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Variations of the corona HDL:albumin ratio 
determine distinct effects of amorphous 
SiO2 nanoparticles on monocytes and 
macrophages in serum

Aim: We investigated monocyte and macrophage death and cytokine production 
induced by amorphous silica nanoparticles (SiO2-NPs) to clarify the role of defined 
serum corona proteins. Materials & methods: The cytotoxic proinflammatory 
effects of SiO2-NPs on human monocytes and macrophages were characterized 
in no serum, in fetal calf serum and in the presence of purified corona proteins. 
Results:  In no serum and in fetal calf serum above approximately 75  µg/ml, SiO2-
NPs lysed monocytes and macrophages by plasma membrane damage (necrosis). In 
fetal calf serum below approximately 75 µg/ml, SiO2-NPs triggered an endolysosomal 
acidification and caspase-1-dependent monocyte death (pyroptosis). The corona 
high-density lipoproteins:albumin ratio accounted for the features of the SiO2-NPs in 
serum. Discussion: Corona high-density lipoproteins are a major determinant of the 
differential cytotoxic action of SiO2-NPs on monocytes and macrophages.

Original submitted 15 October 2013; Revised submitted 20 January 2014

KEYWORDS: amorphous silica nanoparticle • HDL • macrophage • monocyte • nanoparticle 
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In this study, we built on our previous 
observation that amorphous silica nano­
particles (NPs; SiO

2
-NPs) kill human 

monocytes and macrophages at doses 
approximately ten-times lower than 
those required to affect epithelial cells or 
lymphocytes [1]. These cells internalize SiO

2
-

NPs in acidic compartments much better than 
nonphagocytes, thus reaching an intracellular 
load more easily that results in catastrophic 
inflammatory death, characterized by lysis and 
release of proinflammatory cytokines, among 
which are TNF-a, IL-6 and IL-1b. Cell 
death and inflammation are relevant adverse 
reactions also to other NPs, and are hallmarks 
of many diseases, including cancer, silicosis 
and chronic inflammations. Pyroptosis, a 
programmed death occurring in myeloid cells 
characterized by lysis and by the secretion 
of powerful proinflammatory cytokines, is 
mediated by the cytosolic cysteine protease 
caspase-1 in inflammasomes  [2,3]. Activated 

caspase-1 determines the conversion of 
inactive pro-IL-1b and pro-IL-18 into 
mature/active IL-1b/IL-18 and the processing 
of other ill-known intracellular proteins [4], 
eventually inducing cell lysis. Among the 
microbial and tissue-derived factors that 
activate inflammasome-forming nucleotide-
binding oligomerization domain (NOD)-
like receptors [5,6], micro- and nano-sized 
particulates are of particular pathological 
relevance. Cell-internalized particulates 
destabilize the phagolysosomal membrane, 
determining the cytosolic leak of cathepsin B, 
or related proteases, which in turn activate 
NLRP3 [3]. Since the lysosomotropic NH

3
 

and the vacuolar-type H+-ATPase (V-ATPase) 
inhibitor bafilomycin  AI (BafAI) prevent 
NLRP3 activation induced by micro- or 
nano-particles in macrophages and dendritic 
cells [7–12], the acidity of particle-entrapping 
endosomes (pH ~4.5–5) may play a role in 
mediating cellular effects [6]. 
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The above-summarized data warn on the risk that 
industrial-derived NPs and nanotheranostics may 
trigger the proinflammatory death of phagocytes [13]. 
Understanding the physicochemical principles involved 
in these phenomena may be of decisive importance for 
the successful development of nanomedicine. 

Another critical aspect of NP bioactivities is the 
formation of the ‘protein corona’ [14–18], a layer of 
biomolecules adsorbed on the NP surface in the host 
biofluids, believed to substantially change the NPs’ 
behaviours [19–21]. Coating of NPs with hydrophilic 
polymers is normally used to minimize the corona 
formation and to obtain ‘stealth’ NPs with higher stability 
and longer half life in vivo [22]. Some studies suggest that 
the protein corona simply masks the NP’s surface [23,24]. 
Other evidence points to a positive modulation of NP 
activity by specific corona components [25,26].Therefore, 
direct evidence of cell-specific positive effects induced 
by well-defined serum components of the corona would 
be of paramount importance. 

To jointly address the two important issues of the 
cytotoxic/inflammatory effects of NPs and of their 
modulation by the protein corona, we investigated the 
interaction of amorphous SiO

2
-NPs (either commercial 

25-nm diameter Ludox® TM-40 particles [Sigma-
Aldrich, MO, USA] or 32-nm diameter Stöber NPs 
made in-house) with primary human monocytes and 
macrophages in the absence of proteins and in media 
containing fetal calf serum (FCS) or purified serum 
proteins. Although SiO

2
-based nanomaterials are 

proposed in nanomedicine, amorphous SiO
2
-NPs 

induce cytotoxic and proinflammatory effects in  vitro 
and in vivo [27–29]. In addition, SiO

2
-NPs have a higher 

tendency to bind monocytes/macrophages compared 
with epithelial cells in serum, triggering cytotoxic 
and proinflammatory effects [1]. Human exposure to 
nanostructured amorphous silica is also likely, due to its 
use as a food additive [30]. 

Our results show that macrophages and monocytes 
are comparably affected by SiO

2
-NPs in the absence of 

serum, via a common mechanism involving direct plasma 
membrane damage and lysis, pointing to passive cell 
necrosis, paralleled by cytokine release. On the contrary, 
in serum, a cell death mechanism with the general 
characteristics of pyroptosis occurred in monocytes but 
was surprisingly not evident in macrophages. Eventually, 
we prove that the dispersion state and the differential 
cellular activity of SiO

2
-NPs in serum is determined 

essentially by the ratio between high-density lipoprotein 
(HDL) and human serum albumin (HSA) in the corona.

