DCs is a crucial factor since it is expected to amplify
inflammatory signals and effects. In fact, the pattern of cytokine secretion by activated
DCs, which was characterized by the prevalence of IL-12, and DC-induced T lymphocyte
cytokines, which were mostly IFN-� and IL-17A, together with major differentiation
marker analysis, suggested the preferential tendency of DCs to trigger a CD4� Th1/
CD8� Tc1 response in the presence of NPs and S. epidermidis- and E. coli-derived
factors. Such T lymphocytes are proinflammatory, due to their ability to produce IFN-�,
a major cytokine able to improve macrophage activities, and IL-17A, a cytokine acti-
vating the recruitment of PMNs.

Still, it is important to stress how the NP dose can affect the above-described
amplification of the inflammatory action mediated by activated T lymphocytes. In fact,
when cytotoxicity increased at higher NP doses, the levels of lymphocyte proliferation
and cytokine secretion decreased, presumably due to the prevalence of adverse
reactions over the immune maturation of cells, as shown by the progressive appear-
ance of cells unable to upregulate CD86. Once again, in the case of a costimulus with
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pathogenic bacteria, no maturation marker expression or T lymphocyte activation was
observed at any NP dose.

In short, we conclude that SiO2 NPs at subtoxic doses and the molecules released by
commensal microbes (S. epidermidis and E. coli) synergistically stimulate DCs (more
effectively by S. epidermidis than by E. coli) to release several proinflammatory, anti-
inflammatory, and regulatory cytokines and to mature into immunocompetent cells
potentially able to trigger the proliferation of both CD4� and CD8� T lymphocytes,
which in turn are able to amplify the proinflammatory signals in the presence of
antigens. At variance with this finding, S. aureus and P. aeruginosa factors are defective
in synergizing DC immune maturation and synergize their direct production of inflam-
matory cytokines only in the presence of SiO2 NP concentrations leading to strong
cytotoxic effects.

It is interesting to note that while the upregulation of maturation markers by E. coli
and S. epidermidis and of IL-1� secretion by S. epidermidis was largely mediated by
nonprotein molecules, the full synergic induction of cytokines, on the contrary, re-
quired protein factors from E. coli. We also showed that the effects of these nonprotein
or protein agonists do not depend on their strong binding to SiO2 NPs as part of the
nanoparticle serum corona but are due to their independent agonistic action on DCs.

The enhancing effect of factors of commensal bacteria on DC-mediated inflamma-
tory reactions in the presence of amorphous SiO2 NPs is an interesting and new
observation, since it has been shown, on the contrary, that the activation of lung- or
bone marrow-derived murine DCs mediated by Toll-like receptor agonists is suppressed
in the presence of crystalline SiO2 particulates (52).

Moreover, a general message from our data is that DCs, which are potentially able
to unleash compounds that produce harsh inflammation and immune reactions, may
be a hot spot in nanotoxicology. In fact, our amorphous model of SiO2 NPs, tested here
because of the likely exposure of humans to additives based on this material as well as,

TABLE 1 Summary of synergistic activity of EMs and SiO2 NPs on DCsa

aThe increase in the levels of cytokine production and maturation marker induction by DCs and the T lymphocyte-activating
capacity (proliferation, phenotype differentiation [diff], and cytokine secretion) due to EM and NP costimulation were correlated
with cytotoxic phenomena. Changes occurring at cytotoxic NP doses are highlighted in red. The following semiquantitative
notations are used to help the reader recall the rough intensity of the parameters analyzed: �/��, very weak effect; �/�, weak
effect; �, an effect; ��, a strong effect; ND, not determined.
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possibly, other NPs, might accentuate the response of DCs to commensal microbes,
thus exacerbating not only adverse inflammatory effects but also the specific immune
reaction to other antigens entering the tissue. For example, the enhanced tendency of
S. epidermidis- and E. coli-derived compounds to favor IFN-� production in the presence
of nanoparticles might increase the risk of allergic and immune-mediated inflamma-
tion, like DTH reactions, in subjects exposed to these nanomaterials or worsen the
symptoms in individuals already presenting these pathologies. This does not exclude
the possibility that other myeloid antigen-presenting cells (monocytes and macro-
phages) or non-antigen-presenting cells, such as leukocytes (e.g., polymorphonuclear
neutrophil granulocytes [PMNGs]), could also be subjected to synergic effects upon
stimulation with NPs and microbes. It has been demonstrated that amorphous silica
nanoparticles are endocytosed by macrophages (51) and that incubation with increas-
ing amounts of silica NPs increased the percentages of dead cells and the parallel
induction of proinflammatory cytokine IL-1� release. In fact, formyl peptide receptor
agonists have been shown to synergize cytokine production by monocytes and the
chemotactic response in PMNGs in the presence of SiO2 NPs. However, no upregulation
of maturation markers like that which was shown to occur in DCs was induced in these
cells (39). No data on the possible up-modulation of costimulatory markers in macro-
phages under the conditions used in this study are currently available. Given that
macrophages are also important drivers of inflammation and have antigen presentation
roles, future investigations to elucidate their possible role together with DCs in the
scenario that we depict are required to fill this gap.

