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Interaction of Layered Silicates with Biomembranes: lon

Exchangers and Non-Exchangers
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Layered silicates (LS, clays) are a composite group of minerals whose indus-
trial interest and technological applications are progressively expanding,
spanning from catalysis to biomedicine. However, the compatibility of LS
with biological systems is not clear, and mechanistic data about biophysico-
chemical interactions at the interface of LS and biomembranes are scarce.
Here, cell membrane damage, assessed using red blood cells as model mem-
branes, is revealed for kaolin (> 75 wt.% kaolinite, 1:1 layer structure) and
bentonite (> 90 wt.% montmorillonite, 1:2 layer structure) particles. The high
membranolytic capacity of bentonite (i.e., high ion-exchanger LS) is the result
of the combined contribution of both mineral surface features and sample-
specific cation exchange capacity (CEC). For kaolin (i.e., non-ion-exchanger
LS), the capacity to damage membranes is primarily due to surface hydroxyl
species, that is, silanols and aluminols, exposed at the crystal lattice bounda-
ries. When kaolin is thermally disorganized into amorphous metakaolin,
membrane damage is driven by a specific sub-population of surface hydroxyl
species, namely the “nearly free silanols”, previously evidenced on quartz.
This study establishes the rationale underlying the interactions between LS

1. Introduction

Layered silicates (LS, clays) are a hetero-
geneous group of minerals ubiquitous on
Earth, which constitute a major mineral
resource for the industry worldwide.
LS possess unique properties, including
high surface area to unit weight ratio,
high porosity, adsorption, cation exchange
capacity (CEC), and surface chemical func-
tionalities, including charge and hydroxyl
groups (-OH), which are essential for
many industrial applications. Advances
in technology on (nano-)clays improved
the many uses of LS-based products from
traditional ceramics to innovative func-
tional nanocomposites. In recent years, LS
are gathering attention for new potential
applications for use in sustainable energy,
green environment, and biomedicine. Pro-
cessing and technological modifications of

particles and membranes and can set the basis for the understanding of inter-

facial phenomena of LS.
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LS minerals determined their use as adsor-
bents,? catalysts,?l and biomaterials.
They are used as fillers and gellants in
paint, plastic,” and in food packaging,!>*]
as rheology modifiers in cosmetics and pharmaceutics,” and
as adsorbents in wastewater treatment.®] Advanced LS-based
nanomaterials are being studied as drug delivery systems,l bio-
imaging probes,>d bone tissue engineering materials,'”! and
antibacterial agents.™! Considering the growing use and the new
applications of LS also in the biomedical field, the understanding
of the biophysicochemical interactions at the LS—bio interface is
crucial for addressing possible adverse effects on human health
and developing safe-by-design nanocomposite materials.

If compared to other largely investigated particles and nano-
materials, such as silica, the mechanisms of interaction of LS
particles with biosystems and the LS physicochemical features
leading to the crosstalk with biomolecules have been poorly
defined.!” These features may induce detrimental effects on
biomolecules or contribute synergically when LS are in asso-
ciation with toxic minerals, such as quartz (QZ) which is often
present in clays. Thus, mechanistic knowledge of the biophysi-
cochemical interactions of LS would also be crucial in comple-
menting the eco-exposome to mineral dusts, to determine the
primary risk drivers in complex mixtures.®l LS particles and
their derived nanocomposites are generally considered biocom-
patible, promoting cell adhesion and proliferation.’“1% How-
ever, concerns regarding the possible cell damage caused by LS
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have been raised, especially on kaolin and bentonite aluminosi
licates.?><Ml In vitro studies showed that kaolin and bentonite
are cytotoxic to a variety of mammalian cells, including mac-
rophages, lung epithelial, and endothelial cells.">™*15] Among
primary mechanisms of cellular toxicity, both kaolin and ben-
tonite have been shown to induce cell membrane damage,!!*!
oxidative stress in acellular,’”! and in vitro tests,"® metabolism
impairment, and DNA damage,[ with varying intensity of the
effects depending on the LS type and the test conditions.

The composition and physicochemical characteristics of the
LS were suggested to influence cell toxicity, however, studies
available in this direction are scarce. Surface groups, that is,
charged sites and hydroxyl groups, including silanols (Si—OH)
and aluminols (AI-OH), have been proposed as sites of inter-
action between LS and biomolecules. By masking these surface
groups with dipalmitoyl phosphatidyl choline (DPPC), poly-2-
vinyl pyridine-N-oxide (PVPNO), and positively charged mole-
cules (e.g., methylene blue, paraquat), a decreased cell damage
was observed for both kaolin and bentonite. These results
suggested that LS surface plays a role in the membranolytic
effect.’”) The leaching of LS structural metal ions (e.g., Si, Al)
in cellular media, also raised concerns because of the possible
membranolytic and cytotoxic activity of AIP*.['20 In addition,
the CEC of some clays may generate local ionic imbalances that
can alter cellular homeostasis.?!l Recent in vitro and in vivo
studies questioned against a common hazard mechanism of
aluminosilicates, as a varying degree of toxic effects have been
found with exposure to kaolin and bentonite particles.* Kao-
linite and montmorillonite share a similar chemical structure,
platelet-like morphology, and size. However, chemical pecu-
liarities related to their crystal structure, including adsorption
capacity and CEC, and surface characteristics, may strongly
differentiate the two LS sub-groups and promote different
molecular interaction mechanisms with membranes and
biomolecules.

Among mineral LS, this study is focused on kaolinite and
montmorillonite, as the most promising aluminosilicates with
potential use in biomedical applications. Kaolinite is a 1:1 phyl-
losilicate of the chemical formula Al,Si,O5(OH),, which has
a layer structure made up of tetrahedral silica and octahedral
alumina (TO) sheets (Figure 1d). Montmorillonite is a 2:1 phyl-
losilicate of silica-alumina-silica (TOT) sheets (Figure 1h), and
its chemical formula is (M*, 1/2 M?"), (Al, ;, Mg,)SigO,0(OH),,
where M* = Na*, K*, M%* = Mg?*, or Ca?" and ideally the degree
of isomorphous substitution is x = 0.33.12] The exposed planar
surfaces of these three-LS consist of siloxanes (Si—O—Si), while
for kaolinite, the planar surfaces equally expose siloxanes and
hydroxylated alumina. In the case of kaolinite, substitution in
the lattice is not frequent, thus the charges within the structural
units are balanced and the layers are electronically neutral. In
montmorillonite, the isomorphic substitution in the O sheets
(e.g., aluminum by magnesium, iron, lithium, zinc, chromium,
or nickel) creates an excess of negative structural charge that is
delocalized on the oxygens of the basal surface. This charge is
compensated by exchangeable hydrated cations in the interlayer
space (mainly, Na*, Ca%", K*, and Mg?"), which also contribute
to bonding the layers. For montmorillonite, the interlayer
space width is ca. 1-2 nm or more, and is filled by water and
counterions. This is possible because the layers are bound
through weak van der Waal's forces and the net negative charge
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Figure 1. Morphology and crystal structure of kaolin and bentonite
particles. Micrographs obtained by FE-SEM imaging of a—c) K3 and
e—g) B2. Magpnification: (a, €) x 5k, (b, f) 100 and 70k, respectively, and
(c) x 200k. Crystal structure of d) kaolinitel®! and h) montmorillonite,?’]
where broken edge OH groups (i.e., silanols and aluminols) are evidenced.

deficiency of the basal planes determines strong hydration capa-
bility, especially for the so-called Na-bentonite. The structure of
kaolinite does not present an interlayer space. The layers are
electronically neutral, and the bonding between layers occurs
through hydrogen bonds.?)! The interaction among layers is
hence stronger than in bentonite, and the occurrence of water
molecules or cations in the interlayer space is not necessary to
the structural stability of the clay.