Materials & methods
Dynamic light scattering measurements, cytokine 
detection, western blotting, ATP assay, real-time 
PCR analysis, in-gel digestion, protein identification 
and database search were carried out by standard 
procedures; for more information please see the 
Supplementary Material (see online at www.
futuremedicine.com/doi/suppl/10.2217/NNM.14.22).

Cells
Mononuclear cells and macrophages were obtained 
from buffy coats of healthy donors by Ficoll-
Hypaque™ (GE Healthcare, Milan, Italy) and Percoll® 
(GE Healthcare) centrifugation, as described in [31] (see 
Supplementary Material for further details).

FACS analysis 
Cells seeded onto 24-well plates (2  ×  106/well) 
were incubated at 37°C for 4–20  h with fluorescein 
isothiocyanate-labeled Stöber NPs (0–300  µg/ml) in 
normal medium plus or minus FCS. In some cases, 
cells were preincubated for 1  h with 12.5-nM BafAI 
(Sigma-Aldrich) or 200-µM N-acetyl-tyrosyl-valyl-
alanyl-aspartyl chloromethyl ketone (Ac-YVAD-CMK; 
Cayman Chemical, MI, USA) before NP treatment, 
and further incubated with the same inhibitors (see 
Supplementary Material for further details). 

3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium & lactate dehydrogenase assays
Monocytes and macrophages (1.5  ×  105  cells/well) 
seeded onto 96-well plates were tested with CellTiter 
96® AQueous One Solution Reagent (Promega, Milan, 
Italy), or CytoTox  96® Non-Radioactive Cytotoxicity 
Assay (Promega; see Supplementary Material for further 
details). 

Confocal microscopy analysis 
Monocytes and macrophages (2  ×  106  cells/well) 
seeded on cover glasses were washed with phosphate-

Table 1. Physicochemical characterization of the 
nanoparticles used.

Parameter Ludox® Stöber

Hydrodynamic size 
(diameter, nm)

25 ± 3 32 ± 4

Polydispersity index 0.12 0.19

Size (diameter, nm) 24 ± 2 30 ± 4

Zeta-potential (mV) -16 -18

%Si-OH (29Si NMR; %) 98 93

The values after the ‘±’ symbol are the standard deviation of the 
Gaussian distribution of the particles sizes. 
%Si-OH: Degree of condensation expressed as percentage of Si-OH 
(silanol) groups over the total number of Si-O units, as calculated by 
29Si NMR spectra; NMR: Nuclear magnetic resonance.
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buffered saline (PBS) and incubated at 37°C for 1.5 h 
with different doses of fluorescein isothiocyanate-
labeled Stöber NPs (25–300  µg/ml), in medium 
without serum or containing purified HSA 5 mg/ml 
(Sigma-Aldrich) or purified human HDL 35  µg/ml 
(Calbiochem, Darmstadt, Germany), or 10% FCS. 
Cells were then incubated at 37°C for 30  min 
with LysoTracker® Red (Invitrogen, Monza, Italy; 
75  nM) in serum-free medium, rinsed with PBS 
and analyzed with a SP2 Leica confocal microscope 
(Leica, Wetzlar, Germany). Tiff file images were 
processed with standard imaging programs. 
NP/LysoTracker colocalization was estimated by 
Image  J software and expressed as Pearson’s (Rr) 
correlation coefficient [32], after sampling a minimum 
of ten fields randomly chosen from slides from separate 
independent experiments (n = 3).

Hemolysis assay
Human erythrocytes were obtained from human 
blood of healthy volunteers after elimination of buffy 
coats, washed in PBS plus citrate 5 mM, and further 
treated with PBS alone or supplemented with HSA 
5 mg/ml, HDL 35 µg/ml and 10% FCS at pH 5 or 
7.2. After incubation at 37°C (4–20  h) in the same 
buffers with different SiO

2
-NP doses (5–500  µg/ml) 

in triplicate, samples were centrifuged (1500 rpm for 
5  min) and supernatant absorbance determined at 
450 nm using a Biotrak™ II reader spectrophotometer 
(GE Healthcare; in some cases, the hemolysis efficacy 
of SiO

2
-NPs was expressed as effect concentration 

(50%; EC50%) after nonlinear logistic fitting as for 
other cytotoxic assays). 

Data processing & statistical analysis 
All mathematical and statistical analyses were performed 
using the analysis and statistic packages of the Microcal 

Origin 8 software (see Supplementary Material for 
further details). 

Results
Characterization of SiO2-NP cytotoxicity on 
monocytes & macrophages in the absence of 
serum
The relevant features of SiO

2
-NPs, either from 

commercial sources (Ludox TM-40) or prepared 
by us and labeled with fluorescein to trace the 
NPs in cells by the Stöber reaction, are similar 
(Table 1 & Supplementary Figure S1). 

As mentioned above, it is accepted that particulates 
activate caspase-1 by inducing the cytosolic leak of 
cathepsin B from acidic compartments after endocytosis. 
Consistently, the neutralization of endolysosomal pH by 
BafA1 [33,34] and the inhibition of caspase-1 by Ac-YVAD-
CMK [35] determined a similar and significant reduction of 
IL-1b secretion induced by SiO

2
-NPs in both monocytes 

and macrophages (EC50% increase ranging from 1.7- 
to 3.6-fold; Figure  1A & Supplementary Figure  S2A). 
Control experiments indicated that these inhibitors 
have no significant or poor effects on cell viability and 
metabolism in all of the experimental conditions used 
in this work (see Supplementary Table S1). However, the 
cell death induced by SiO

2
-NPs in no serum was not 

prevented by the inhibition of V-ATPase and caspase-1. 
This death phenomenon is characterized by the 
concomitant rapid decrease of mitochondrial metabolism 
(3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy­
phenyl]-2-[4-sulfophenyl]-2H-tetrazolium [MTS] test) 
and by cellular lysis (lactate dehydrogenase release test; 
Figure 1B), typical of passive necrosis. In agreement with 
this hypothesis (exemplified in Figure 1D), erythrocytes, 
lacking endocytosis, strongly and rapidly release 
hemoglobin when treated with SiO

2
-NPs in no serum 

(Figure 1C). 

