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Inhalation of silica particles can induce inflammatory lung reac-
tions that lead to silicosis and/or lung cancer when the particles
are biopersistent. This toxic activity of silica dusts is extremely
variable depending on their source and preparation methods. The
exact molecular moiety that explains and predicts this variable
toxicity of silica remains elusive. Here, we have identified a unique
subfamily of silanols as the major determinant of silica particle
toxicity. This population of “nearly free silanols” (NFS) appears on
the surface of quartz particles upon fracture and can be modulated
by thermal treatments. Density functional theory calculations in-
dicates that NFS locate at an intersilanol distance of 4.00 to 6.00 Å
and form weak mutual interactions. Thus, NFS could act as an en-
ergetically favorable moiety at the surface of silica for establishing
interactions with cell membrane components to initiate toxicity.
With ad hoc prepared model quartz particles enriched or depleted
in NFS, we demonstrate that NFS drive toxicity, including membra-
nolysis, in vitro proinflammatory activity, and lung inflammation.
The toxic activity of NFS is confirmed with pyrogenic and vitreous
amorphous silica particles, and industrial quartz samples with non-
controlled surfaces. Our results identify the missing key molecular
moieties of the silica surface that initiate interactions with cell
membranes, leading to pathological outcomes. NFS may explain
other important interfacial processes involving silica particles.
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Interfacial chemistry and molecular recognition patterns regu-
late the cross talk between endogenous organized materials

and biomolecules or cells, e.g., in animal shells, bone, or dental
tissues. These interactions are driven and finely tuned by the pre-
sentation of specific chemical and structural motifs on the surface of
the material (1, 2), sometimes in synergy with their adsorbate (3).
Similar phenomena regulate the interactions between biological
environments and exogenous solids such as medical implants (4),
vaccine adjuvants (5), nanomaterials (6, 7), or inhaled particles (8).
Understanding the molecular determinant(s) at the heart of these
interactions is critical for predicting and controlling expected and/or
adverse outcomes of these foreign bodies.
Herein, we focus on the surface chemistry of silica particles.

Silica is ubiquitous in the Earth’s crust and universally used, both
in crystalline and amorphous forms, mostly for its surface prop-
erties. Silicas are used in industrial productions and processes,
including ceramics, glass, paints, plastics, construction products,
catalysis, nanofabrication, and biomedical applications, in which
the surface assumes a fundamental role (9–12). Some of us have
recently shown that specific surface moieties of amorphous silica
can catalyze amide bond formation, which has implications for
prebiotic chemistry and the origin of life from silica minerals (13).
Crystalline silica is the leading cause of occupational respira-

tory disease worldwide (14). Millions of workers are exposed to
respirable crystalline silica dusts, especially from new sources of
exposure or because of the lack of attention for preventive

management strategies (15). Excessive exposure to respirable
crystalline silica dust generated by mining or grinding is associ-
ated with a spectrum of adverse health effects, including silicosis,
autoimmune diseases, chronic obstructive pulmonary diseases,
and lung cancer (16, 17). The Global Burden of Disease Study
estimated that, in 2017, silicosis caused more than 10,000 deaths
and over 200,000 y of life lost (18). Crystalline silica in the form
of quartz or cristobalite is classified by the International Agency
for Research on Cancer (IARC) as a human lung carcinogen
(group 1) (19, 20). The toxicity of crystalline silica dust results from
a sequence of mechanistic events, including membranolysis, acti-
vation of the NACHT, LRR, and PYD domains-containing protein
3 (NALP3) inflammasome complex, and proinflammatory cytokine
production, which triggers lung inflammation and genotoxicity (21–24).
Amorphous silica is generally considered less toxic than crys-

talline silica, although available datasets are more limited (15, 25).
While crystalline silica particles can cause persistent inflammation,
leading to silicosis and/or lung cancer, amorphous silicas generally
induce transient inflammatory responses (25–28). Amorphous
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silica does not appear to cause occupational lung disorders and is
not classifiable as to its carcinogenic activity to humans (IARC
group 3) (20). Thus, the paradigm of silica toxicity has generally
considered crystallinity as a key hazardous property for silica
particles. However, the toxic activity of silica particles varies widely
depending on their source and preparation methods (26, 29–31),
and several exceptions contradict the critical role of crystallinity
for silica toxicity (24–26, 29–34). An example is given by pyrogenic
amorphous silica that, contrary to other types of amorphous silica
(e.g., Stöber silica, a colloidal silica), can induce lung inflammation
(30) and increase collagen deposition after repeated dose ad-
ministration in mice (35). Other studies showed that some Stöber
silicas can cause inflammation in rodents (36, 37), and it is possible
to vary the toxicity of pyrogenic silica by adjusting the synthesis
conditions (31). The identification of the origin of this variability
would represent a significant advance for developing rational
production and use of safer silica materials.
Despite extensive research efforts in the past 50 y, the unifying

factor that explains and predicts the toxicity of silica remains
elusive. Of the variable features of silica particles, including size,
morphology, polymorphism, and porosity, the surface state has
been proposed as a significant component of the toxicity of silica
particles (26, 29). Surface-promoted radical chemistry and surface-
associated contaminants have been abundantly investigated in this
context but did not fully match with the inflammatory activity of
silica particles (ref. 38, and references therein). We considered,
therefore, that the variable toxic activity of silica may be related to
the heterogeneity of its surface chemistry, which involves siloxane
bridges (≡Si–O–Si≡) and silanols [≡Si–OH, =Si(OH)2] (38).
Crystalline silica particles are generally obtained by mining or
grinding, which upsets the long-range ordering of their crystal
lattice and imparts surface disorder (39), similar to heterogeneous
amorphous surfaces (10, 40). Silanols, which are generally more
chemically reactive than siloxanes, can form variable patterns of
mutual interactions, which depend on their structural (dis)orga-
nization and intersilanol distance (41).
Early studies proposed a role for silanols in the toxicity of silica

(42, 43), but this hypothesis was not explored further. Recently, we
proposed that silanols damage the phagolysosome membranes of
lung macrophages, activating the NALP3 inflammasome and, in
turn, leading to the release of the proinflammatory cytokine in-
terleukin 1β (IL-1β) (44). However, this toxic activity of silica
particles did not appear simply related to the overall silanol
density (31, 45). Therefore, we hypothesized that, rather than
silanols as a group, a specific surface silanol pattern might damage
cell membranes and induce toxic responses (29). This idea was
supported by the finding that the disorganization in the long-range
spatial order of silanols induced by mechanical comminution of
quartz crystals elicits membrane-damaging properties (34). This
specific silanol pattern would be present on the surface of both
amorphous and crystalline silicas and could thus represent a
common molecular determinant of the toxicity of silica particles.
In the present work, we have newly identified a unique sub-

family of silanols as major molecular determinants of the toxicity
of silica particles. We synthesized, prepared, or collected model
quartz and amorphous silica particles, and we tailored their sur-
face silanol pattern through mechanical grinding or thermal
treatments, simulating natural or industrially relevant processes.
Surface specific analyses in highly controlled conditions were
carried out by infrared (IR) spectroscopy to monitor the surface
silanol populations before and after treatments, together with
complementary physicochemical techniques to fully characterize
the particles. The results show that “nearly free silanols” (NFS)
promote membranolysis as assessed on model membranes, induce
the release of the inflammatory cytokine IL-1β from macrophages,
and initiate lung inflammation in a rat model. We applied a
density functional theory (DFT) calculation to specifically define
NFS based on their intersilanol distance, which affects their

mutual chemical interactions, and, in turn, their availability for
interacting with biomolecules and cell membrane components.
This finding indicates that NFS, generated by fracturing α-quartz
particles or originally present on different sources of amorphous
silica, are the critical moieties for the molecular events that initiate
the inflammatory responses to silica particles.