Our recent findings indicate that a specific distribution of
surface OH located at a well-defined distance (i.e., nearly-free
silanols, NFS) is responsible for the membranolytic and inflam-
matory activity of silica particles.? We hypothesized that a
mechanism of membrane damage driven by surface OH moie-
ties might also exist for kaolin and/or bentonite particles. Here,
the capacity of kaolin and bentonite particles to cause mem-
brane lysis was assessed, and their mechanism of action was
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compared. Four kaolin (>75 wt.% kaolinite) and four bentonite
(> 90 wt.% montmorillonite) particles from different extraction
sites were included in the study, in order to increase the rep-
resentativeness of the study. The capacity of these LS particles
to interact with membranes was assessed using red blood cells
(RBCs) membranolysis assay. RBCs are a simple model of non-
internalizing cells that can be conveniently employed in the
understanding of the biophysicochemical interactions occur-
ring between biological membranes and mineral surfaces.*’!
For membranolysis tests, a micrometric QZ sample and amor-
phous nanometric silica (AS) were used as reference particles
because of their well-documented membranolytic activity that
has been related to NFS.[24 Particles were characterized for their
bulk physico-chemical properties and IR spectroscopy was car-
ried out to inspect the surface OH groups. To investigate pos-
sible structure-activity relationships, the surface OH moieties
of one kaolin sample were modulated by thermal treatments,
and the membranolytic activity of the surface-modified kaolin
was assessed. Moreover, to reveal if ion exchange is involved
in the membranolytic mechanism of kaolin and bentonite par-
ticles along with surface sites, membranolysis induced by par-
ticle leachates was also tested.

2. Results and Discussion

2.1. Physicochemical Characterization of Kaolin and Bentonite
Particles

A panel of four kaolin (K1-4) and four bentonite (B1-4) samples
were characterized for their mineralogical (Table 1) and chem-
ical (Table S1, Supporting Information) composition. Among
kaolin samples, two were China clays containing mainly kao-
linite (K1 and K3, 92 and 96 wt.%, respectively), with some
minor amounts of feldspar, illite, and QZ (ca. 1 wt.%). K2 and
K4 contained an average of ca. 75 wt.% of kaolinite, and acces-
sory phases which were mainly illite (about 15 wt.%), QZ (espe-
cially K2, 11 wt.%), and feldspar (ca. 3 wt.%). Among bentonite
samples, B2 and B3 contained the larger amount of montmoril-
lonite (= 95 wt.%), while B1 and B4 contained ca. 86 wt.% and
73 wt.%, respectively. Minor accessory phases consisted in QZ
(0.5-3%), illite (especially in B4), feldspar, calcite, dolomite,
and opal. Bl is a natural non-activated Ca-bentonite (low con-
tent of Na), B2 a natural Ca-bentonite activated with soda ash
(high content of Na), B3 a natural Na-bentonite, and B4 a Na-
activated Ca-bentonite (both with high content of Na) (Table S1,
Supporting Information).

Morphological analysis of LS particles is reported in Figure 1
for kaolin K3 (Figure la—c) and bentonite B2 (Figure le-g),
taken as example of the 1:1 (Figure 1d) and 2:1 phyllosilicate
structure (Figure 1h), respectively. These two samples were
selected among others because of their highest purity and low
QZ content (Table 1). LS in dried powder is assembled into clus-
ters or agglomerates to form secondary particles ranging from
some hundred nanometers to a few micrometers (Figure 1a,e).
Agglomeration was particularly evident for bentonite particles
which formed larger clusters with respect to kaolin and primary
particles were less distinguishable. Platelet-like primary nano-
particles were observed on the surface of the agglomerates.
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Table 1. Mineralogical composition of kaolin and bentonite particles.?

Phase [wt.%] K1 K2 K3 K4 B1 B2 B3 B4
Kaolinite 92 73 96 77 - - - -
Montmorillonite  — - - - 86.3 93-95 9% 73
Quartz 1 n 1 2.7 <0.5 0.5-1 2 3
Illite/mica 4 14 - 16 - - 1 15
Rutile - 1 - 0.2 - - - -
Anatase - 1 - - - - - -
Feldspar 3 - 3 2.7 Traces 34 1 4
Smectite - - - 0.9 13 - - -
Calcite - - - - 0.1 1-2 - 1
Dolomite - - - - - - - 1
Opal - - - - - - - 3

2 Carried out on the supplied material by XRD analysis.

K3 showed tiny sheets with pseudohexagonal morphology and
well-defined edges (Figure 1b,c). The individual sheets were
stacked to form aggregates of different sizes that exposed irreg-
ular and sharp edges. B2 presented irregular and thin flakes
with less defined edges (Figure 1f,g). These flakes realize face-
face interactions that led to dense aggregates of varying sizes
and pseudo-spherical morphology.

Dry kaolin samples showed a total specific surface area
(SSA) lower than bentonite samples (Table 2; Brunauer,
Emmett, and Teller (BET) method using nitrogen adsorption,
N,-BET). Adsorption-desorption isotherm of kaolin samples did
not exhibit hysteresis in the range 0.4 < P/P, < 0.98 (Figure S1,
Supporting Information), indicating the absence of mesopores
(2-50 nm). Micropore area was negligible on kaolin samples,
and the external specific surface area (SSA.), which is the
outer area available for establishing interactions with cells and
biomolecules, could be reasonably approximated to the total
SSAror All bentonite samples showed variable micropore area,
ranging from negligible to ca. 40% of the total area (B4 and
B2, respectively). Taking into account that the N)-BET method
of clay minerals does not measure the interlayer space,?®! the
SSA., of bentonite samples can be derived by subtracting the
micropore area from the SSAro?! (Table 2). The SSA of the
reference non-porous silica particles QZ and AS was 5 and
50 m? g7}, respectively.

The hydrodynamic diameter (Z-average) and ¢ potential of
kaolin and bentonite particles in ultrapure (MilliQ) water and
0.01 M phosphate buffer solution (PBS) were measured by
dynamic and electrophoretic light scattering (DLS/ELS), and
are shown in Figure 2 and Table S2, Supporting Information.

Table 2. SSA and micropore area.

m? g’ Kl K2 K3 K4 Bl B2 B3 B4 QZ AS
SSAor? 15 22 13 12 65 91 46 21 5 50
Micropore Area®) 2 - - - 19 35 15 1 - -
SSAY 13022 13 12 47 5 31 20 5 50

AMeasured by BET method using N, adsorption; ®from t-plot method; 9obtained
by subtracting the micropore area from the total SSA.
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Figure 2. Hydrodynamic diameter (Z-average) and ¢ potential of kaolin and bentonite dispersions. a) Kaolin and b) bentonite particles were dispersed
in ultrapure water or 0.01 M PBS milieu (2 mg mL™), sonicated for 1 min with an ultrasonic probe, and Z-average was assessed by DLS on diluted
dispersions (0.2 mg mL™). ¢) { potential of kaolin (circle) and bentonite (square) particles sonicated, dispersed (0.1 mg mL™) in 0.01 m PBS (pH 7.4),
and assessed by ELS. Values are means + standard deviation (SD). The data of QZ and AS are reported as reference (triangle).