Figure 2. Cytotoxicity and IL-1b release induced by amorphous silica nanoparticles in monocytes and macrophages 
in 10% fetal calf serum (cont.; see previous page). (A) The effects of the indicated inhibitors (ox-ATP 100 µM, 
Ac-YVAD-CMK 200 µM or BafAI 12.5 nM) on the SiO2-NP-induced release of IL-1b from (A,i) monocytes and 
(A,ii) macrophages, expressed as EC50%. Data are the means ± standard error of the mean (SE; n = 5) calculated 
from dose–response curves (Supplementary Figure S2B). ‘e’ indicates that values are extrapolated. The 
values in square brackets show the percentage variation of EC50% compared with the value obtained in the 
absence of inhibitors in each condition (taken as 100%). *Indicates significant differences (p < 0.05 vs ctr in the 
corresponding condition). (B) MTS assay dose–response curves after incubation of (B,i & B,ii) monocytes and 
(B,iii & B,iv) macrophages at 37°C with Ludox® TM-40 SiO2-NPs (Sigma-Aldrich, MO, USA) alone (ctr) or in the 
presence of Ac-YVAD-CMK 200 µM or BafAI 12.5 nM (1-h preincubation) for (B,i &B,iii) 4 h and (B,ii & B,iv) 20 h. 
Data are the means ± SE, run in triplicates. (C) SiO2-NP EC50% values (MTS and LDH assays) after cellular treatment 
in the absence or presence of the indicated inhibitors. Data are the means ± SE (n = 4). The values in square brackets 
represent the percentage variation of EC50% compared with the value obtained in the absence of inhibitors in 
each condition (taken as 100%). *Indicates significant differences (p < 0.05 vs the corresponding ctr value [no 
inhibitors] in the same condition). †Indicates significant differences (p < 0.05) between EC50% values after 20 vs 4 h 
of incubation in the same cell type. 
Ac-YVAD-CMK: N-acetyl-tyrosyl-valyl-alanyl-aspartyl chloromethyl ketone; BafAI: Bafilomycin AI; ctr: Control; 
EC50%: Effect concentration (50%); SiO2-NP dose resulting in half-maximal effect; MTS: 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; ox-ATP: Oxidized ATP; SiO2-NP: Amorphous silica 
nanoparticle.
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Characterization of SiO2-NP cytotoxicity on 
monocytes & macrophages in FCS
The induction of IL-1b release by SiO

2
-NPs 

from both monocytes and macrophages involves 
the activation of caspase-1 via a mechanism 
requiring endosomal acidification also in serum 
(Figure 2A & Supplementary Figure S2B). On the contrary, 

cytotoxicity is substantially decreased in serum and 
shows different kinetic features, cell-type specificities 
and inhibitor sensitivities (Figures 2B & 2C). First, while 
in media lacking serum the cell death induced by SiO

2
-

NPs is relatively rapid, in the presence of serum it is a 
two-phase process, characterized by an initial fast drop 
of the mitochondrial metabolism and a subsequent 
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Figure 3. Fetal calf serum proteins bound to amorphous silica nanoparticles. (A) Ludox® TM-40 SiO2-NPs (Sigma-Aldrich, MO, USA) 
were incubated for 15 min at 37°C in cell culture medium plus 10% fetal calf serum, washed and analyzed by SDS-PAGE (12%). 
(A,i) Equal sample volumes or (A,ii) equal sample amounts were loaded onto an SDS-PAGE and stained by silver nitrate. (B) Serum 
protein pattern determined by SDS-PAGE after incubation as above with SiO2-NPs at the indicated doses and their elimination by 
ultracentrifugation. The bands corresponding to tandem mass spectrometry analysis-identified proteins (see Table 2) are indicated 
in both gels. (A & B) The values running down the left-hand side of each image indicate the MW in KDa of the molecular weight 
standard polypeptides used in the gel. (C) Quantification by densitometry of the proteins (C,i) BSA, (C,ii) plasminogen and Hbf 
and (C,iii) Apo-AI and Apo-AII identified by tandem mass spectrometry analysis, and (C,iv and C,v) their ratios compared with BSA. 
Dashed arrows point to SiO2-NP concentrations corresponding to the saturation of protein binding. SiO2-NP concentration ranges 
leading either to pyroptosis (monocytes) or to necrosis (both cells) are shown. 
BSA: Bovine serum albumin; Hbf: Fetal bovine hemoglobin (b subunit); PLG: Plasminogen; SiO2-NP: Amorphous silica nanoparticle.
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slowly occurring cell lysis. EC50% values for the MTS 
assay are approximately 75 µg/ml for both of the cell 
lines after a 4-h incubation, and decrease to 65 and 
25 µg/ml, respectively, for macrophages and monocytes 
after a 20-h incubation. The lactate dehydrogenase 
release assay, checking cellular membrane rupture, 
yields very high EC50% values (above the concentration 
interval evaluated) after a 4-h incubation, with values 
of approximately 70 and 25  µg/ml for macrophages 
and monocytes, respectively, after a 20-h incubation. 
In serum, monocyte viability is affected by SiO

2
-NPs 

more slowly than macrophage viability, as they require 
longer incubation times to reach their maximal values. 
However, considering their lower NP-capturing efficacy 
[1], monocyte sensitivity to SiO

2
-NPs is higher than that 

of macrophages.
Remarkably, at doses below 75  µg/ml, the 

inhibition of endosomal acidification and of caspase-1 
substantially blocked the slowly occurring (20-h) NP 
toxicity in monocytes, but had negligible or weaker 
protective effects on macrophages (Figures  2B  &  2C). 
On the contrary, at SiO

2
-NP doses above the 

75  µg/ml threshold, both macrophage and monocyte 
death is insensitive to Ac-YVAD-CMK and BafA1. In 
agreement, the membrane-disrupting activity of NPs 
is inhibited by serum and only appears at high NP 
concentrations (Figure 1C). 