Results and Discussion
To uncover which surface silanol pattern is implicated in the
toxicity of silica particles, we applied hydrothermal synthesis (46)
to grow extremely pure α-quartz crystals in respirable size (gQ;
“g”: as-grown). These crystals displayed regular surfaces, at the
nanometric resolution of field emission scanning electron mi-
croscopy (FE-SEM), and a hexagonal bipyramidal habit, typical of
well-terminated quartz crystals (Fig. 1A). Fracturing this quartz
mechanically (gQ-f; “f”: fractured) mimicked the industrial pro-
cesses used to produce or generate crystalline silica dusts from
rocks, and induced the appearance of irregular planes of fracture
(Fig. 1B). We assessed the toxic activity of these samples by
measuring their membranolytic activity on red blood cells (RBCs),
a predictor of the inflammatory activity of inhaled particles (44,
47). The membranolytic activity of gQ was as low as that of the
negative reference particle, tungsten carbide (WC) (Fig. 1C). In
contrast, gQ-f was almost as active as two quartz dusts of mineral
origin obtained by fracturing, i.e., the commercial reference quartz
(Min-U-Sil 5), which has well-documented pathogenic activity
(19), and a highly pure laboratory-prepared quartz (mQ-f; “m”:
mineral). These results suggested that quartz fracturing introduces
a specific surface state that causes cell membrane damage. Ex-
tensive physicochemical investigations (SI Appendix, Fig. S1 and
Table S1) indicated that the high membranolytic activity of gQ-f,
mQ-f, and Min-U-Sil 5, compared to pristine gQ, could not be
ascribed to metal contaminants, particle size distribution, the
potency to produce free radicals, or surface charge.
We used IR spectroscopy to inspect the surface silanols of these

quartz samples after hydrogen–deuterium (H/D) exchange. Thus,
the O-D stretching vibration (νOD) was measured under highly
controlled conditions (Fig. 1D and SI Appendix, Fig. S2 A and B;
see SI Appendix, Supplementary Methods for more details). The
νOD silanol profile of gQ was dominated by a broad band (2,720
to 2,250 cm−1) assigned to silanols mutually engaged in strong
hydrogen bonds; this broad band resulted from the superimposi-
tion of subbands of hydrogen-bonded silanols on different types of
α-quartz crystallographic surfaces (48) (Fig. 1D). After fracturing
as-grown quartz crystals (gQ-f), the newly exposed surfaces
appeared richer in silanols that experienced weak mutual inter-
actions, evidenced by an increase in the intensity of the compo-
nents at νOD > 2,720 cm−1, particularly a component at
2,758 cm−1. We defined this silanol population as NFS. Indeed,
isolated, noninteracting silanols produced a different νOD signal
at 2,762 cm−1 (i.e., the reference peak in Fig. 1D; see SI Appendix,
Fig. S2C and Supplementary Methods). A DFT calculation of the
νOD frequencies of two interacting silanol groups revealed that
the signal attributed to NFS falls in the νOD range of silanols
situated 4.00 to 6.00 Å apart on the silica surface (Fig. 2). Thus,
the local arrangement of NFS definitely differs from proximate
patches of silanols (2.5 to 2.8 Å apart) that mutually interact via
strong hydrogen bonding (10) (Fig. 1E). This distinctive feature of
NFS was also observed in the fractured mineral dusts Min-U-Sil 5
and mQ-f (Fig. 1D). Calculations based on the model developed
by Carteret (49) (SI Appendix, Supplementary Methods) suggested
that NFS, which contribute to the νOD signal at ∼2,758 cm−1,
represent about 3.5% of total silanols for gQ-f, 5.5% for
Min-U-Sil 5 and mQ-f, and 1.0% for gQ.
To confirm that NFS determine the toxic activity of quartz

particles, we performed thermal treatments to progressively tune
surface silanol patterns of mQ-f (Fig. 3 A, B, and B′). After
calcination at 450 °C, the overwhelming majority of mutually

Pavan et al. PNAS | November 10, 2020 | vol. 117 | no. 45 | 27837

CH
EM

IS
TR

Y
IM

M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008006117/-/DCSupplemental


hydrogen-bonded silanols (2,720 to 2,250 cm−1) was irreversibly
removed by condensation in siloxane bridges. Consequently, the
silanol surface density declined (41) and the abundance of more
distant NFS increased, as indicated by the up-shift, at
2,760 cm−1, of the νOD component at the highest frequency
(curves 1, 2, and 2–1 in Fig. 3 A, B, and B′). Calcination at 800 °C
resulted in the removal of a significant proportion of the NFS
detected at 2,758 cm−1 (curves 3 and 3–2 in Fig. 3 A, B, and B′),
with a further shift of the peak toward isolated silanols
(2,761 cm−1). We compared these variations in surface silanol
populations to the membranolytic activity of the pristine and
calcined mQ-f samples (Fig. 3C). A strong decline in the abun-
dance of hydrogen-bonded silanols, as well as an increase in the
fraction of more distant NFS obtained by calcining at 450 °C, was
accompanied by increased membranolytic activity. In contrast,
the membranolytic activity drastically declined when the abun-
dance of NFS declined after calcination at 800 °C. This finding
supported the notion that NFS, whose abundance reached a
maximum at intermediate levels of hydration, play a key role in
the membranolytic activity of quartz particles.
To investigate whether the correlation between NFS and

membranolytic activity only applies to crystalline silica forms, we
examined the RBC membranolytic activity of an amorphous
silica produced by pyrolysis (pS) (“p,” pyrogenic; “S,” silica).
This silica sample, largely studied in surface chemistry (45, 50),