DLS analysis of kaolin and bentonite particles (Figure 2a,b) dis-
persed in ultrapure water indicated that samples formed highly
heterogeneous suspensions (polydispersity index ranging from
0.4 to 0.9), with average size of about 0.7-0.8 um for kaolin par-
ticles, and variable values for bentonites. Among bentonites, B2
showed the lowest average hydrodynamic diameter (ca. 0.36 um),
and B1 and B4 the highest (ca. 0.90 um). Dispersion of LS par-
ticles in 0.01 M PBS generated suspensions containing larger
agglomerates compared to ultrapure water dispersions, which
often attained average hydrodynamic size above 1 pm. This may
indicate that these particles tend to agglomerate as a possible
result of ionic strength variation.

The ¢ potential measurements (Figure 2c), showed that all
samples were negatively charged at physiological pH (74), in
the same milieu used for membranolysis assessment (0.01 M
PBS). Kaolin particles showed ¢ potential values (ranging from
ca. —34 to —37 mV) slightly lower than bentonite particles (from
ca. =33 to —27 mV). These values are in line with previous
studies,!* which reported a net negative charge for both ben-
tonite and kaolin samples, with variable values depending on
the milieu in which the particles are suspended. The net nega-
tive surface charge at pH 74 may be due to the presence of ion-
izable surface hydroxyls at edges, that is, Si—OH and Al—OH,
and Al—OH of the octahedral basal plane in kaolin. These moi-
eties are pH-dependent, non-permanent charges. The silanol
groups contribute only to the negative charge, through the for-
mation of Si—O~ surface complexes by deprotonation. The alu-
minol groups are amphoteric in nature and can be protonated
(Al-OH?*) and deprotonated (Al—O7) at low and high pH,
respectively. At pH 74, aluminol sites on edges and octahedral
basal faces are expected to be largely deprotonated as the pH is
higher than their point of zero charge.’% In addition, perma-
nent negative charges on silica basal plane, due to isomorphic
substitution and charge deficiency, may contribute to the net
negative charge of both kaolin and bentonite.

2.2. Kaolin and Bentonite Particles Show High
Membranolytic Activity

The membranolytic activity (% hemolysis) of the kaolin and
bentonite samples as a function of increasing particle concen-
tration is reported in Figure 3a,b, respectively.

Adv. Mater. Interfaces 2022, 2201347 2201347 (4 0f14)

All four kaolin samples showed a marked membranolytic
activity (Figure 3a), which was comparable to that of the refer-
ence QZ, both in terms of intensity and dose-response trend.
In our samples, the occurrence of QZ is very low (< 3 wt.%,
Table 1) and a significant contribution to the membranolytic
activity from this mineral should be ruled out, except for K2
(11 wt.%). Since early studies, 1 aluminosilicates were claimed
responsible for the membranolytic caused by several clays, and
this phenomenon was not related to the occasional presence
of QZ. Similarly, we did not observe a correlation between LS
membranolytic activity and the content of accessory mineral
phases, including QZ and illite. A clear dose-effect membrano-
lytic activity was evident for all the kaolin samples. K1 and
K2 samples appeared slightly more membranolytic than K3
and K4, as they induced significant hemolysis at a lower dose
(0.16 mg mL™., Figure 32’), and were more hemolytic at the
highest concentration (15 mg mL™) compared to the other two
samples. A strong membranolytic activity was also observed
for all the four bentonite samples (Figure 3b) already at a
very low concentration (i.e., 0.05 mg mL™, Figure 3b’), which
is non-hemolytic for kaolin and QZ, but strongly hemolytic
for the nanosilica (AS).?4 This suggests that the nanostruc-
tured surface and higher SSA of bentonites may increase the
interaction with RBCs, as it is reported for AS. All the ben-
tonite samples reached a maximal (100%) hemolytic activity
at the concentration as low as 10 mg mL., B3 showing the
most rapid increase at low concentrations (Figure 3b’). While
AS showed a regular concentration-dependent increase up to
1.2 mg mL7}, this trend was less evident for bentonites, which
showed plateau effects, particularly evident for B3. B3 reached
a plateau already at 0.078 mg mL™" and then increased and
reached 100% hemolytic activity at 10 mg mL™L. These results
suggest that the membranolytic effect of bentonites on RBCs
may not be exclusively dependent on a particle surface interac-
tion phenomenon, which would be concentration dependent
as observed for AS, but that other bentonite-specific factors
may contribute.

The stronger membranolytic activity of bentonite compared
to kaolin was highlighted by extrapolating the EC50, that is, the
concentration of particles inducing 50% of the hemolytic activity,
from the non-linear dose-response curve fitting of the hemol-
ysis data reported as logarithmic concentrations (Figure S2,
Supporting Information). Bentonite samples were about ten

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Membranolytic activity of kaolin and bentonite particles. Increasing concentrations of a) kaolin and b) bentonite particles were incubated
for 30 min with purified sheep RBCs. QZ and AS were used as positive reference particles in each set of data, respectively. The insets (a’ and b’) show
hemolysis of low concentrations (< 0.3 mg mL™") of particles. Values reflect the fraction of the total hemoglobin content released and are reported as
mean = SEM of three independent experiments. Data were analyzed with one-way ANOVA, followed by Dunnett's post-hoc test. *p < 0.05, **p < 0.01,

and ***p < 0.001 versus control not exposed to particles.

to one hundred times more active than kaolin. The higher
membranolytic activity of bentonite samples could be only
partially attributed to their higher SSA.. In fact, no linearity
between EC50 and SSA,,; was observed (Figure S2c, Supporting
Information). It should be remarked on the limitations of the
gas adsorption BET method to measure the SSA., of these
materials. While the SSA.,; of non-swelling kaolin remains gen-
erally valid when the material is dispersed in water and may
be used to discuss adsorption phenomena at the solid-liquid
interface, the SSA,, of bentonite may vary in suspension, due
to swelling and agglomeration or flocculation.?®! DLS analysis
of bentonite samples dispersed in PBS (Figure 2b and Table S2,
Supporting Information) showed the formation of large
agglomerates, thus the available surface area for interaction
with RBC could be much lower than the measured SSA.

2.3. The Membranolytic Activity of Bentonite is Due to Cation
Exchange Capacity

We considered that the CEC of LS particles may influence the
ionic strength of the milieu, and possibly indirectly damage the
RBC membrane. To test this hypothesis, we assessed the mem-
branolytic activity of the particle leachates. Particles were pre-

Adv. Mater. Interfaces 2022, 2201347 2201347 (5 of 14)

incubated for 30 min in the same conditions used for hemolysis
test, but without RBCs. Leachates were cleared by centrifuga-
tion, and filtrated. Particle-free leachates were contacted with
RBCs. Figure 4a shows the membranolytic activity of the kaolin
and bentonite leachates superimposed on the membranolytic
activity induced when the same concentration of particles is
directly put in contact with RBCs. The supernatants of QZ and
AS were comparatively assessed, assuming that these two silica
samples are not able for cation exchange or significant ion
release in the experiment timespan. For the kaolin leachates, no
hemolysis was observed, except for K1, whose leachate showed
a membranolytic activity of ca. 30%. We concluded that mem-
branolytic activities of kaolin samples, but K1, are mediated by
a direct interaction between RBC and clay surface. In fact, as
the particle concentration (15 mg mL™) used to test K1 leachate
induced 100% of hemolysis (Figure 3a), it might be inferred
that approximately 70% of the lytic interaction of K1 is particle-
mediated, while the remaining 30% is attributable to indirect
damage due to ionic strength alteration of the milieu. Contrary
to kaolin, all bentonite leachates showed a strong hemolytic
activity (Figure 4a), with respective activities in the following
order: B2 (82%) > B3 (71%) > B1 (50%) > B4 (35%). These
results suggest that a significant fraction of the membranolytic
outcome of bentonite may be due to the indirect effect of the