The differential involvement of caspase-1 in monocyte 
death induced by SiO

2
-NPs in the smaller dose range, 

after a prolonged incubation, is also supported by the 
effect of oxidized ATP. This inhibitor prevents the 
ATP-dependent activation of caspase-1 after binding to 
P2X7 receptors on monocytes and macrophages [36–39], 
likely to occur due to the strong release of ATP in the 
extracellular medium of both cells in correspondence 
with cellular lysis (Supplementary Figure S4). Oxidized 

ATP significantly downregulated IL-1b production 
induced by SiO

2
-NPs in both monocytes and 

macrophages (Figure 2A), but only reduced the delayed 
death induced by SiO

2
-NPs in monocytes (Figure 2C). 

In Supplementary Figure S5, we show that Ac-YVAD-
CMK and BafA1 did not significantly modify 
the association of NPs with both monocytes and 
macrophages. We found that these inhibitors also reduced 
TNF-a and (less strongly) IL-6 secretion induced by 
SiO

2
-NPs in monocytes and macrophages both in the 

absence or presence of serum (Supplementary Figure S6). 
This suggests that the specific pathway leading to the 
secretion of cytokines different from IL-1b activated 
by SiO

2
-NPs may also be positively modulated by 

endosomal acidification and caspase-1. However, we 
showed that the stimulation of cytokine production by 
the Toll-like receptor 4 agonist lipopolysaccharide (LPS), 
which is independent of endolysosomal acidification, is 
poorly inhibited by BafAI and selectively blocked by 
Ac-YVAD-CMK (Supplementary Figure S7). Eventually, 
we proved that SiO

2
-NPs indeed induce the activation 

of caspase-1 in both monocytes and macrophages, as 
evidenced by the formation of the mature caspase-1 
20-kDa fragment and by the caspase-1-dependent 
processing of pro-IL-1b into the mature form, in serum 
and in no serum (Supplementary Figure S8). In addition, 
we showed that SiO

2
-NPs can induce the transcription 

of the pro-IL-1b gene (Supplementary Figure S9) and 
that LPS, the main microbial costimulant of cytokine 
production, suggested to synergize with SiO

2
-NPs [11], 

increased the synthesis of pro-IL-1b but did not improve 
that of caspase-1 (Supplementary Figure S8). Therefore, 
LPS, while able to strongly improve mature IL-1b release 
induced by SiO

2
-NPs, had no effect on monocyte and 

macrophage sensitivity to the cytotoxic effects of SiO
2
-

NPs (Supplementary Figure S10), since it acts prevalently 

Table 2. Fetal calf serum proteins bound to amorphous silica nanoparticle surface identified by 
tandem mass spectrometry analysis.

Spot Accession 
number†

Protein name Theoretical 
mass (Da)‡

Score§ Peptides¶ Sequence 
coverage

PLG P06868 Plasminogen 88,393 1798/47 35 (23) 51

BSA P02769 Serum albumin 66,432 4441/46 43 (28) 67

Apo-AI P15497 Apo-AI 27,549 4630/46 26 (15) 72

Hbf P02081 Fetal 
hemoglobin 
b subunit

15,859 454/47 10 (5) 63

Apo-AII P81644 Apo-AII 8722 741/46 6 (3) 55
†Identification of protein with the highest score from analysis of quantitative TOF data using in-house MASCOT. All files were searched 
against the SwissProt database_2011_05 (528,048 total sequences). 
‡Values refer to the mature (secreted) proteins and were determined using ProtParam. 
§MASCOT protein score/ion score identity threshold (p < 0.05). 
¶Number of peptide sequences matched; significant matches are shown in brackets (p < 0.05). 
BSA: Bovine serum albumin; PLG: Plasminogen.
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Figure 4. Effect of human high-density lipoproteins and human serum albumin on the aggregation state and hemolytic efficacy of 
amorphous silica nanoparticles and their modulation by endosomal-like acidic pH. (A,i) Volume-weighted DLS distribution analyses of 
Ludox® TM-40 SiO2-NPs (Sigma-Aldrich, MO, USA) incubated for 10 min at 37°C with (A,i,a) HSA 5 mg/ml, (A,i,b) HDL 35 µg/ml or (A,i,c) both 
HDL and HSA, in phophate-buffered saline plus citrate 5 mM at pH 7.2, 5 or 7.2 (10-min preincubation) then lowered to pH 5. The circles 
represent the main distribution, while the diamonds represent the second distribution (20–40% of the main distribution). (A,ii) Red blood 
cells lysis induced by SiO2-NPs at 37°C for 20 h in (A,ii,a) HSA 5 mg/ml, (A,ii,b) HDL 35 µg/ml or (A,ii,c) both HDL and HSA. (A,ii,d) Red blood 
cell lysis (%) with or without 10% FCS at pH 5 and 7.2. Data represent the means ± standard error of the mean (n = 3). The arrows indicate 
the SiO2-NP dose corresponding to the saturation of HDL recruitment in the corona. (B) The effect of HSA, HDL and of both HSA and 
HDL on the dispersion/aggregation of SiO2-NPs as a function of the NP dose, deduced by DLS data. Dashed circles delimit the NP/protein 
agglomerates formed in different conditions, and arrows point to the NP dose that leads to the recruitment of all HDL present in the 
medium on NPs. (B,i) In HSA only, upon NP increase in solution, the surface concentration of HSA on NPs (HSA:NP ratio) is constant, due to 
high availability of this protein in 10% serum, and NP/HSA complexes are small and monodispersed. (B,ii) In HDLs only, high NP crosslinking 
is effectively obtained due to the ability of less concentrated HDL in 10% serum to bind more than one NP. This leads to the agglomeration 
of NPs. (B,iii) In both HDL and HSA, a full corona forms around small monodispersed NPs at low nanoparticle dose (before the arrow), while 
in conditions of growing HDL shortage (indicated by the green triangle marked as HDL:HSA ratio), big protein–NP aggregates are formed.  
*Indicates all cases in which the effect of SiO2-NPs at acidic pH is significantly different (p < 0.05) from that at neutral pH. 
DLS: Dynamic light scattering; FCS: Fetal calf serum; HDL: High-density lipoprotein; HSA: Human serum albumin; NP: Nanoparticle; 
SiO2-NP: Amorphous silica nanoparticle.
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by increasing the synthesis of the precursor pro-IL-1b, 
and not on the level of caspase-1.