Our in vitro study indicates that the host microbiome may be a constitutive factor
in determining the bioactivity and biocompatibility of NPs by altering the regulatory
role of DCs. In this scenario, not only the chemical nature and dose of nanoparticles but
also the type and virulence of modulatory microbial factors become critical variables
and should be considered when the toxicity and safety of NPs are assessed. The
possible interactions between nanosystems and the resident microbial flora may be
even more complex than what can be inferred from our data, which were obtained
using factors for single bacterial species, since several factors from different commensal
bacterial species could act in a synergistic or an additive way. Therefore, in vivo data are
crucial to establish if these data are significant. This implies that future efforts should
concentrate on the task of developing appropriate animal models, especially for
application to cosmetic and food products, amenable to manipulation of a microbiome
resembling the one present in humans. On the other hand, our results justify a
comprehensive characterization of the E. coli and S. epidermidis secretome joined with
biochemical and functional analysis to identify those specific protein and nonprotein
factors involved in the regulation of DCs and possibly other immune cells present in
human tissues potentially exposed to nanoparticulates.

MATERIALS AND METHODS
NP synthesis and characterization. Ludox TM-40 amorphous silica nanoparticles (40% [wt/vol] in

H2O) were from Sigma-Aldrich. Dynamic light scattering (DLS) indicated that these nanoparticles had an
average diameter of 28 nm and a polydispersity index (PDI) (in phosphate-buffered saline [PBS], pH 7.4)
of 0.205. The zeta potential was �13.7 mV. TEM analysis yielded a diameter of 27 nm. NPs were
endotoxin free (�0.05 endotoxin unit/ml, as measured by the Limulus amoebocyte lysate test). Fluores-
cein isothiocyanate (FITC)-labeled Stöber SiO2 NPs, prepared as described previously (51), had a mean
diameter of 30 nm and a PDI (in phosphate-buffered saline [PBS]), pH 7.4 of 0.198 by DLS and a diameter
24 nm by TEM, while the zeta potential was �18.8 mV.

Bacterial cultures and preparation of cell-free extracellular media from cultures. Escherichia coli
ATCC 25922 (serotype O6, biotype 1), Pseudomonas aeruginosa (ATCC 25668; strain designation, NCTC
10662), methicillin-resistant Staphylococcus aureus strain ATCC BAA-44 (strain designation, HPV107), and
Staphylococcus epidermidis ATCC 700565 (strain designation, 4477-2) were precultured in 5 ml LB broth
at 37°C for 2 h. The cultures were transferred to 100 ml LB broth and further grown overnight at 37°C.
Bacteria were collected, and the optical density at 620 nm was measured. Then, after centrifugation at
6,000 � g for 15 min at 4°C, the extracellular media (EM) were filtered (pore size, 0.25 �m). The EM
protein concentration was estimated by the Bradford assay (Bio-Rad). LPS from Escherichia coli serotype
O26:B6 was from Sigma-Aldrich. In some experiments, EMs, concentrated 10-fold with respect to the final
concentrations in cellular assays, were pretreated with 100 �g/ml proteinase K (Promega) for 60 min at
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50°C, incubated at 95°C for 5 min, diluted 10-fold in culture medium, and used to treat dendritic cells
(DCs) as indicated below.