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Membranolytic activity of kaolin and bentonite leachates in relation to particle CEC. Filtrated supernatants were collected after incubation of
the particles (15 mg mL™ for kaolin and QZ, and 10 mg mL™" for bentonite and AS) in 0.01 m PBS for 30 min and contacted with RBCs. a) Hemolytic
activity of the kaolin and bentonite leachates compared with the hemolytic activity induced by direct contact of the particles at the same concentration.
QZ and AS were used as references. Values are means £ SEM of four independent experiments. b) Hemolytic activity of PBS (negative control), B2
leachate, and B4 leachate adjusted with NaOH or HCl to verify possible hemolysis induced by pH variations. PBS: init. pH, 7.4; adj. pH, 9; B2 leachate:
init. pH, 8.9; adj. pH, 7.4; B4 leachate: init. pH, 8.2; adj. pH, 7.4. Values are means + SEM of three independent experiments. Data were analyzed with
two-tailed Student’s t-test. **p < 0.01 initial versus adjusted pH. c) Correlation between CEC (meq per 100 g) and % hemolysis of kaolin and bentonite
leachates. Data were compared by linear regression analysis (Pearson's coefficient = 0.98; R? = 0.95). K1 has been excluded from analysis because

considered an outlier. d) Hemolytic activity of bentonite B2 dispersion or leachate at increasing doses.

cations exchanged by the clay with the milieu. While for B1 and
B4 particles the hemolytic activity appeared partially affected by
their capacity to induce alterations in the culture milieu, for B2
and B3 the alterations in the milieu played the predominant
role in the hemolytic activity of the particles, which may also
explain the poor dose-response relationship exhibited by B3
(Figure S2a,b, Supporting Information).

To better define the causal effect of cation exchange pro-
moted by bentonite samples, we verified possible variation of
the pH of the milieu (Table S3, Supporting Information), which
could be an index of ionic imbalances. For kaolin, no varia-
tions with respect to the physiological pH of the milieu (0.01 m
PBS, pH 74) were observed, while for B2, B3, and B4 pH
increased up to 8-9, which overcame the buffering capacity of
PBS. Basification was particularly significant for B2 and B4, the
two bentonites which were activated with soda ash (Na,CO3).
These results were congruent with the high basification effect
of bentonites in water, especially for B2 and B4 (Table S3, Sup-
porting Information). However, the observed pH variations
did not explain the RBC lysis elicited by bentonite (Figure 4b).
Indeed, when PBS pH was adjusted to pH = ca. 9, the hemo-
Iytic activity of the alkaline milieu was negligible, as recorded
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for PBS at physiological pH. Further proof of the lack of
pH-dependent hemolytic effect was obtained by adjusting the
basic leachates of B2 and B4 to 74. The hemolytic activity of
acidified B4 leachate was identical to the basic leachate, and
only a slight, even if significant, reduction for B2 leachate was
observed. The membranolytic effect should hence be due to the
unbalance of cations other than H*.

We assessed the CEC of the samples (Table S3, Supporting
Information). Both kaolin and bentonite can exchange cations
adsorbed on their surface with the surrounding milieu, albeit
bentonite CEC is usually higher than kaolin.??? As expected,
the CEC of all kaolin samples (2—4.5 meq per 100 g of clay) was
considerably lower than that of bentonite (60-100 meq per 100 g
of clay). CEC values well-correlated with the membranolytic
activity of the particle leachates (Figure 4c). K1 leachate high
hemolytic activity was accompanied by a low CEC, positioning
the kaolin as an outlier from the correlation between hemolysis
and CEC. This may be due to other features not strictly related
to CEC, possibly to the dissolution of accessory mineral phases.
To gain evidence on the cations dissolved/exchanged, we
also assessed the concentration of some cations (i.e., Mg, Ca,
Si, Al) in the cellular milieu by inductively coupled plasma
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optical emission spectroscopy (ICP-OES) (Table S4, Supporting
Information). Due to the high concentration of Na* and K* in
the pristine milieu, it was not possible to directly measure these
two ions. The low level of structural £(Al+Si) cations in solution,
which ranged from 2 to 17 ppm, indicated a negligible particle
dissolution, which is consistent with the short incubation time
(30 min). However, a higher amount of X(Al+Si) = 46 ppm
was recorded for K1 and might explain the membranolytic
effect shown by the leachate of this sample. Aluminum ions
may indeed promote RBC membrane disruption by binding to
phosphate groups in phospholipids (PL) as already reported in
the literature.'»?% Bentonite, in general, showed a much higher
Mg and Ca efflux in solution, which is compatible with the high
CEC of this mineral. In particular, B1 registered a X(Mg+Ca)
> 200 ppm, likely counterbalanced by the influx of monovalent
cations from the buffer (Na*, K*, H"). The alteration of the ionic
strength of the milieu induced by the cation exchange of ben-
tonite but not kaolin is likely at the base of the observed mem-
branolytic activity of the bentonite leachates. The high Mg and
Ca efflux of bentonites may induce a large decrease of K* and Na*
concentration in the milieu that in turn could affect RBC tonicity.
In in vitro studies, the capacity of bentonites to exchange cations,
which depends on the specific CEC of each bentonite sample,
may be decisive in influencing the ionic strength of the cellular
milieu. A similar CEC-mediated effect has been described for eri-
onite fibers in inducing necrosis of macrophages.?? In the spe-
cific case of the hemolysis test, structural integrity of the RBC
membrane is very sensitive to variations of osmolarity and extra-
cellular sodium concentrations, which may induce modifications
in RBC ion transport, volume, and cell shape, possibly resulting
in cell lysis.3’]

Besides CEC-mediated effect, the role of the surface spe-
cies of bentonite particles in RBC lysis could not be completely
ruled out. Indeed, the contribution of the particle surface
became predominant at low doses of bentonite, and the leachate
contribution was negligible at doses < 2.5 mg mL™! (Figure 4d).
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For kaolin, only a particle-driven mechanism should be invoked
to explain its membranolytic activity.

2.4. Masking Surface Hydroxyl Species Inhibits the LS
Membranolytic Activity

The involvement of the particle surface in the interaction
with RBCs was then explored with self-assembled 1,2-dioleyl-
sn-glycero-3-phosphocholyne (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS) PL. DOPC can prevent
membranolysis by masking the surface OH species, as it has
been shown for silica particles.¢3 The hemolytic activity of
K3 and B2, in presence of self-assembled DOPC and DOPS
structures is reported in Figure 5. DOPC and DOPS were used
because they share the same apolar tail (i.e., octadecenoyl) and
differentiate for the polar head. The polar head of DOPC is
a phosphocholine, which is zwitterionic at a physiological
pH, while the polar head of DOPS is a phosphoserine, which
is negatively charged at pH 74 due to an additional carboxyl
residue.