Serum proteins adsorbed on SiO2-NPs
To elucidate the possible role of specific serum factors, 
we investigated the pattern of the proteins associated 
with the NPs in the conditions of cellular assays. NPs 
were incubated with 10% FCS (pH 7.2), collected by 
centrifugation and, after extensive washings, the sta­
bly adsorbed proteins were separated by SDS-PAGE 
and identified by LS MS/MS (Figure  3A & Table  2). 
HDL-associated Apo A-I and Apo A-II are the main 
proteins bound to the NPs at concentrations below 
75–100 µg/ml, while fetal bovine hemoglobin is more 
variably present depending on serum batch (data not 
shown). The analysis of the SiO

2
-NP supernatant after 

centrifugation suggests that the observed change of the 
composition of NP-associated proteins above 75 µg/ml 
NP concentration in 10% FCS is due to the shortage of 
available HDL, in agreement with their relatively small 
concentration in serum compared with bovine serum 
albumin (BSA) (Figure 3B). Apo-AI and Apo-AII reach 
a plateau at approximately 100 µg/ml, while plasmino­
gen and fetal hemoglobin reach a plateau at approx­
imately 300 µg/ml (Figure 3C). At NP concentrations 
≥75–100  µg/ml, BSA, and in smaller amounts plas­
minogen, become predominantly associated with NPs. 
This phenomenon determines a characteristic decrease 
of the HDL/BSA ratio upon increasing the NP concen­
tration, particularly evident when free HDL is lacking 
in solution, (i.e., above 75–100 µg/ml NPs). 

Modulation of the aggregation state 
& membranolytic action of SiO2-NPs by HDL 
& HSA 
NPs are known to form nanoaggregates with proteins 
in a dose-dependent way, influencing their interaction 
with cells [40–45]. We have already shown that in 10% 
FCS SiO

2
-NPs have a relatively stable corona and are 

poorly aggregated up to 100  µg/ml, while, for higher 
NP concentrations, they form large aggregates with 
serum proteins [1]. In the previous paragraph, we showed 
that indeed this critical dose of SiO

2
-NPs in 10% FCS 

corresponds to the maximal binding of available HDL 
in solution, and that above this value BSA progressively 
predominates in the corona. We therefore focus our 
attention on human HDL and HSA, analyzing their 
proaggregative and membrane-damaging actions, when 
tested separately or in combination. To analyze if HDL 
and HSA could account for the effects we observed 
in FCS, we chose protein concentrations resembling 
those of the equivalent bovine proteins in 10% FCS 
[46]. Since BSA is more concentrated than HDL in FCS 
(~50 mg/ml and ~350 µg/ml, respectively) we used the 

doses of 5 mg/ml and 35 µg/ml, respectively. At pH 7.2, 
the dynamic light scattering measurement (Figure  4) 
showed that HSA alone (5 mg/ml) forms a stable corona 
on the NPs in the whole concentration range explored 
(20–400  µg/ml), preventing NP aggregation. On the 
contrary, HDL alone (35 µg protein/ml) induced large 
polydisperse aggregates (diameters ~1–2.5  µm) at all 
NP doses, strongly suggesting the formation of HDL 
protein bridges between NPs, while HSA used at a dose 
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Figure 5. Effect of endosomal-like acidic pH on the composition of the 
amorphous silica nanoparticles’ serum corona. (A) SDS-PAGE of the 
protein corona of Ludox® TM-40 SiO2-NPs (Sigma-Aldrich, MO, USA) after 
incubation (37°C, 15 min) in 10% fetal calf serum as indicated. (A) The 
values running down the left-hand side of the image indicate the MW 
in KDa of the molecular weight standard polypeptides used in the gel. 
(B) Proteins identified by tandem mass spectrometry analysis are indicated 
and quantified by densitometry. Data are the means ± standard error of 
the mean (n = 3). 
*p < 0.05 versus pH 7.2. 
BSA: Bovine serum albumin; Hbf: Fetal bovine hemoglobin (b subunit); 
PLG: Plasminogen; SiO2-NP: Amorphous silica nanoparticle.
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comparable with HDL (35 µg/ml) at pH 7.0 was still 
unable to aggregate NPs (Supplementary Figure  S11). 
Interestingly, the simultaneous presence of HDL and 
HSA, mimicking the serum condition, mitigates the 
formation of NP agglomerates (80–300  nm diameter 
range) at NP doses below 100 µg/ml but cannot prevent 
the formation of microaggregates (~1200  µM) above 
this threshold, similarly to what was observed in FCS [1].