DC production. Blood samples derived from healthy donors were kindly provided by the transfusion
center of the Hospital of Padua. Blood leukocytes were not obtained for experimentation on humans but
as a consequence of voluntary and informed blood donation for transfusions. No approval of an ethics
committee is needed in such cases in our institution. Peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats by sequential Ficoll-Hypaque and Percoll density gradient centrifugations (GE
Healthcare). PBMCs in RPMI 1640 (Gibco) plus 2% fetal bovine serum (FBS; EuroClone) and antibiotics
(100 U/ml penicillin and 100 �g/ml streptomycin; Invitrogen) were plated onto a 24-well plate
(Falcon) at a density of 2 � 106 cells/well. After 1 h, residual lymphocytes were removed and
monocytes were cultured at 37°C in a humidified atmosphere containing 5% (vol/vol) CO2 in RPMI
1640 with 10% FBS. Human immature DCs were differentiated from monocytes isolated with
RosetteSep monocyte enrichment cocktail (StemCell Technologies). Monocytes (10 � 106/ml) in
RPMI 1640 with 2% FBS were allowed to adhere to 6-well plates (Corning), and after 1 h at 37°C,
nonadherent cells were removed and the remaining cells were cultured for 5 days in RPMI 1640 with
10% FBS supplemented with 50 ng/ml granulocyte-macrophage colony-stimulating factor and 20
ng/ml IL-4 (Miltenyi Biotec). The medium was refreshed on day 4. After day 5, cells were collected,
plated onto a 48-well tray (2 � 106 cells/well; Corning), and stimulated with the various stimuli.
Human lymphocytes were purified from the buffy coat with the RosetteSep human T cell enrichment
cocktail (StemCell Technologies) according to the manufacturer’s protocol and cultured in RPMI
1640 with 10% FBS at 37°C in 5% (vol/vol) CO2.

Cytotoxicity assays. DCs plated in 96-well trays (5 � 104/well) were incubated in RPMI 1640 with
10% FBS for 24 h at 37°C with SiO2 NPs (up to 300 �g/ml) with or without bacterial EMs and subjected
to an MTS assay (Promega) according to the guidelines in the instruction manual. The absorbance at
495 nm was quantified by use of a microplate reader (Thermo Fisher Scientific), and cell viability was
expressed as a percentage of that for the controls. The IC50 (the concentration of NPs at which 50%
of the cells died) was calculated for each peptide and each kind of cell tested. For apoptosis/necrosis
assays, DCs treated as described above were stained with annexin V according to the manufacturer’s
instructions (Roche), washed, and suspended in FACS buffer; 15 �l of PI was added to each sample
just before acquisition by cytofluorimetry; apoptosis and necrosis were estimated on the basis of
annexin V and PI positivity. Data for 10,000 events were collected and analyzed by the use of
FACSDiva software (BD).

Cytokine quantification. The release of IL-1�, IL-10, TGF-�, and IFN-� and of IL-6 and TNF-� in DC
supernatants after 24-h treatments was assayed by the use of enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturers’ instructions (eBioscience for IL-1�, IL-10, TGF-�, and IFN-�;
Peprotech for IL-6 and TNF-�). The absorbance at 405 nm was quantified with a plate reader (Thermo
Fisher Scientific). Cytokine release by activated T cells after mixed lymphocyte reactions (MLRs) was
investigated with an ELISA kit (for TGF-� and IL-10; eBioscience) or with a Th1/Th2 cytokine panel (for
IFN-�, IL-6, IL-4, IL-5, IL-12p70, and TNF-�; eBioscience) and analyzed by use of a Bio-Plex system
following the manufacturer’s protocol. In some experiments, the amounts of cytokines in DCs treated
with NPs preincubated with cell culture medium plus FBS in the presence of EMs or without EMs were
quantified, in which case the DCs were centrifuged (at 13,000 rpm for 30 min), washed three times with
PBS, and subsequently centrifuged as described above to obtain the hard corona-NP complexes. The
isolated NPs were incubated with cells with fresh medium plus FBS or with the equivalent medium (with
or without EMs) that remained in the supernatant after the NP first centrifugation.

Induction of pro-IL-1� in DCs by NPs and EMs. DCs were incubated at 37°C for 3 h with SiO2 NPs
(100 �g/ml) and different EMs or with LPS (1 �g/ml) as a positive control. Cells were then scraped
off, and RNAs were isolated by use of the TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions and eventually suspended in 10 �l of RNase-free water (Gibco). RNA was quantified by
spectrophotometric analysis (NanoDrop ND-1000 spectrophotometer; Celbio), and 300 ng of total
RNA was retrotranscribed. First-strand cDNA was prepared by using Moloney murine leukemia virus
reverse transcriptase (Promega) with random primers (Promega) and was used for PCR analysis.
Equal amounts of cDNA were amplified by PCR with GoTaq Flexi DNA polymerase (Promega) and a
reaction buffer containing MgCl2, a PCR nucleotide mix (Promega), and the following primers: for
IL-1�, 5=-CTGTCCTGCGTGTTGAAAGA-3= and 5=-TTGGGTAATTTTTGGGATCTACA-3=, and for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), 5=-AGCAACAGGGTGGTGGAC-3= and 5=-GTGTGGTGG
GGGACTGAG-3=. The PCR program had the following parameters: initial denaturation for 2 min at
94°C, 30 steps of PCR cycling consisting of denaturation for 1 min at 94°C and annealing for 1 min
at 57°C and 20 s at 72°C, and a final extension for 5 min at 72°C.