DOPC self-assembled structures induced a dose-dependent
reduction of the membranolytic activity of both K3 and B2
(Figure 5a). This effect suggests the involvement of the kaolin
and bentonite outer OH moieties in membrane damage. The
strong affinity of DOPC for the kaolin surface was confirmed
by testing the membranolytic activity of DOPC-coated K3
that was washed three times with the milieu prior to incuba-
tion with RBCs. Even after washing, the hemolytic activity of
DOPC-coated kaolin was quenched (Figure S3, Supporting
Information). This finding confirms that DOPC is irrevers-
ibly adsorbed on kaolin surface, because of the establishment
of a strong chemical interaction between kaolin and DOPC.
A similar reduction of the membranolytic activity when the
surface of kaolin and bentonite was coated with aluminum-
hydroxy and polyvinylpyrrolidone (PVPNO) polymers was
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Figure 5. Membranolytic activity of kaolin and bentonite particles in presence of self-assembled PL. K3, B2, and QZ (positive reference QZ) at their
respective EC50 (3.0, 0.043, and 2.8 mg mL™, respectively) were pre-incubated with just the vehicle (0 mg mL™) or increasing concentrations (from
1075 to 107" mg mL™") of self-assembled a) DOPC or b) DOPS for 30 min. A suspension of 5% RBC was added and the hemolytic activity was assessed
after a further incubation of 30 min. “No PT” corresponds to groups without particles, containing only 107" mg mL™ self-assembled phospholipid
structures. Values are means + SEM of three independent experiments and were analyzed with one-way ANOVA, followed by Dunnett’s post-hoc test.
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reported in previous studies.*¥ The authors suggested that the
coating may prevent the silanol groups on particle edges from
contacting the erythrocyte membrane. Moreover, markers of
acute lung inflammation were reduced for LS modified with
organic compounds.[>»*] We recently demonstrated on silica
that DOPC, but not DOPS, is irreversibly adsorbed, and this
interaction specifically masks NFS, which are held responsible
for silica membranolytic effect.?! For kaolin, the involvement
of the exposed outer OH in the interaction with DOPC was fur-
ther confirmed by FT-IR spectroscopy (Figure S4, Supporting
Information).

Conversely, negatively-charged DOPS structures of the same
size as DOPCBY did not alter the hemolytic activity of K3 and
B2, revealing that DOPS likely does not interact with the sur-
face of these two LS. Both K3 and B2 are negatively charged in
the physiological milieu used for experiments (Figure 2c), due
to deprotonated silanols and aluminols. Thus, DOPS, which
display a net negative charge, may not interact with kaolin and
bentonite surfaces due to electrostatic repulsion. However, also
RBCs show a negative { potential of ca. —31.8 mV at pH 74130l
because of deprotonation of sialic acid residues. This implies
that the interaction between kaolin and bentonite particles with
RBCs must overcome the electrostatic repulsion, as it occurs for
silica.?! The lack of interaction between LS particles and DOPS
may indicate that the role of the —AIOH," proton transfer is not
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relevant in our studied system, although it might play a role at
a more acidic pH.*’!

2.5. Thermal Treatments Modulate Crystal Structure, Surface
Hydroxyl Species, and Membranolytic Activity of Kaolin

To gain a detailed view of the origin of kaolin membranolytic
effect, a set of thermally treated kaolin was created by heating
pristine K3 sample at temperature (T) ranging from 200 to
1000 °C for 2 h in an isotherm oven that was heated with a T
ramp of 10 °C min~!. An explorative thermogravimetric anal-
ysis (TGA) under a constant heating rate (10 °C min™!) was
conducted on pristine kaolin and the expected dehydroxyla-
tion path of the clay was observed (Figure 6a). At T > 400 °C
inner and outer hydroxyl moieties condensed and water was
eliminated from the crystal structure. A total weight loss of ca.
12 wt.% was recorded. These findings were corroborated by
TGA analysis performed in isothermal conditions for 2h
(Figure S5, Supporting Information) at 300, 400, 450, 500, and
600 °C. By heating at T < 400 °C, the weight loss was almost
negligible (0.1-0.2 wt.%). Heating at 450 or 500 °C determined
almost half (7 wt.%) of the total weight loss, while at 600 °C the
dehydroxylation was complete, with a weight loss comparable
to that observed under isothermal conditions (12 wt.%). This
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Figure 6. Physico-chemical features of kaolin (K3) calcined at different temperatures. a) TGA of K3 heated up to 1000 °C under nitrogen atmosphere
(heating rate 10 °C min™"). An overall weight loss of about 12.7 wt.% was measured. b) X-ray powder diffraction pattern of K3 calcined in a muffle furnace
in the T range 200-900 °C in isothermal conditions for 2h (heating rate 10 °C min™'). c) SSA measured by N, adsorption. d,e) Morphology of the particle
agglomerates of (d) pristine and (e) K3 heated at 500 °C and dispersed in 0.01 m PBS as imaged by FPIA. f) Trend of the mode and standard devia-
tion (SD) of the agglomerate circularity of kaolin heated at different T and dispersed in 0.01 m PBS. g) Z potential of particles dispersed (0.1 mg mL™)
in 0.01 m PBS (pH 7.4).
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finding is consistent with the stoichiometry of this hydrated
LS. At T > 800 °C, the mineral stabilized, and a negligible
weight loss was observed up to T = 1000 °C, signaling the com-
plete dehydration of the mineral. A change in the crystalline
phase accompanied the dehydration process and is commonly
described to occur in the 400-650 °C range.3® Figure 6b reports
the X-ray powder diffractograms of the heated kaolin. For treat-
ments at T < 450 °C the positions and the relative intensities
of the diffraction peaks of kaolin were unaltered. This signals
that the crystal structure of kaolin was largely preserved below
450 °C. For thermal treatments at T > 500 °C a dramatic loss of
peak intensity was observed and the formation of metakaolin
(Al,Si,0;), which has lost the long-range crystal order, charac-
terize the diffractograms collected, as evidenced by the absence
of Bragg reflections.®® This metastable structure still retains
the 1:1 layering of the parent kaolinite, although the layers are
buckled locally.l*%]

Thermal processes, at any tested T, slightly affected the SSA
(Figure 6¢) and the size of particle agglomerates in PBS (Figure S6,
Supporting Information). The FE-SEM micrographs of the pris-
tine kaolin and the kaolin heated at 500 and 900 °C (Figure S7,
Supporting Information) show sharp and irregular edges made
up of tiny sheets. Therefore, thermal treatments do not modify
drastically the morphology of the primary particles. However,
thermal treatments affected the morphology of the agglomer-
ates that changed from fractal to more densely packed particles
(Figure 6d,e, and Figure S8, Supporting Information). By using
automated image analysis, the circularity parameter (CP) of
particles that were heated at different T was obtained (Figure 6f
and Figure S9, Supporting Information). The calculation of CP
allowed us to quantify the shift from dispersed to close-packed
agglomerates of particles. CP is the ratio between the perim-
eter of the circle having the same area of the particle and the
perimeter of the particle. CP value is 1 for a circular particle
and decreases as the fractal structure increases. A progressive
increase in agglomerate circularity (i.e., more roundish struc-
tures) was clearly observed for kaolin heated between room
temperature (RT) and 500 °C. Interestingly, treatments at
T2 500 °C were not able to further alter the agglomerate shape.

Despite the surface chemistry of the set of treated kaolin is
expected to be largely affected by heating, the overall net charge
of the mineral surfaces, described by the { potential, was not
significantly modified by heating, with values that ranged
between —32 and —38 mV (Figure 6g). Thus, despite the reduc-
tion of the total amount of OH caused by the thermal dehy-
droxylation processes, the remaining species exhibited a similar
average acidity that confers a similar net charge to the surface.