has physicochemical characteristics completely different from
those of quartz particles, including smaller size (primary parti-
cles, 10 to 120 nm), and a higher specific surface area (SSA)
(∼50 m2/g) (50). We also calcined pS at an intermediate (450 °C)
or high (700 °C) temperature to achieve the selective, irreversible
removal of, first (at 450 °C), almost all hydrogen-bonded silanols,
and then (at 700 °C) of NFS silanols that were ∼5.5 Å apart (13)
and characterized by the νOH band at 3,742 cm−1 (Fig. 3 D and
E). The thermal treatments did not significantly modify the SSA
of pS (13). The impact of these silanol changes on mem-
branolytic activity (Fig. 3F) mirrored the observations with the
pristine and calcined mQ-f samples. The removal of almost all
hydrogen-bonded silanols caused a slight increase in mem-
branolytic activity, whereas a decline in NFS resulted in a sig-
nificant decline in membranolytic activity. In addition to
reducing the NFS band, calcination of pS at 700 °C increased the
formation of isolated silanols (νOH signal at 3,747 cm−1). As the
membranolytic activity of this calcined sample was reduced
compared to the pristine or pS 450 °C samples, this indicates that
isolated silanols are much less membranolytic than NFS species.
Similar observations were reported in the past, when highly
dehydroxylated surfaces bearing only isolated silanols displayed
low membranolytic, cytotoxic, and inflammatory activity (45,
51–53). The average surface silanol density of the pS was far
lower [i.e., ∼1.5 OH/nm2 (50)] than the average density expected

Fig. 1. Fracturing as-grown quartz crystals generates nearly free surface silanols that reproduce the membranolytic activity of mineral quartz dusts. (A and B)
FE-SEM micrographs (scale bars, 400 nm) of (A) as-grown quartz crystals with regular surfaces (gQ) and (B) as-grown quartz crystals after fracturing by ball
milling (gQ-f). Inset in A represents the hexagonal bipyramidal habit of a terminated quartz crystal with Miller (hkl) indices for crystal planes. (C) Mem-
branolytic activity (percent hemolysis) of gQ compared to gQ-f, a pure quartz of mineral origin fractured by ball milling (mQ-f), Min-U-Sil 5 (positive reference
quartz), and WC (negative reference particle). Data are mean ± SEM of three independent experiments. (D) Surface silanol distribution of quartz samples
(after H/D exchange, reflectance IR spectra reported in Kubelka–Munk function). The reference peak at 2,762 cm−1 is assigned to isolated, noninteracting
silanols, reported here to discriminate from the peak at 2,758 cm−1 assigned to weakly interacting, nearly free silanols (NFS). In the νOD region assigned to
silanols mutually engaged in strong hydrogen bonds (2,720 to 2,250 cm−1), SiOD on (hkl) refers to the assignment of the νOD subbands to hydrogen-bonded
silanols on different types of α-quartz crystal surfaces (48). (E) Representation of the silanol patterns on as-grown quartz crystal surfaces (i) before and (ii)
after fracturing: (i) regularly arranged, low distance, hydrogen bonded silanols, and (ii) disorganized, high distance, weakly interacting NFS, which interrupt
the regularity of hydrogen bonded silanol chains. The values (in ångstroms) refer to the oxygen–oxygen distance between two silanols. The hydrogen (*)
should be replaced with deuterium after H/D isotopic exchange.
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for α-quartz surfaces that reacted with water [i.e., a combination
of ∼9.1 OD(OH)/nm2 for {001} facets, 7.1 for {100} facets, and
5.6 for {011} facets (54)]. Hence, the contribution of NFS to
membrane damage appeared to be independent of the intrinsic
structure of the silica particles (based on crystallinity, size, and
surface origin) and of overall silanol density.
Environmental silica dusts typically contain contaminants and

generate free radicals, features that may contribute to the path-
ogenic activity of silica (20). We extended our studies to include a
panel of industrial quartz dusts (iQ1-4) that were similar in size,
SSA, and potency to generate free radicals, but that were less pure
than the quartz dusts used above (SI Appendix, Fig. S3 A–C). We
also included industrial vitreous silica (vS), an amorphous material
with high SSA. This material differs from pyrogenic silica and, like
pS (45), does not generate free radicals (SI Appendix, Fig.
S3 A–C). The membranolytic activity of the industrial quartz dusts
(iQ1-4) did not correlate with any physicochemical feature other
than the intensity of the IR signal assigned to NFS related to the
overall silanol pattern (SI Appendix, Fig. S3D and E). The spectral
components due to NFS dominated the high-frequency IR signal
for vS, which had a strong membranolytic activity (SI Appendix,
Fig. S3 F and G). This finding confirmed that crystallinity is not
required for NFS formation or membranolytic activity.
We further established the relevance of NFS to the pathogenic

activity of silica by using in vitro and in vivo models that addressed
the subsequent biological events induced by membrane damage,
and which sequentially lead to inflammation. Upon inhalation,
quartz particles damage the phagolysosome membrane of alveolar
macrophages. This early event triggers NALP3-dependent proin-
flammatory responses, such as the processing and release of the
proinflammatory cytokine IL-1β (21–23). Based on the above re-
sults, we tested the panel of model quartz particles characterized
by enriched or depleted NFS content (i.e., gQ vs. gQ-f or mQ-f vs.
mQ-f calcined at 800 °C, respectively). These quartz samples did
not differ in other physicochemical features (SI Appendix, Fig. S1
and Table S1), thus allowing the isolation of the contribution of
NFS to the toxicological outcome. We evaluated the release of IL-
1β from differentiated THP-1 human macrophages, induced by

noncytotoxic doses of quartz particles enriched or depleted in NFS
(Fig. 4 and SI Appendix, Fig. S4 A and B). The amplitude of IL-1β
release reflected the quantitative variations in NFS. Thus, NFS
could also damage phagolysosomes and induce NALP3-dependent
proinflammatory responses.
We explored the lung inflammatory response to NFS-enriched

or -depleted quartz samples in a rat bioassay. NFS-enriched
quartz (gQ-f), but not intact quartz (gQ), induced the recruit-
ment of a significant number of inflammatory cells (Fig. 5A),
particularly neutrophils (Fig. 5 B and C), a strong cytotoxic effect
(Fig. 5D), and increased alveolo-capillary permeability (Fig. 5E).
Notably, gQ did not induce an inflammatory reaction or an in-
crease in alveolo-capillary permeability, even at high doses (5
mg), and it only exerted a very modest cytotoxic effect (SI Ap-
pendix, Fig. S4 C–F). The mineral quartz dust (mQ-f) induced
strong inflammatory and cytotoxic responses, which were mark-
edly attenuated when the dust was depleted of NFS after thermal
treatment (mQ-f 800 °C; Fig. 5 A–E). The Min-U-Sil 5 quartz,
used here as a positive reference particle, exerted an inflam-
mogenic activity, which, also for this sample, was related to the
presence of surface NFS (Fig. 1D).
The carcinogenic activity of crystalline silica is related to its