At endosomal-like pH  5, the behavior of separate 
HSA and HDL is similar to that observed at pH 7.2, 
but NP incubation with both proteins determined 
the formation of dispersed NPs with a diameter of 
approximately 100  nm, indicative of the presence of 
corona-coated dispersed NPs. However, decreasing the 
pH from 7.2 to 5 after the formation of NP aggregates 
in the presence of HSA/HDL, a protocol simulating 
the pH shift experienced by the NP–protein aggregates 
formed in the neutral extracellular medium and then 
internalized in acidic endosomes, did not change their 
size. Monodispersed NPs with a corona made of HSA 
alone show a strong membranolytic activity above a 
threshold of 100 µg/ml, while large aggregates formed 
by HDL and NPs are effective above 200  µg/ml. 
Notably, the hemolytic activity of NPs in the presence 
of both HDL and HSA was substantially reduced and 
detectable only above 100 µg/ml, a situation which is 
reminiscent of that occurring in 10% FCS. In acidic 
conditions, the hemolytic power of SiO

2
-NPs in the 

presence of all serum proteins was slightly reduced, while 
significantly improved in the absence of proteins. This 
is consistent with the fact that acidic pH scarcely alters 
the protein composition of serum corona with the only 
exception of BSA, whose amount increases threefold at 
pH 5 compared with pH 7.2 (Figure 5). 

HDL and HSA influence monocyte/macrophage 
SiO

2
-NP binding, endocytosis and cytotoxicity. We 

have shown that HDL and HSA account for the 
dispersion/aggregation of SiO

2
-NPs and for their 

decreased membranolytic effects in serum. We then 
analyzed the effect of these proteins on cell association 
and endocytosis. As already known [1], the amount 
of NPs taken up by macrophages was much higher 
than that by monocytes (Figure  6) in all conditions. 
Moreover, while uptake of SiO

2
-NPs by monocytes 

linearly increased with the NP dose, uptake of SiO
2
-NPs 

by macrophages followed a saturation dose–response 
profile. Both tested proteins reduced NP uptake by 
monocytes, with HSA more effective (~50% reduction 
for HDL and ~90% for HSA). On the contrary, they 
increased the capture of NPs by macrophages, with 
HDL more effective (~300% increase for HDL and 
~200% increase for HSA) compared with the no-serum 
condition. Coincubation of NPs with HDL and HSA 
maintained the decreased or increased uptake levels 
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Figure 6. Effect of human serum albumin and high-density lipoproteins 
on amorphous silica nanoparticle cellular association. (A) Monocytes 
and (B) macrophages were incubated at 37°C for 20 h with fluorescein 
isothiocyanate-labeled Stöber SiO2-NPs in culture medium containing 
no protein, 10% FCS, HDL 35 µg/ml, HSA 5 mg/ml and both HDL and 
HSA, and analyzed by flow cytofluorimetry to measure nanoparticle-
associated fluorescence. Representative binding curves are shown, 
obtained by nonlinear fitting of data points obtained from duplicates. 
(C) SiO2-NP association with monocytes and macrophages in the 
indicated conditions (SiO2-NP dose: 80 µg/ml). Data are mean ± standard 
error of the mean (n = 3). Values in square brackets indicate cell 
association expressed as percentage of that observed in the absence of 
protein.  
*Indicates statistically significant difference (p < 0.05). 
HDL: High-density lipoprotein; HSA: Human serum albumin; FCS: Fetal 
calf serum; MFI: Mean fluorescence intensity; SiO2-NP: Amorphous silica 
nanoparticle.
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observed for the most efficient proteins and mimicked 
the effect of 10% FCS. 

Confocal microscopy analysis (Figures  7A  &  7B) 
showed that the combination of HDL and HSA 
determined a localization of SiO

2
-NPs in acidic 

endolysosomal compartments significantly more 
efficiently than the one induced by HSA and HDL alone, 
and closely approaching the almost-total colocalization 
induced by 10% serum. SiO

2
-NPs induced a caspase-

1/V-ATPase-dependent cell death of monocytes but 
not of macrophages when incubation was carried out in 
the presence of both HDL and HSA, while a caspase-
1/V-ATPase-independent one in both cell types in the 
presence of HDL or HSA (Figure 7C).

Discussion
Recent evidence indicates that amorphous SiO

2
, 

although used in industry as a food additive and 
as a platform for nanotheranostics, may determine 
toxicological effects. Monocytes and macrophages 
are known to be especially sensitive to the cytotoxic/
proinflammatory effects induced by amorphous SiO

2
-

NPs. Moreover, considering their lower NP-capturing 
efficacy, monocytes are intrinsically more susceptible 
than macrophages to the effects of SiO

2
-NPs. 

Here, we show that in no serum, SiO
2
-NPs determined 

a caspase-1/V-ATPase-independent rapid cell lysis in 
both monocytes and macrophages, in agreement with 
the enrichment of cytosolic proteins in the corona of 
SiO

2
-NPs incubated with epithelial A549 cells in no 

serum [19]. However, while serum proteins apparently 
shield the membrane-active surface silanols, inhibiting 
their known bilayer-destabilizing action and acute 
toxicity [47,48], they determined other specific effects.