To further inspect the hydroxyl groups on kaolin, the sur-
face of the K3 sample heated at different T was investigated
by FT-IR spectroscopy, before and after hydrogen-deuterium
(H/D) exchange (Figure 7a,b, respectively). Figure 7a reports
the FT-IR spectra collected after outgassing the self-supporting
pellets of K3 (RT for 120 min). Focusing on the 3800-3400 cm™
spectral region, the OH stretching signal was out of scale for all
thermally treated samples between RT and 450 °C. Following
heating at T > 500 °C, the OH pattern was broadened, and its
overall intensity was progressively reduced, indicating that the
total amount of hydroxyl species was significantly reduced by
increasing the T of the treatment. In parallel, the triplet of bands
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at 1930, 1820, and 1730 cm™, due to the combination of kaolin
bulk modes, progressively disappeared. This evidence is in
agreement with the expected dehydroxylation process occurring
in kaolinite at T above 400 °C, which leads to its transformation
into disordered metakaolin. Attenuated total reflectance (ATR)
infrared spectra (Figure S10, Supporting Information) con-
firmed the dramatic variation in the bulk and surface properties
of the low versus high thermally treated kaolin (for T > 500 °C).
At low T, the bands associated with the OH stretching modes
of the inner surface hydroxyls (3684, 3669, and 3651 cm™)
and the inner hydroxyls (3620 cm™ ) were clearly defined,
while at T > 500 °C the intensity of the OH signals was dras-
tically reduced and appreciated only in transmission spectra
(Figure 7a). Moreover, the well-defined bands attributed to the
bulk modes of kaolinite (1150500 cm™ range) turned into a
broad and weaker band centered at ca. 1055 cm™. These results
further confirm the phase transition from kaolin to metakaolin.

Figure 7b reports the OD stretching region (vop) of the heated
K3 samples after the H/D exchange. The more easily accessible
OH groups readily exchange with deuterium forming deuter-
oxyls (OD), allowing to distinguish the surface from lattice
OH groups of kaolinite.l*! Thus, the OD signal was mainly the
result of the H/D exchange of outer OH from Al in octahedral
sites and silanols and aluminols exposed at the crystal edges,
with some minor contribution of inner OH groups during D,0
diffusion inside the lattice. At T below the threshold of kao-
linite dehydroxylation process (< 400 °C), a complex OD pat-
tern was recorded, in which vibrations typical of structural OH
groups of kaolin were assigned at 2706 (outer surface OD) and
2675 cm™ (inner OD). A band at 2758 cm™!, which has been
assigned to nearly free silanols (NFS) on silica,?!l was revealed
on some heated kaolin samples. At low T, when the kaolinite
structure prevailed, the band corresponding to the NFS was not
well defined, albeit a shoulder was detected between RT and
450 °C (Figure S1la, Supporting Information). At T > 500 °C,
when the metakaolin structure prevailed, the band due to the
NFS was clearly appreciated, especially for samples heated at
600 °C < T < 800 °C, and then decreased at 900 °C (Figure S11b,
Supporting Information). On the 900 °C-treated sample an
increase in the broad band (2720-2400 cm™! range) assigned to
OH groups engaged in strong mutual inter-silanol interactions
was also observed after H/D exchange. This might be assigned
to the large phase rearrangement which leads to the formation
of Al-Si spinel and segregation of SiO, close to this T.%!

The membranolytic activity of the set of heated kaolin
(Figure 7c and Figure S12, Supporting Information) showed
almost no significant variation from the pristine sample up to
400 °C. A significant reduction of the membranolytic activity of
kaolin was induced by heating at 450 °C, and the lowest activity
was attained at 500 °C. By heating at higher T, the membrano-
lytic activity progressively increased up to 800 °C, and then
rapidly decreased at 900 °C. Manyai and colleagues*! previ-
ously observed a similar trend, and suggested that the degree
of hydration of the structure ruled the interaction of the kao-
linite particles with erythrocyte membranes. They explained
the restoration of membranolytic activity of kaolinite heated
at 800 °C with the formation of S-quartz and small amounts
of mullite and cristobalite. In our experiments, however, the
kaolin sample did not transform in new crystalline phases, as
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Figure 7. The membranolytic activity of heated kaolin is related to the variation of hydroxyl species. K3 was calcined in a muffle furnace in the T range
200-900 °C in isothermal conditions for 2 h (heating rate 10 °C min™). a) FT-IR spectra of the K3 samples heated at different T after outgassing for 120
min at RT. b) FT-IR spectra of the OD stretching region (after H/D exchange) of the K3 samples heated at different T. The “OH outgassed spectrum”
has been subtracted from all spectra. The peak at 2758 cm™ has been assigned to NFS.[?%l ¢) Hemolytic activity of calcined kaolin at the concentration of
10 mg mL™". Values are the means + SEM of three independent experiments and were analyzed with two-tailed Student's t-test. **p < 0.01. ***p < 0.001

heated versus pristine sample.

evidenced by XRD analysis, probably because the sample is
very pure. This implies that the observed membrane damage
can be entirely ascribed to the surface properties of metakaolin.
Moreover, membranolysis of the leachates obtained from the
series of heated kaolin was completely negligible (Figure S13,
Supporting Information), indicating that the mechanism of
membrane interaction is surface-mediated, even after transi-
tion to metakaolin.

According to the present results, the dramatic variation in
membrane damage (Figure 7c) was independent of the slight
changes observed for SSA (Figure 6¢) and particle size distri-
bution of heated kaolin agglomerates (Figure S6, Supporting
Information). However, in the kaolin-metakaolin transition
region (RT-500 °C), the decrease in membrane damage might
be partially explained by a diminished availability of interaction
sites due to the formation of particle agglomerates that exhib-
ited a more circular morphology (Figure 6f). Nonetheless, the
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increase in circularity can hardly be the main mechanism of
action that drives kaolin membranolytic effect. Indeed, when
kaolin was heated at T > 500 °C the membranolytic activity, but
not particle circularity, further varied, indicating that surface
species are likely the main molecular drivers of the observed
effects.

At pre-transition T (< 450 °C) the reduction of the total amount
of OH species, which is consistent with thermal condensation
and is evidenced by the dramatic decrease of the intensity of the
OH stretching band, was not paralleled by any relevant change
in membranolytic activity of the differently heated kaolin. This
may indicate that membranolysis induced by kaolin particles
is not a function of the total amount of surface OH species per
se and that some specific exposed OH families may lead to the
molecular interaction with membranes. The dramatic decrease
in membranolytic activity of the kaolin heated at 450 and 500 °C
was accompanied by a reduction in the amount of some outer
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OH groups in weak mutual interaction (Figure S1la, Supporting
Information, 2750-2660 cm™ spectral range). Together with the
variation in particle aggregation/morphology, the loss of weakly
interacting OH may account for the observed reduction in mem-
branolytic activity. A similar reduction of the weakly interacting
OH groups, which are engaged in the interaction with DOPC,
may underlay the reduction in membranolytic activity observed
for DOPC-coated kaolin (Figure S4, Supporting Information).
From 500 to 800 °C, the increased membranolytic activity of
the disordered surface of metakaolin was accompanied by an
increase of the signal due to NFS that was described for silica.
Finally, at 900 °C NFS reduced, and a reduction of the kaolin
membranolytic activity was observed.

It has been described that during the heating of kaolin,
the Si-tetrahedral sheets persist in a distorted form, while
the Al-octahedral sheets are greatly altered and Al coordina-
tion changes.}*"! Up to 400 °C, below OH condensation tem-
perature, only octahedral Al(VI) has been identified by NMR
spectroscopy.??># We may hypothesize that in this state, the
outer OH groups of basal and edge surfaces are able to strongly
interact with membranes. At T causing dehydroxylation of kao-
linite, that is, 450-500 °C, pentahedral Al(V) appears with the
formation of alumoxyl (—Al=0) groups. This may lead to a
reduction of the aluminols on the basal face, which may cor-
relate with the shift of the 2750-2660 cm™ band towards lower
Vop» and is possibly the cause of the reduced affinity for mem-
branes. Above T > 600 °C, also tetrahedral Al(IV) occurs, origi-
nating covalent sequences Al-O-Al-O. While this species shows
the same intensity by rising the T, the intensity of the Al(V)
increases from 450 to 850 °C, then it decreases and disappears
at 980 °C.*Y This trend parallels the intensity of the mem-
branolytic activity of kaolin. Thus, further development of this
research might target how the structural rearrangements due
to alteration of the coordination state of Al may induce recon-
struction of surface species, which are responsible for mem-
branolysis and interfacial phenomena.