secondary genotoxic activity, mediated by persistent inflamma-
tion and neutrophil recruitment (55). Therefore, we investigated
whether the presence of NFS might determine the genotoxic
activity of crystalline silica in epithelial lung cells in vivo.
Micronuclei were quantified in type II pneumocytes isolated
from rat lungs 3 d after the administration of mQ-f or mQ-f
800 °C (Fig. 5F). The micronucleus frequencies were lower
with mQ-f 800 °C than with mQ-f treatment, and notably higher
with mQ-f than with vehicle treatment (Ctl). Overall, the lung
inflammatory reactions to quartz particles appeared regulated by
the quantitative variations in surface NFS.
At the molecular level, the interaction between silica and bi-

ological membranes in aqueous systems is mediated by silanol
deprotonation equilibria, the presence of electrolytes, and bio-
macromolecules (56–59). Despite this great complexity, the toxic
activity of NFS is consistent with the impact of intersilanol dis-
tance on the strength of their mutual bonds (48, 54, 60, 61).
Computational studies have shown that the surface energy of
silica is mostly determined by the properties of the hydrogen
bonds formed at the silica surface. In general, the stronger the
mutual hydrogen bond interactions, the lower the surface in-
teraction energy (54, 60). This phenomenon has been demon-
strated at the interface between quartz and liquid water, where
strong hydrogen bonds between surface silanols were preserved,
and weak hydrogen bonds were easily broken by the surrounding
water molecules (61). Thus, conceivably, the most active silica
moiety for interacting with biomembranes is the one that re-
quires the least energy to break established intersilanol bonds.
NFS are mutually connected by weak interactions (e.g., weak
hydrogen bonds, or van der Waals forces), which can favor ex-
ternal intermolecular interactions. As documented here and in
previous investigations (45, 51–53), a heated (highly hydropho-
bic/dehydroxylated) silica surface displaying only a few isolated
silanols does not appear to efficiently interact with membranes.
The difference between surfaces characterized by NFS and
others presenting only fully isolated silanols may reside in the
quasi-vicinal nature of NFS compared to the fully free silanols
(>6 Å apart). Fig. 6 shows a model of the interaction between a
phosphatidylcholine molecule, chosen as a representative
building block of biological membranes, and a NFS pair. The
structure is derived from a geometry relaxation that occurs by
minimizing the total energy at the GFN-FF level, a newly de-
veloped force field that gives the structure of intermolecular
complexes and the corresponding interaction energies in excel-
lent agreement with a high level of theory [DFT or even
CCSD(T) for hydrogen bonds]. According to this model, the

Fig. 2. Modeling of silanols interaction. (A) Top view (Left) and lateral view
(Right) of a silica ring sporting two silanol groups in mutual hydrogen bond
interaction. OHD and OHA stand for hydrogen bond donor or acceptor. (B)
Oxygen/oxygen distances (Å) between two silanol groups, and OH or OD
harmonic frequency (in centimeters−1) of hydrogen/deuterium bond donor/
acceptor. Harmonic νOH values were scaled by 0.959 with respect to the
calculated DFT values (93), and νOD values were scaled with respect to νOH
ones using factors reported by Chakarova et al. (94).
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resulting binding energy of 125 kJ/mol may allow clamping
rather strongly the negatively charged phosphate group of the
phospholipid head between the two NFS. The same type of in-
teraction could not occur with isolated silanols that can only
make one single interaction, almost half as strong as that for the
NFS pair. The clamping of the NFS may stiffen the membrane,
making it more prone to breaking due to these coupling points,
which would impair its natural flexibility.
Our study is limited by the low relative amount of NFS and the

very low SSA of quartz samples, which do not currently allow us
to address additional aspects experimentally, including macro-
scopic observables, such as pK, wettability, and surface hydra-
tion. Also, the model in Fig. 6 deals with NFS and a phospholipid
in direct contact, assumed to be a plausible scenario. As surface
chemical heterogeneity modulates the silica surface hydration
(40), it would be interesting to investigate whether NFS plays a
role in this interfacial hydration layer, and its relevance for the
interactions with membranes.
Two main categories of surface functionalities have been

proposed in the past to account for silica toxicity, namely silanols

and reactive oxygen species (ROS)-generating sites, which fitted
a relatively limited set of samples, but both failed to apply when
larger numbers of silica sources were examined. Our NFS model
does not contradict most of these hypotheses but explains some
apparent inconsistencies. Most of previous investigations con-
sidered only the total content of silanols, often finding discrep-
ancies with membranolysis or cytotoxicity (31, 45). The present
identification of the membranolytic activity of NFS may clarify
why some dense polymorphs of crystalline silica, i.e., stishovite,
were not active in toxicological studies (62). Indeed, previous IR
investigations showed that the surface silanol patterns of
stishovite differed from those in most silicas, as almost all sila-
nols are involved in strong hydrogen-bonding interactions due to
the peculiar crystallographic structure (octahedral coordination
of Si atoms) of this polymorph (33). Our NFS model may also
explain why colloidal silica (i.e., precipitated or Stöber silica),
which is obtained in aqueous solution and usually displays a large
density of strongly hydrogen-bonded silanols (50), often appears
nonmembranolytic or noninflammatory (25, 26, 30, 63).

Fig. 3. Nearly-free silanols (NFS) determine the membranolytic activity of crystalline and amorphous silica particles. (A–C) Relative variation of NFS deter-
mines the membranolytic activity of fractured mineral quartz particles (mQ-f). (A) Surface silanol distribution (after H/D exchange, reflectance IR spectra
reported in Kubelka–Munk function) of 1) pristine mQ-f (at room temperature [r.t.]), 2) mQ-f calcined at 450 °C, and 3) mQ-f calcined at 800 °C. (B and B′)
Differences in silanol population (between pairs of spectra in A) as a result of thermal treatments: (2−1) calcined at 450 °C – pristine, (3−2) calcined at 800 °C –