Analysis of DC maturation markers. After 24 h of incubation, DCs were collected, suspended in
FACS buffer (1% FBS, 0.1% NaN3 in PBS), stained with fluorescent mouse anti-human immunoglobulin
monoclonal antibodies (CD80-FITC, CD83-phycoerythin [PE]-Cy7, CD86-peridinin chlorophyll protein-
Cy5.5, MHC-I–PE, MHC-II–allophycocyanin [APC]-H7, CD54 [ICAM-1]-APC, and CD1a-PE; BioLegend and
BD) for 30 min at 4°C in the dark, and analyzed by flow cytofluorimetry (FACSCanto II; BD) using FACSDiva
software; data for 10,000 events were collected. Background cell fluorescence values were not signifi-
cantly changed after incubation with SiO2 NPs (see the example in Fig. S5B in the supplemental material)
and were subtracted from the signals determined by antibody labeling.

MLR and T cell phenotype determination. After a 24-h treatment with SiO2 NPs (50 to 200 �g/ml)
and EMs, DCs were collected and centrifuged at 1,500 rpm for 5 min, and the pellet was irradiated with
4,000 rads of 137Cs gamma radiation to prevent proliferation. The DCs were then suspended in RPMI 1640
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plus 10% FBS and seeded in 96-well plates (2 � 105 cells/well; Corning). Allogeneic T cells were isolated
from the buffy coat by negative selection using RosetteSep enrichment cocktail. The T cells (10 � 106

cells/ml in PBS) were labeled with 5 �M CellTrace carboxyfluorescein succinimidyl ester (CFSE) probe
(Invitrogen) for 5 min at 37°C. They were then washed and suspended in RPMI 1640 plus 10% FBS, and
the suspension was added to DCs (2 � 105 DCs, 105 T cells/well). The cells were cocultured for 3 to 6 days
at 37°C. DC-induced T cell proliferation was measured by flow cytometry with gating for T cells and
calculating the percentage of cells with a reduced CFSE mean fluorescence intensity (MFI) by subtraction
of background values (range, 3 to 9%). Phytohemagglutinin (PHA; 10 �g/ml; Sigma) was used as a
positive control for the assay. In some experiments, cells were collected, labeled with anti-human
CD4�/CD8� antibodies (BioLegend), and analyzed by cytofluorimetry; data for 10,000 events were
collected.

SiO2 NP binding to DCs. The intracellular distribution of FITC-labeled Stöber SiO2 NPs was
assessed by confocal microscopy. DCs (2 � 105) were allowed to adhere to poly-L-lysine (50 �g/ml;
Sigma-Aldrich)-precoated glass slides (20 min in RPMI 1640 plus 10% FBS at 37°C), incubated for 24
h at 37°C with NPs alone or in the presence of bacterial EMs, washed with PBS, and directly analyzed
by confocal microscopy (Leica SP2). Images were processed using ImageJ software. Alternatively,
DCs (2 � 105 cells/well) were incubated with FITC-labeled Stöber SiO2 NPs alone or in the presence
of bacterial EMs for 3 to 24 h at 37°C or 0°C. Cell MFI values were obtained by cytofluorimetry and
analyzed by the use of FACSDiva software; data for 10,000 events were collected. The background
cell fluorescence was subtracted.

Statistical and mathematical analysis. Cytotoxicity dose-response data were fit nonlinearly with
logistic curves, as follows: y � {(A1 � A2)/[1 � (x/x0)p]} � A2, where y is the MTS reduction rate, A1 is the
background toxicity (no NPs), A2 is the final cytotoxicity (maximum NP cytotoxicity), x is the NP dose, x0

is the NP dose resulting in half of the maximum effect, and p is power. The 50% effective concentrations
(x0) were deduced from statistically significant convergent curves. The data were checked for a normal
(Gaussian) distribution, and this was confirmed by the Shapiro-Wilks test (0.05 level). The significance of
the differences between means (0.05 level) was evaluated by a two-sample or paired t test, when
applicable, and by analysis of variance.
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