SiO
2
-NPs still induce a rapid, caspase-1/V-ATPase-

insensitive necrosis in both cell types at high doses 

in serum, but induced pyroptosis at lower doses after 
a longer time in monocytes only. Such a delayed 
caspase-1/V-ATPase-dependent death apparently 
renders monocytes more sensitive to SiO

2
-NPs than 

macrophages. 
The prevalence of HDL in the corona below 

75 µg/ml NPs or of BSA above this critical concentration 
suggested a differential modulatory role of these two 
serum proteins. Indeed, purified human HDL at doses 
similar to those present in 10% FCS induce a strong 
particle aggregation, mimic the binding behavior of 
SiO

2
-NPs in the presence of FCS to monocytes and 

macrophages and the serum-induced internalization 
in acidic endosomes. Moreover, the presence of HDL 
determined a protective effect similar to that of FCS 
on the toxicity of nude SiO

2
-NPs. Purified HSA 

alone prevents particle aggregation, appears more 
efficient in reducing cell binding and still induces, 
although to a lesser extent compared with HDL, 
endolysosomal localization, and has a protective 
effect. Interestingly, NPs with a corona formed only 
by HDL or HSA induce a caspase-1/V-ATPase-
insensitive cell death, while pyroptosis emerges only 
when the two proteins are combined in the corona. 
The simultaneous presence of the two proteins also 
leads to a better mimicking of the SiO

2
-NP cell 

association, intracellular localization and aggregation 
properties in FCS. The functional importance of 
serum lipoproteins in NP–cell interactions, suggested 
by our study, is consistent with their presence in the 
corona of several NPs [15,19,40,44,45,49–51]. 

Based on our data, we formulate the model depicted 
in Figure  8. The central idea is that relatively small 
SiO

2
-NP/serum protein complexes (<300  nm), 

equipped with a HDL-enriched corona, although 
unable to directly destabilize the cell plasma membrane, 

Figure 7. Effect of human serum albumin and high-density lipoproteins on the transport of amorphous silica nanoparticles to acidic 
endolysosomes in monocytes and macrophages and on the nanoparticle cytotoxic efficacy in the same cells (cont.; see previous 
page). (A) Confocal images of (A,i) monocytes and (A,ii) macrophages treated at 37°C for 1.5 h with 150 µg/ml Stöber SiO2-NPs 
(in medium with HSA 5 mg/ml and HDL 35 µg/ml), stained with LysoTracker Red. The fields in the dotted squares are enlarged 4×. 
The arrows point to the plasma membrane, and asterisks indicate SiO2-NP/acidic compartments colocalization. Controls without 
nanoparticles (just LysoTracker) are shown in Supplementary Figure S12. (B) NP/LysoTracker colocalization after incubation as above 
estimated using Image J software and expressed as Pearson’s (Rr) correlation coefficient (1 = 100% colocalization; 0 or less = no 
colocalization). The bars are the range, the boxes are the standard deviation, the small white squares are the mean and the lines in 
the boxes are the mode. *Indicates p < 0.05 versus no protein; †indicates p < 0.05 versus corresponding HSA values. (C) SiO2-NP effect 
concentration (50%; EC50%) values resulting from cytotoxicity curves (MTS and LDH assays) exemplified in Supplementary Figure S3B, 
after treatment of (C,i) monocytes and (C,ii) macrophages at 37°C for 20 h with Ludox® TM-40 SiO2-NPs (Sigma-Aldrich, MO, USA) 
in medium plus HDL 35 µg/ml, HSA 5 mg/ml or HDL plus HSA with no inhibitors, or in the presence of Ac-YVAD-CMK 200 µM and 
BafAI 12.5 nM (1-h preincubation). Data are the means ± standard error of the mean (n = 3). The values in square brackets are EC50 
expressed as the percentage of that observed in the absence of inhibitors. *Indicates that the difference is significant (p < 0.05 vs 
proteins alone). 
†The scale bar is the same for all images in (A,i). 
‡The scale bar is the same for all images in (A,ii). 
Ac-YVAD-CMK: N-acetyl-tyrosyl-valyl-alanyl-aspartyl chloromethyl ketone; EC50%: SiO2-NP dose resulting in half-maximal 
effect; HDL: High-density lipoprotein; HSA: Human serum albumin; FCS: Fetal calf serum; LDH: Lactate dehydrogenase; 
MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; ND: Not determined due to low 
signal; SiO2-NP: Amorphous silica nanoparticle.
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unlike bare NPs, can be activated by endolysosomal 
acidic pH after internalization (Figure  8A). Since 
we showed that acidic pH does not disassemble the 
protein corona and, consistently, does not improve 
the NP membrane-disrupting efficacy in serum, we 
suggest that the digestion/processing of NP-adsorbed 
proteins by lysosomal acidic hydrolases may re-expose 
the membrane-destabilizing silanols. This would 
eventually lead to caspase-1 activation, IL-1b secretion 
and cell lysis by pyroptosis. In the proposed scheme, 
we also present the synergistic loop due to the release 
of cytosolic ATP after cell lysis. ATP may act on 
bystander cells, partially contributing to the activation 
of caspase-1 by binding to ectopic receptors.

In agreement with our data, Wang and coworkers 
showed that polystyrene particles directly permeabilize 

the plasma membrane of epithelial cells in no serum, 
while they enter with their protein corona in acidic 
endosomes in the presence of serum [52]. Here, their 
surface is later re-exposed by proteolytic cleavage and 
determines cell death by lysosomal destabilization. 
In addition, in our study, we provide evidence that 
that big SiO

2
-NP/serum protein clusters (>1000 nm), 

formed in conditions in which critical serum proteins 
are defective and characterized by a predominance of 
albumin over HDL, may also directly damage the cell 
plasma membrane (Figure 8B). This ability may be due 
to the lower affinity of albumin for the silica surface 
compared with HDL and/or to the partial exposure of 
the membrane-active silica surface.