calcined at 450 °C. (B′) Enlarged section of the difference spectra (B) showing the νOD spectral region of NFS (2,762 to 2,735 cm−1) and isolated silanols. (C)
Membranolytic activity (percent hemolysis) of pristine and calcined mQ-f samples, and Min-U-Sil 5 (positive reference particle). (D–F) NFS are present on
amorphous pyrogenic silica (pS) and determine its membranolytic activity. (D) Surface silanol distribution (transmittance IR spectra reported in absorbance) of
(1) pristine pS, (2) pS calcined at 450 °C, and (3) pS calcined at 700 °C. (E and E′) Differences in silanol population (between pairs of spectra in D) as a result of
thermal treatments: (2−1) calcined at 450 °C – pristine; (3−2) calcined at 700 °C – calcined at 450 °C. (E′) Enlarged section of the difference spectra (E) showing
the νOH spectral region of NFS (3,746 to 3,708 cm−1) and isolated silanols. Panels D and E are adapted from Rimola et al. (13). (F) Membranolytic activity
(percent hemolysis) of pristine and calcined pS samples, and Min-U-Sil 5 (positive reference particle). Data in C and F are mean ± SEM of three independent
experiments; P values of calcined samples compared to the pristine ones determined by two-way ANOVA followed by Dunnett’s post hoc test (mean effect):
*P = 0.0206; ***P < 0.001.
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Other studies in the past, including some of our investigations,
proposed a mechanism of silica toxicity based on particle-
associated radicals (e.g., silyl, siloxyl radicals) and ROS (e.g.,
hydroxyl, superoxide, and peroxyl radicals), the latter originating
from the reaction with atmospheric components of dangling
bonds upon fracture/grinding of the particles (64, 65) or opening
of strained three-membered siloxane rings (30). In some proin-
flammatory and profibrogenic cell-signaling pathways and tran-
scription factor activation, the triggering role of particle ROS
cannot be disregarded (66–69), and they can contribute to in-
creasing the oxidative stress in the lung milieu (20). The present
data clearly document that particle ROS are not critical for
membrane damage initiated by silica particles, as also shown in
previous studies (45, 70–72). Our pyrogenic and vitreous silicas
do not generate hydroxyl radicals (pyrogenic silica data are
reported in ref. 45), but are highly membranolytic. The highly
membranolytic mQ-f does not generate free radicals either.
Thus, for the mechanism of silica interaction with the cell
membrane, our data indicate that particle-derived ROS are not
immediately critical. The NFS model may offer an alternative
hypothesis to explain the membranolytic activity of a fumed silica
sample, which was associated with hydroxyl radicals originating
from a population of strained three-membered siloxane rings
(30). We demonstrate that NFS are present on the surface of a
variety of silica materials; thus, NFS could also have been pre-
sent on that specific fumed silica sample. Moreover, the role of
strained three-membered siloxane rings was suggested to spe-
cifically apply to amorphous silica, not to quartz surface (30). In

this sense, our work integrates previous models and offers a
more general approach for both crystalline and amorphous silica.
Increasing evidence has shown at the RBC surface the pres-

ence of submicrometric lipid domains that contribute to plasma
membrane tension regulation and deformation (73). Recently,
nanoscale protrusions (from 50 to 500 nm in diameter and from
10 to 100 nm in height) of sphingomyelin-enriched lipid domains
were observed at the RBC surface that regulate the stiffness of
RBCs (74). These lipid domains, which impart differential me-
chanical properties, might also be involved in the interaction
with particles. The same lipid microdomains, also called rafts,
are found in endosomes/lysosomes, where they regulate traf-
ficking in cells (75, 76). In agreement with our proposed model
of interaction of NFS with membranes (Fig. 6), previous inves-
tigations (77, 78) related silica toxicity to its capacity to strongly
coordinate via hydrogen bonding the phosphate groups of
phospholipids, decreasing their mobility in phospholipid bilayers.
We may hypothesize that NFS interact with the membrane of

the phagolysosomes, after phagocytosis by alveolar macrophages,
similarly to the interaction established with the RBC membrane
(79). Destabilization of the phagolysosome membrane leads to the
release of the phagolysosome content, including cathepsins, into
the cytosol of macrophages, triggering the activation of the
NALP3 inflammasome (21). Inflammasome assembly is crucial for
activating the proteolytic enzyme caspase-1, which initiates cell
death and controls the maturation and secretion of IL-1β and IL-
18. These proinflammatory and chemotactic cytokines induce
neutrophil influx and account for the acute and chronic inflam-
matory response when persistently overproduced. While the
upstream biochemical mechanism of NALP3 inflammasome ac-
tivation may also involve ROS generation and intracellular Ca2+

(ref. 80, and references therein), several studies observed that both
phagolysosome destabilization induced by particles (21, 44, 81)
and pharmacological disruption of lysosomes (21) are sufficient to
activate the NALP3 inflammasome, which is involved in both
crystalline and amorphous silicas-induced inflammation (21–24,
81–83). However, we observed slight differences between mem-
branolysis, in vitro inflammation, and in vivo inflammation trends
that may be due to increased complexity and other cellular con-
tributors such as, for instance, cell-derived ROS.
Notably, although being of completely different crystal struc-

tures, monosodium urate and fractured silica share the ability to
form strong hydrogen bonds with membrane phospholipids, to
activate the inflammasome, and to induce inflammatory reactions
(84), thus suggesting a common mechanism of pattern recognition.

Conclusions
Our results reveal the critical role of a specific family of silanols,
referred to here as NFS, and show that the local density of
silanols, not their total amount or average density, determines
the toxic activity of silica dusts. This finding applies to all silica
samples investigated, irrespective of their crystalline or amor-
phous structure. Surface NFS emerge as the elusive element that
reconciles the enigmatic inflammatory responses observed with
both crystalline and amorphous silica in several experimental
studies (24, 25, 32). Thus, this finding imposes a reconsideration
of the paradigm according to which crystallinity is a key deter-
minant of silica particle toxicity. The present data indicate that
crystalline and amorphous silicas exist as a continuum of forms
with variable toxic activity depending on their surface NFS
content. The biopersistence of inhaled particles is another im-
portant determinant of their toxicity. While crystalline silica
persists in the lung, amorphous silica particles are, in general,
rapidly cleared through dissolution and macrophage removal
(85–87). However, some less soluble amorphous samples that
express surface NFS could be hazardous, such as vS, which is very
reactive in vitro (88), or pyrogenic silica, which is inflammatory
in vivo (53).

Fig. 4. Nearly-free silanols (NFS) determine the proinflammatory activity of
quartz particles in vitro. (A) Release of IL-1β from and (B) cell viability of
differentiated THP-1 macrophages 24 h after exposure to vehicle (Ctl) or
quartz particles enriched or depleted in NFS, i.e., gQ, gQ-f (10 cm2/mL), mQ-f,
mQ-f 800 °C (5 cm2/mL), Min-U-Sil 5 as positive reference quartz (5 cm2/mL),
and WC as negative reference particle (5 cm2/mL). Wedges illustrate relative
content of NFS. Data are mean ± SEM of three independent experiments.
Each dot represents the average of four technical replicates for each inde-
pendent experiment. For IL-1β values (A), one-way ANOVA with Dunnett’s
post hoc test was applied to compare treated groups vs. Ctl; ***P < 0.001. IL-
1β values were also compared with a two-tailed Student’s t test: gQ vs. gQ-f:
P = 0.007; mQ-f vs. mQ-f 800 °C: P < 0.001. For cell viability (B), one-way
ANOVA was n.s.
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The identification of the pathogenic role of NFS clarifies the exact
nature of the surface state that accounts for the variable pathogenic
activity of crystalline silica (29). Importantly, we show here that a pure
quartz, grown to a respirable size, does not induce lung inflammation.
Fracturing, which is the only practical means of obtaining quartz dust
in industrially significant amounts, is a critical step that increases the
degree of surface disorder and introduces NFS, which are otherwise
rare on terminated surfaces of as-grown quartz crystals.
Our discovery that the NFS population is a surface determi-

nant of the toxicity of silica particles is relevant for the devel-
opment of predictive toxicological testing. More generally, NFS
might also contribute to molecular recognition mechanisms that
orchestrate interactions between human immune responses and
silica-based (bio)materials. The present findings can also inform
biomedical and technological applications that involve adsorp-
tion processes on silica materials.