In this work, we limited our investigation to the phenom-
enological interaction of LS with membranes and we defined
the molecular nature of this interaction for the OH-specific
populations of kaolin. For bentonite, a complex signal from
surface hydroxyl species was revealed by FT-IR spectroscopy
(Figure S14, Supporting Information). However, the presence of
weakly interacting hydroxyl groups including NFS, could not be
revealed due to an overlap of many superimposed vibrational
features, even after H/D exchange. An ad hoc experimental
setup (for instance, the use of molecular probes) should be
aimed at discriminating the different components of surface
OH groups of bentonites that might interact with PL and cell
membrane.

3. Conclusion

Biochemical information on possible mechanisms of inter-
action between LS particles and cellular membranes is gen-
erally scarce. Overall, the physicochemical features that
lead the crosstalk of LS with the biological environment are
poorly understood. Here, we evaluated the capacity of a set of
kaolin (1:1 layer structure, non-ion-exchangers) and bentonite

Adv. Mater. Interfaces 2022, 2201347 2201347 (11 of 14)

INTERFACES

www.advmatinterfaces.de

(1:2 layer structure, ion exchangers) particles to damage RBCs,
used as model membrane systems. Both kaolin and bentonite
samples were highly membranolytic. The membranolytic
activity of kaolin samples, except for K1 in which high dissolu-
tion of AI3* was observed, was mainly associated with surface
hydroxyl species, that is, silanols and aluminols. We revealed
that the basal and edge surfaces of kaolin particles exhibit
weakly mutual interacting hydroxyl groups. Some of those are
similar to surface NFS groups, which lead to the molecular
interaction of silica with biomembranes.?* Besides surface
chemistry effects, a variation of the fractality of the kaolin
agglomerates may affect the surface available for the interaction
and modulate membranolysis. For bentonite, a surface-driven
membranolytic effect that involved weakly interacting surface
OH could not be ruled out, but current data indicate a major
effect due to CEC which generates local ionic imbalances that
alter cellular homeostasis and induced membranolysis.

This new data provides a mechanistic basis for describing
ion exchanger and non-exchanger LS interaction with living
matter which is crucial for preventing possible adverse effects
on human health and developing safe-by-design nanocom-
posite materials. Some of the mechanisms of interaction
reported herein for RBC membrane lysis may be translated to
other important interfacial phenomena of LS, including the
antimicrobial activity of some aluminosilicate clays!' and a
variety of heterogeneous chemistry processes, such as grafting
reactions®! and atmospheric processes.*’!

4. Experimental Section

LS and Reference Particles: Kaolin (K1-4) and bentonite (B1-4) samples
were kindly provided by the European Bentonite (EUBA) and European
Kaolin and Plastic Clays (KPC) Associations. The selection criteria
included: high external SSA (> 10 m? g™, low QZ and cristobalite
content (< 1%), similar size distribution (at least in the respirable
range, < 5 um), and industrial relevance. The commercial QZ Min-U-Sil
5 (QZ; US Silica Company, Berkeley Springs, WV), and the pyrogenic
amorphous silica Aerosil OX50 (AS; Degussa) were also included in the
study because of their well-known membranolytic activity.?4

Chemical Reagents: When not otherwise specified, all reagents were
purchased from Merck (Sigma-Aldrich). The water used was ultrapure
Milli-Q water (Merck-Millipore).

SSA and Micropore Area: The SSA and micropore area of the particles
were evaluated by the BET method based on N, adsorption-desorption
at =196 °C, using an ASAP 2020 instrument (Micromeritics). Prior to
measurements, samples were degassed at 80 °C for 12h in vacuum to
remove adsorbed water and other gases. The total SSA was calculated
according to the BET equation in the range P/P, = 0.05-0.30 (10
points). The external SSA (SSA.) was obtained by subtracting the
micropore area, which was evaluated by the t-plot method, to the total
SSA. For heated K3, only the adsorption isotherm was measured over
the range P/P, = 0.05-0.25. Adsorption of Kr over the range P/P, =
0.05-0.20 (9 points) was applied for QZ as its expected SSA was low
(€5m2g).

Particle Morphology and Minerochemical Composition: The morphology
of dry particles was assessed by Field Emission Scanning Electron
Microscopy (FE-SEM) with a TESCAN S9000G equipped with a
Schottky FEG source. Images were taken at various magnifications
and accelerating voltages, commonly between 5 and 15 kV, and 100 pA.
Particles were deposited on conductive stubs covered with carbon tape
and coated with chrome (5 nm) to prevent the electron beam from
charging the sample. Elemental analysis was carried out by Energy
Dispersive Spectroscopy (EDS) with an Oxford Aztec Ultim Max detector
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(Oxford Instruments). Spectra were collected on at least twelve regions
(ca. 650 um?) per sample, at 2-10k magnification, 10 kV accelerating
voltage, and processed using Aztec suite (v. 4.2, Oxford Instruments).
Crystallinity was assessed by XRD in Bragg—Brentano configuration with
a Rigaku Miniflex 600 (Japan). Spectra were collected in the 26 range
(3 to 90°), with a step width of 0.02°, 3° min~' of speed, and Cu Ko
radiation at 40 kV and 15 mA. The diffractograms obtained were
analyzed with the Rigaku PDXL 2 software. The chemical composition
was obtained by atomic absorption spectrometry (AAS) or X-Ray
Fluorescence analysis (XRF) with a Varian 250 Plus equipment or an
Eagle I1IXPL spectrometer, respectively. Prior to the AAS determination,
LS samples were melted in a muffle furnace at 1000 °C with lithium
metaborate and solubilized in nitric acid.

Particle Size: Size analysis of particles dispersed in water and in milieu
used for membranolysis (0.01 m PBS) was performed by Dynamic Light
Scattering (DLS) and Flow Particle Image Analysis (FPIA). Kaolin and
bentonite particles were preventively suspended in media (2 mg mL™)
and sonicated for 1 min on ice with an ultrasonic probe (horn, 3 mm,;
frequency, 20 kHz; maximum power, 100 W; amplitude, 75 um; Sonopuls
HD 3100, Bandelin). The hydrodynamic diameter of diluted dispersions
of particles (0.2 mg mL"in water or 0.01 M PBS) was measured by DLS
with a Zetasizer Nano ZS (Malvern Instruments). To characterize the
larger fraction, the size distribution was also assessed with a FPIA-3000S
(Malvern Instruments; detection range: 0.8-160 um). Diluted particle
dispersions (1 mg mL™") were injected (ca. 5 mL) into the measurement
cell, then stirred at 360 rpm. Particle images were captured using
stroboscopic illumination and a charge-coupled device camera. Data
were processed by the Sysmex FPIA software (version 00-13).

Surface Charge and pH: Particle surface charge ({ potential) was
measured by Electrophoretic Light Scattering (ELS; Zetasizer Nano ZS).
Particles were suspended in 0.01 m PBS and sonicated for 1 min on ice with
the ultrasonic probe then diluted to the concentration used for experiments
(0.1 mg mL™"). The pH of the particle dispersions or the leachates was
checked with a digital in situ calibrated pH meter (827 pH Lab; Metrohm).