Notably, caspase-1/V-ATPase-dependent cell death 
triggered by SiO

2
-NPs coated with HDL:HSA (high 
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serum as a function of the high-density lipoproteins:human serum albumin ratio. (A) Cytotoxic effect of poorly aggregated SiO2-
NPs in monocytes only with a corona enriched in HDL (high HDL:HSA ratio; formed below the 75 µg/ml threshold in 10% fetal 
calf serum), devoid of membrane-damaging power. The cellular effects of NPs follow internalization and require acidification and 
caspase-1 to trigger both IL-1b production and cell pyroptosis. Notice the possible role of acidic hydrolases in re-exposing silanol 
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activation. (B) Cytotoxic action of large aggregates formed by NPs in conditions of defective HDL in the corona (low HDL:HSA ratio; 
formed above the 75 µg/ml threshold in both monocytes and macrophages), endowed with membrane-damaging effects. At these 
NP concentrations, in 10% fetal calf serum, some serum proteins are indeed depleted from the solution by the NPs, and HDL in 
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Ac-YVAD-CMK: N-acetyl-tyrosyl-valyl-alanyl-aspartyl chloromethyl ketone; BafAI: Bafilomycin AI; Cath B: Cathepsin B; HDL: High-
density lipoprotein; HSA: Human serum albumin; NP: Nanoparticle; ox-ATP: Oxidized ATP; SiO2-NP: Amorphous silica nanoparticle; 
V-ATPase: Vacuolar-type H+-ATPase.
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ratio) was absent or not relevant in macrophages, 
possibly due to the downregulation of the 
caspase-1 activator protein pyrin accompanying the 
differentiation of human monocytes into macrophages 
[53]. This points to the importance of using human 
primary cells with different phenotypes to unravel the 
NP corona functions. In fact, although the corona 
proteins are known to negatively affect the cellular 
binding of NPs [1,19,54], here we reveal that specific 
corona proteins induce diverse cytotoxic effects in 
closely related human phagocytic cells. In particular, 
we support the possibility that plasma lipoproteins, 
and especially HDL, play a critical role in modulating 
NP bioactivities [15,44,45,50]. 

FCS, although relevant for in vitro cellular studies, 
lacks the complement and coagulation systems [55], 
and has peculiar composition differences with respect 
to the human plasma [19,49,56]. Nevertheless, the higher 
prevalence of HDL in human plasma compared with 
FCS [46] suggests that these lipoproteins may play 

an even stronger modulatory role on SiO
2
-NPs also 

in  vivo. Additional investigations dedicated to the 
human plasma-derived SiO

2
-NP corona are necessary 

to define the real incidence of specific proteins in 
conditions closer to the in vivo situation.

Future perspective
Future studies will be oriented to identify the 
full array of specific human plasma components 
involved in the modulation of NPs, and to ascertain 
the reciprocal influence/interference of the various 
corona components at different NP doses on the 
different functions of relevant human cell types. 
This information will be strategic to design 
safe nanotheranostics. Finally, understanding 
the physicochemical features of environmental, 
anthropogenic nanomaterials mediating this or similar 
interactions with specific host fluid biomolecules may 
be essential to fully understand their toxicological 
properties. 

Executive summary

Amorphous silica nanoparticles induce differential cytotoxic/proinflammatory effects in monocytes and 
macrophages in the presence of serum but not in the absence of serum
•	 The action of amorphous silica nanoparticles (SiO2-NPs) on human monocytes/macrophages is substantially 

different in the absence and in the presence of serum because specific serum proteins recruited in the corona 
change their cellular interactions and, consequently, their cytotoxic and proinflammatory properties. 

•	 In no serum, the reactive silanols on the SiO2-NP surface trigger a rapid necrosis of both cells by damaging the 
cell plasma membrane.

•	 In 10% fetal calf serum, SiO2-NPs induce a delayed lytic death of monocytes coupled with a strong IL-1b 
release, below the approximate dose of 75 µg/ml. This process required endolysosomal acidification and 
caspase-1, and resembled the features typical of pyroptosis. 

•	 Both macrophages and monocytes incubated with fetal calf serum are subjected to fast cellular necrosis, not 
requiring endosomal acidification and caspase-1, above the approximately 75 µg/ml SiO2-NP dose.

High-density lipoprotein and albumin are major corona components determining SiO2-NP dispersion and 
the interaction with monocytes/macrophages
•	 The SiO2-NP corona in 10% fetal calf serum is characterized by a high high-density lipoprotein (HDL):bovine 

serum albumin ratio below a critical concentration (75–100 µg/ml), separating the range of NP concentrations 
leading to pyroptosis in monocytes from that resulting in necrosis of both monocytes and macrophages, and 
by a low HDL:bovine serum albumin ratio above this value.

•	 Human HDL plus human serum albumin mimic the dose-dependent dispersion/aggregation state and the 
membrane-destabilizing efficacy of SiO2-NPs in serum, and are responsible for the differential binding/
endocytosis and proinflammatory/cytotoxic responses induced by these particles in monocytes and 
macrophages compared with the no-serum condition. 

•	 A SiO2-NP corona characterized by a high HDL:albumin ratio, formed in serum excess, is linked to the induction 
of an endolysosomal acidification and caspase-1-dependent death in monocytes. 

•	 Nanoagglomerates endowed with a low HDL:albumin ratio, obtained in serum defect, induce a rapid and 
passive lysis of both monocytes and macrophages.

Conclusion
•	 Monocytes, although much less effective in capturing SiO2-NP/HDL/human serum albumin complexes, are 

more sensitive than macrophages to the induction of an inflammatory death by SiO2-NPs, due to pyroptosis.
•	 The cytotoxic and proinflammatory effects of SiO2-NPs do not simply depend on their material properties 

but are, on the contrary, due to an entity formed by nanoparticles and specific serum proteins leading to 
emerging bioactivities. 

•	 HDL is a major component of the SiO2-NP corona in serum and plays a functional role in the differential 
cytotoxic and proinflammatory effects induced by these nanoparticles in human monocytes and macrophages.
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