Materials and Methods
Particles.
Model quartz samples. As-grown quartz crystals (gQ) were obtained by hy-
drothermal synthesis following a procedure previously described (46), with

minor modifications. Briefly, a 25% (wt/wt) sodium metasilicate pentahy-
drate aqueous solution was polymerized using mineral acids until gel for-
mation. The gel was stabilized at pH ∼8. Growth runs were performed in
PFTE liner sealed into steel autoclaves at 210 °C and autogenic pressure for
168 h. Each lot deriving from each synthesis run was verified for crystallinity
by X-ray diffraction (XRD) analysis. One gram of synthetic quartz was sieved
in a double sieve with 100- and 30-μm meshes on a vibrating apparatus for
30 min. The fraction <30 μm was used as such (gQ); the fraction >30 μm was
used to produce fractured as-grown quartz (gQ-f), with a similar size as gQ.
For gQ-f, 500 mg of the fraction >30 μm was ground in a mixer mill (Retsch
MM200) in agate jars, with two agate balls of 6 mm diameter per jar, at
27 Hz from 1 to 6 h. Differences in grinding time were due to differences in
SSA and size of the pristine material, in order to achieve, at the end of the
milling procedure, bulk characteristics similar to the reference quartz dust
(Min-U-Si-5).

The mineral fractured quartz (mQ-f) was obtained by milling centimetric
quartz crystals from Madagascar in a planetary ball mill (Retsch S100), in an
agate jar with one agate ball (25 mm), for 3 h at 70 rpm. Then, 500 mg of the
obtained dust was further milled in a mixer mill (Retsch MM200), in an agate
jar with two agate balls of 6 mm, for 4 h at 27 Hz. This protocol was selected
based on a systematic analysis of the particle size distribution at the end of
intermediate milling times.

Fig. 5. Nearly-free silanols (NFS) determine the inflammatory response to quartz particles in vivo. (A–E) Inflammatory responses in the lung of rats 72 h after
administration of vehicle (Ctl) or quartz particles enriched or depleted in NFS, i.e., gQ, gQ-f (2.5 mg, n = 5), mQ-f, mQ-f 800 °C (0.75 mg, n = 9), Min-U-Sil 5 as
positive reference quartz (0.75 mg, n = 5), WC as negative reference particle (0.75 mg, n = 5). (A) Total cell count in bronchoalveolar lavage (BAL) (two-tailed
Student’s t test, gQ vs. gQ-f: P = 0.017; mQ-f vs. mQ-f 800 °C: P = 0.121), (B) BAL myeloperoxidase (MPO) activity (gQ vs. gQ-f: P < 0.001; mQ-f vs. mQ-f 800 °C:
P < 0.001), (C) representative BAL cell populations (scale bars, 100 μm; white arrows indicate macrophages; black arrows indicate neutrophils; dotted black
arrow indicates eosinophils), (D) BAL lactate dehydrogenase (LDH) activity (gQ vs. gQ-f: P < 0.001, mQ-f vs. mQ-f 800 °C: < 0.001), (E) BAL total protein
concentration (gQ vs. gQ-f: P = 0.111, mQ-f vs. mQ-f 800 °C: P < 0.001). Data are presented as box plots (Tukey style; center line, median; square points, means;
box limits, upper and lower quartiles; whiskers, 1.5 × IQR; empty circle, outliers) of relative values to Ctl (n = 14) set at 1. Wedges illustrate relative content of
NFS. One-way ANOVA with Dunnett’s post hoc test was applied to compare treated groups vs. Ctl; ***P < 0.001. (F) Mutagenic response as measured by
micronucleus frequency in type II epithelial cells in rat lungs after administration of vehicle (Ctl), mQ-f, mQ-f 800 °C (0.75 mg), or WC-Co as a positive reference
particle (2 mg). Dots are individual rats. Data are means ± SEM (n = 3 to 4 rats per group). One-way ANOVA with Dunnett’s post hoc test was applied to
compare treated groups vs. Ctl; *P < 0.05, **P < 0.01. Two-tailed Student’s t test, mQ-f vs. mQ-f 800 °C: P = 0.133.

27842 | www.pnas.org/cgi/doi/10.1073/pnas.2008006117 Pavan et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2008006117


Industrial silica samples. Industrial mineral quartz dusts (iQ1-4) and a vS were
obtained from industrial producers. A pyrogenic amorphous silica (pS; Aer-
osil OX50; Degussa) was also included.
Reference samples. The commercial quartz Min-U-Sil 5 (US Silica Company) was
used as positive reference particle with well-documented toxic effects (19).
Tungsten carbide (WC) or tungsten carbide-cobalt mixture dusts (WC-Co)
were selected as negative or positive reference particles, respectively,
depending on the toxicological endpoint assessed (89, 90).

Heat Treatments of the Particles. To obtain the mQ-f 450 °C or mQ-f 800 °C,
100 or 500 mg of mQ-f, respectively, were heated in a muffle furnace for 2 h
at the indicated temperatures (ramp up: 10 °C/min) and allowed to cool at
room temperature (r.t.) in the same furnace. To obtain pS 450 °C or pS
700 °C, 100 mg of the pristine powder was pressed into self-supporting
pellets, then heated at 450 °C for 2.5 h, or in a two-step process, respec-
tively: 1) the material was heated at 450 °C for 2.5 h, allowed to cool at r.t.
and, 2) reheated at 700 °C for 7.5 h. The temperatures and modus operandi
were selected based on previous studies on crystalline (45) and amorphous
silica (13).

Particle Morphology. FE-SEM with an Inspect F microscope (FEI) was used. Dry
quartz particles were deposited on conductive stubs and coated with gold to
prevent the electron beam from charging the sample. The operating con-
ditions were: HV 20 kV, WD 10–15 mm.

Crystallinity. XRD analysis (PW3040/60 X’Pert PRO MPD diffractometer,
PANalytical) was used in capillary configuration. The source was a high-
power ceramic tube PW3373/10 LFF with a Cu anode. Spectra were col-
lected in the (5 to 90°) 2θ range, with 45 s as time per step, and Cu Kα ra-
diation at 45 kV, and 40 mA. The diffractograms obtained were compared
with the National Institute of Standards and Technology Standard Reference
Material 1878b (Respirable Alpha Quartz) pattern.

SSA. SSA was measured by using the ASAP 2020 apparatus (Micromeritics),
and data analyzed with the Brunauer, Emmet, and Teller (BET) method.
Samples were first outgassed at 150 °C for 2 h. Depending on the SSA
expected, Kr (SSA ≤ 5 m2/g) or N2 (SSA >5 m2/g) adsorption at −196 °C
was applied.

Size. Particle size distribution was measured using a flow particle image
analyzer (FPIA-3000S; Malvern Instruments) by flowing 5 mL of particle
suspension through a flat cell where images of the particles are captured
using stroboscopic illumination and a charge-coupled device camera. Particle

suspensions (1 mg/mL in water) were sonicated for 2 min (horn, 3 mm; fre-
quency, 20 kHz; maximum power output, 25 W; amplitude, 120 μm) with an
ultrasonic probe (Sonopuls HD 3100; Bandelin) before injection into the
measurement cell, then stirred at 360 rpm to avoid particle sedimentation.
Data were obtained from two or three independent measurements, three
replicates for each measurement, and processed by the Sysmex FPIA soft-
ware (version 00-13). The detection range was 0.8 to 160 μm. The average
diameter expressed as circle equivalent (CE) diameter and the value of the
CE diameter below which 90% of observations fall (D90) were reported.

Elemental Analysis. Transition metal traces were assessed by energy dispersive
X-ray analysis with a scanning electron microscope (JEOL JSM IT300LV), and
an Oxford INCA Energy 200 spectrometer with an INCA X-act SDD thin
window detector.

Surface Charge. The surface charge was assessed as ς-potential by electro-
phoretic light scattering (Zetasizer Nano-ZS; Malvern Instruments). Silica
particles were suspended in 0.01 M phosphate buffer solution (PBS) or
0.01 M NaCl (from 1 to 10 mg, in order to have attenuator ∼8, in 10 mL of
solution) and sonicated for 2 min on ice with the ultrasonic probe. The pH of
the suspension was measured after 5 min with a digital in situ calibrated pH
meter (827 pH Lab; Metrohm). At least three independent measurements
were performed for each sample, five runs for each measurement.

IR Spectroscopy. For quartz powders, constituted by particles large enough to
heavily scatter IR light, IR measurements were carried out in the diffuse
reflectance mode, using a Spectra-Tech diffuse reflectance unit, equipped
with an environmental chamber allowing the connection to a conventional
vacuum line (residual pressure, ≤1 × 10−4 mbar), and to carry out in situ all
desorption/adsorption experiments. The samples were analyzed in powder
form, with ∼50 mg of silica sample. The spectra were collected with a Bruker
IFS66 FTIR spectrometer (Globar source, MCT detector; resolution, 2 cm−1)
averaging 256 scans for spectrum to obtain a good signal-to-noise ratio. The
background was recorded in air with finely ground, dry KBr as reference. As
detailed in SI Appendix, the silica samples underwent an H/D isotopic ex-
change by adsorption/desorption of D2O (Sigma-Aldrich; 99.90% D) in order
to convert surface silanols (SiOH) in the SiOD form. For pS and vS samples,
the smaller size of the particles and higher SSA compared to quartz dusts,
allowed the collection of IR in the transmission mode. Aliquots of the two
powdered samples were pressed in self-supporting pellets and placed in a
quartz cell equipped with CaF2 windows. Spectra were recorded with a
Bruker IFS28 FTIR spectrometer (Globar source, DTGS detector; resolution,
2 cm−1) by accumulating 150 coadded scans to attain a good signal-to-noise

Fig. 6. A cluster model of nearly-free silanols (NFS) interacting with phosphatidylcholine, a building block of cell membranes, as predicted by the GFN-FF
calculations. The H. . .O hydrogen bond distances between the NFS and the oxygens of the negatively charged phosphate group are in ångströms.
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ratio. The cell was attached to a conventional vacuum line (residual pres-
sure, ≤1 × 10−4 mbar) allowing adsorption–desorption experiments to be
carried out in situ. In a specific experiment, a pellet of pS calcined at 700 °C
underwent the H/D isotopic exchange, in order to determine experimentally
the νSiO-D signal of isolated silanols.

Computational Details.All geometry optimization and vibrational frequencies
were run at DFT level using the B3LYP-D3(BJ)/6-311++G(2d,2p) method (91)
on a silica model envisaging a silica ring with two silanol groups in mutual
hydrogen bond interaction (OHD acting as hydrogen bond donor and OHA as
hydrogen bond acceptor). The purpose of the ring was to impart some ri-
gidity to the structure mimicking the real material. The intermolecular ox-
ygen/oxygen distance controlling the strength of the mutual hydrogen bond
was kept fixed at the specific distance, reported in the table of Fig. 2, while
optimizing all other degrees of freedom, to simulate different situations
present on the real silica surface. Vibrational frequencies in the harmonic
approximation were evaluated on the final optimized structure. The adop-
ted level of theory, which included the London dispersion interactions
through the Grimme’s empirical D3(BJ) correction (92) associated with the
flexible 6-311++G(2d,2p) Gaussian basis set, minimized the basis set super-
position error while describing charge polarization and electrostatics in an
accurate way. The computer code used was from the Gaussian 09, Revision
A.02 software (Gaussian). To calculate harmonic νOH values, the original DFT
values were scaled by 0.959 (93). Harmonic νOD values were scaled with
respect to νOH values using factors reported by Chakarova et al. (94).

The simulation of the phospholipid interacting with the NFS and isolated
silanol silica models have been carried out by means of the recently devel-
oped new generic force field named GFN-FF, which enables fast struc-
ture optimizations and molecular-dynamics simulations for basically any
chemical structure consisting of elements up to radon (95). GFN-FF is in-
spired by the latest developments in the field of semiempirical quantum
methods, especially the GNF0-xTB (96) method. GFN-FF adopts the classical
electronegativity-equilibrium atomic charge model (97, 98) for the descrip-
tion of pairwise interatomic electrostatic interactions. GFN-FF introduces
approximations to the remaining quantum-mechanical terms in GFN0-xTB
by replacing most of the extended-Hückel-type theory for covalent bonding
by classical bond, angle, and torsion terms. The applications of GFN-FF to
noncovalent interactions of the kind characterizing the present models
showed excellent agreement for both structures and energetic with respect
to density functional-based methods like B97-3c or even coupled cluster
methods for water clusters at negligible computational cost.

Generation of Free Radicals in Acellular Systems. Free radical release was
monitored by electron paramagnetic resonance (EPR) spectroscopy (Minis-
cope 100 EPR spectrometer; Magnettech) coupled with a spin trapping
molecule (5,5-dimethylpirroline-N-oxide [DMPO]; Cayman Chemical Com-
pany). Hydroxyl radicals (HO_) were detected by suspending silica samples
(200 cm2/mL) in PBS (10 mM, pH 7.4), DMPO (34 mM), and H2O2 (80 mM;
Sigma-Aldrich). To represent the homolytic cleavage of C–H bonds in bio-
molecules, carboxylate radicals (COO_̄ ) were assessed by suspending particles
(2,000 cm2/mL) in PBS (250 mM, pH 7.4), DMPO (85 mM), and sodium for-
mate (1 M; Sigma-Aldrich). The instrument settings were as follows: micro-
wave power, 10 mW; modulation, 1,000 mG; scan range, 120 G; and center
of field, 3,345 G. Kinetics of radical release were monitored for 1 h. The
experiments were repeated at least twice. The amount of radical released is
proportional to the intensity of the EPR signal.

Membranolytic Activity. RBCs were purified from de-identified fresh human
blood. Blood was collected in vacutainer tubes (S-monovette 8.2 mL 9NC;
Sarstedt), and RBCs were purified by centrifugation at 300 × g for 10 min
(Rotina 420R; Hettich) and washing four times with 0.9% NaCl (Baxter). RBCs
were suspended in Dulbecco’s PBS (DPBS) (Gibco) at the final concentration
of 5% by volume. Silica samples were heated at 200 °C to inactivate any
possible endotoxin or other microbial contaminants, then dispersed at the
concentration of 300 cm2/mL in DPBS and sonicated during 2 min in a bath
(USC100T; VWR), just before testing. Serial dilutions of the starting disper-
sion were performed according to the final surface area doses used for ex-
periments. Negative and positive controls consisted in DPBS and 0.1%
Triton-X 100 (Sigma-Aldrich) in DPBS, respectively. Particle suspensions
were incubated with RBCs on an orbital plate shaker at r.t. for 30 min, and
then centrifuged at 300 × g for 10 min. Supernatants were transferred to a
new plate, and the absorbance of the hemoglobin released was determined
at 540 nm on a UV/vis spectrophotometer (Infinite F200; Tecan).

Cell Culture and Exposure to Particles. THP-1 cells (ATCC; TIB-202) were cul-
tured at 37 °C and 5% CO2 in complete medium, i.e., RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS), 10 mM Hepes, and 1%
antibiotic–antimycotic (Gibco). Cells were subcultured and exposed before
reaching confluence. Before particle exposure, THP-1 cells were plated in
96-well plates (100,000 cells/well) in complete medium and differentiated
from monocytes to macrophages with 100 nM phorbol 12-myristate
13-acetate (LC Laboratories) for 24 h. Next, cells were washed once with
DPBS and exposed for 24 h to increasing concentrations of the particles
previously heated at 200 °C for 2 h and then dispersed in culture medium
without FBS. Supernatants of cell culture were collected and stored at −80 °C
for cytokine assessment.

Quantification of IL-1β and Cell Viability Assessment. IL-1β was quantified by
ELISA (limit of detection, 7.8 pg/mL; DY-201; DuoSet ELISA; R&D Systems) in
cell culture supernatants following manufacturer’s instructions. Cell viability
was assessed on cells washed once with DPBS by the water-soluble tetra-
zolium salt (WST-1) assay (Roche), following manufacturer’s instructions.

Animals and Particle Treatments. The protocol for rat experiments was ap-
proved by the local committee for animal research at the Université Cath-
olique de Louvain, Comité d’Ethique pour l’Expérimentation Animale,
Secteur des Sciences de la Santé, Brussels, Belgium (2018/UCL/MD/012).
Eight-week-old female Wistar rats of ∼200 g were purchased from Janvier
Labs. Animals were housed in positive pressure air-conditioned units (25 °C;
50% relative humidity) on a 12-h light/dark cycle, with ad libitum access to
water and food. Rats were randomly allocated to experimental groups, and
data collection and analysis were performed blind. Particles, previously
heated at 200 °C for 2 h, were suspended in sterile 0.9% NaCl. After anes-
thesia with 200 μL of Nimatek (i.p.; 37.5 mg/mL; Eurovet) and Rompun
(0.5%; Bayer), 300 μL of particle suspensions or 0.9% NaCl (Ctl) were ad-
ministered by oropharyngeal aspiration (o.p.a.). This procedure is a conve-
nient alternative to inhalation exposure for initial hazard identification and
induces qualitatively similar lung responses as after inhalation exposure (99).
A dose of 0.75 mg of particles was selected to avoid lung particle overload
(100). Higher doses were also used for gQ and gQ-f (2.5 and 5 mg) to ap-
preciate differences between the paired samples (SI Appendix, Fig. S4 C–F).
Animals were killed 3 d after particle administration with an overdose of
sodium pentobarbital (30 mg/rat, i.p.; Certa S.A.).

Bronchoalveolar Lavage and Inflammatory Markers Assessment. Bron-
choalveolar lavage (BAL) was performed by cannulating the trachea and
infusing the lungs with 6 mL of 0.9% NaCl. BAL fluid (BALF) was centrifuged
10 min at 240 × g and 4 °C. Cell-free supernatant of BALF was used for
biochemical measurements. The cell pellet was resuspended in 0.9% NaCl,
and total BAL cells were counted with Turk’s solution (1% crystal violet and
3% acetic acid). Remaining cells were cytocentrifuged on slides, stained with
Diff-Quick (Polysciences), imaged with a Leica SCN400 slide scanner, and
analyzed with the Leica Aperio ImageScope software. Lactate dehydroge-
nase (LDH) activity, total protein content, and myeloperoxidase (MPO) ac-
tivity were assayed on BALF as described previously (101). MPO is a suitable
marker of neutrophilic infiltration, as is predominantly expressed in neu-
trophils, and of pulmonary toxicity of inorganic particles (102). LDH activity
reflects cytotoxicity mainly to macrophages, and total proteins are related to
both increased alveolocapillary permeability and local inflammatory
reaction (103).

Mutagenicity. The mutagenic response was evaluated through an ex vivo
micronucleus assay on type II alveolar epithelial cells, adapting a protocol
used in previous studies (104), as described in detail in SI Appendix.
Eight-week-old female Wistar rats (Janvier Labs) were treated by o.p.a. with
an inflammatory dose (0.75 mg) of quartz particles or the positive reference
particle WC-Co (2 mg) (89). Briefly, after 3 d, rats were killed, and type II
alveolar epithelial cells were collected from lavaged and digested lungs. Fc
receptor-negative cells were incubated 2 d at 37 °C and 5% CO2, stained
with acridine orange, and analyzed for micronuclei with a fluorescence
microscope.

Statistics. Statistical parameters, including the number of independent ex-
periments, the number of biological replicates per experiment, and statistical
significance, are reported in the figures and figure legends. Normally dis-
tributed data were analyzed by two-tailed unpaired Student’s t test, one-way
or two-way ANOVA followed by Dunnett’s post hoc test, as appropriate. In
all tests, a 95% confidence interval was used, for which differences with P <
0.05 were considered statistically significant. Unless otherwise stated, data
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are presented as mean ± SEM. Statistical analysis was performed with the
GraphPad Prism 8 software (GraphPad Software).

Data and Code Availability. All of the study data are included in the manu-
script and SI Appendix.
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