Membranolytic Activity: The membranolytic activity of kaolin and
bentonite particles was assessed with the hemolysis test, using RBCs as
a model of cell membranes. The RBCs were purified from sheep blood
in Alsever's solution (Thermofisher) by centrifugation at 3000 x g for
2 min (Rotina 380R; Hettich) and washing three times with 0.9% NaCl
(Eurospital). RBCs were suspended in 0.01 m PBS at the concentration
of 5% by volume. Particles were dispersed at the initial concentration
of 20 mg mL7"in 0.01 m PBS and sonicated just before testing for 1 min
on ice with the ultrasonic probe. Serial dilutions of the stock dispersion
were then performed to the final concentrations used for experiments:
15, 10, 5, 2.5, 1.25, 0. 6, 0.3, and 0.1 mg mL™" for kaolin; 15, 10, 5, 2.5,
1.25, 0. 6, 0.3, 0.1, 0.07, 0.05, 0.02, and 0.01 mg mL™" for bentonite.
Particle dispersions were distributed in quadruplicate in a 96-well
plate (150 pL/well), and the RBC suspension was added (75 pL/well).
Negative and positive controls consisted in PBS and 0.1% Triton-X 100
in PBS, respectively. The plate was incubated at 37 °C on an orbital plate
shaker for 30 min and then centrifuged at 216 x g for 5 min. Supernatants
were transferred to a new plate (75 uL/well), and the absorbance of the
hemoglobin (Hb) released was determined at a wavelength of 540 nm on
a UV/vis spectrophotometer (Ensight, Perkin Elemer) using the software
Kaleido 2.0 (Perkin Elemer). Absorbance (Abs) values were converted to
percentages of hemolysis according to Equation (1):

Abs sample — Abs negative control
Abs negative control — Abs positive control

% hemolysis = %100 m

The LS samples did not adsorb the Hb released and measured in
the test (data not shown). To determine the membranolytic activity of
particle leachates, the kaolin and bentonite particles were suspended in
PBS at a concentration that induced ca. 100% hemolysis (15 mg mL™
for kaolin and 10 mg mL™ for bentonite). Particle dispersions were
sonicated on ice with the probe for 1 min, and incubated at 37 °C on
an orbital plate shaker for 30 min. After incubation, particle dispersions
were centrifuged at 12 000 x g for 10 min, the supernatant filtrated with
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In]/Light syringes (Rays) and 0.2 um PTFE membrane filters (Advantec),
and hemolysis of the leachates was assessed as above described. The
protocol to test the membranolytic activity of LS in presence of self-
assembled PL, that is, 1,2-dioleyl-sn-glycero-3-phosphocholyne (DOPC)
or 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) refers to ref. [31].
Briefly, PL stock dispersions were prepared by dispersing PL salt
(Avanti Polar Lipids Inc.) in 0.01 M PBS at the initial concentration of
0.5 mg mL™". The PL dispersion was sonicated three times for 3 min
using the ultrasound probe (horn, 3 mm; frequency, 20 kHz; power, 30W;
Sonopuls HD 3100, Bandelin), stored for 10 min on ice, and centrifuged at
2500 x g for 10 min. The pellet was discarded, and the supernatant diluted
to 0.3 mg mL™ to verify the size of the supramolecular structures formed
by DLS (Zetasizer Nano ZS). Serial dilutions of the PL stock dispersion
were performed according to the final doses used for experiments and
incubated for 30 min with particles. The particle dose causing 50% of
hemolysis (EC50) was used after fitting the experimental points with a
nonlinear regression curve based on the Hill equation (software GraphPad
Prism 9.1.1). A group consisting just of particles (without PL) was added as
reference group. PL at the highest concentration (0.1 mg mL™) was also
incubated with RBCs (without LS particles) to demonstrate the absence of
any hemolytic effect induced by PL. A suspension of 5% RBC was added
to the mixture and the hemolytic activity was assessed after a further
incubation of 30 min, as described above. The hemolytic activity of the LS
particles in presence of DOPC was also assessed after washing particles
incubated with DOPC. In detail, LS particles at their EC50 were incubated
with DOPC (0.1 mg mL™) or just the vehicle (0.01 m PBS) for 30 min
at 37 °C on a plate shaker. The mixture was centrifuged at 5000 x g for
10 min (Rotina 380), the supernatant removed, and the pellet used to test
the hemolytic activity after washing three times with 1 mL of 0.01 m PBS
and vortexing for 30 s. To check the effect of pH variation of the milieu on
the membranolytic activity induced by bentonites, the pH of the leachates
was adjusted to 7.4 (physiological pH) using 0.1 m HCl. Moreover, a
negative control consisting of PBS at pH ca. 9 (basified with 0.1 m NaOH)
was added. The hemolysis of the pH-adjusted leachates and PBS was
assessed.

Determination of the Cation Exchange Capacity (CEC): The method for
the direct CEC measurement by adsorption of Cu(ll)-triethylenetetramine
dye refers to ref. [44].

Determination of Cations Released by Particles: Dispersions of kaolin
and bentonite particles were prepared in 0.01 M PBS (10 mg mL",
10 mL) in triplicate, reproducing the same conditions and with the same
separation techniques used to obtain the leachates for hemolysis test.
PBS was filtered and used as reference. The concentration of ions in the
leaching solution was assessed by ICP-OES with a Perkin—Elmer Optima
2000 DV ICP-OES spectrometer (Perkin Elmer) equipped with a cross-
flow nebulizer placed inside a Scott spray chamber. One mL of each
filtered solution was diluted (1:10) with a 1% nitric acid solution and
the concentration of leached Si, Al, Mg, and Ca from the particles was
assessed. Notably, it was not possible to measure the Na and K release
due to their high content in the PBS used for the experiments. ICP
Aristar (BDH) standard solutions in nitric acid for Si (10 000 mg L),
Mg, Ca, and Al (1000 mg L") were used to prepare the calibrating
solutions for ICP-OES analyses. The standard solutions used for the
calibration curves were prepared in the same way as the samples, using
PBS diluted 1:20 with a 1% nitric acid solution. Measurements of the
standard solutions were regularly repeated after the measurements of
every single experiment. Data reported were the average values of three
independent measurements (corrected for the blank).

Heat Treatments of Kaolin: K3 (1g) was heated (rump up: 10 °C min™)
in a muffle furnace for 2h at the reported T and allowed to cool at RT
in the same furnace. Heated samples were stored in a glove box in Ar
atmosphere (< 0.1 ppm water and O,) prior to further measurements.

Thermogravimetric Analysis (TGA): The LS samples (ca. 15 mg) were
heated from 30 to 1000 °C at 10 °C min~' in a thermogravimetric balance
(sensitivity 0.1 pg; Pyris 1 TGA, Perkin Elmer) under N, atmosphere.
Results were analyzed with the Pyris Manager 11 software (Perkin Elmer)
and reported as a weight percent loss and its derivative curve (dTG)
as a function of the sample T. To simulate the isothermal treatments
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designed to investigate kaolin surface hydroxyl distribution, isothermal
TGA analysis at 300, 400, 450, 500, and 600 °C was also conducted.

Surface Hydroxyl Distribution: IR spectra were acquired at a resolution
of 4 cm™ with a Bruker Invenio R spectrometer equipped with a DTGS
detector. The number of scans was adjusted to 64 to obtain a good
signal-to-noise ratio. For collecting spectra in ATR mode, a Specac's
Golden Gate single reflection diamond ATR accessory was employed.
Conversely, to acquire IR spectra in transmission mode, the powders
(ca. 50 mg) were pressed into self-supporting pellets and placed in
special IR cells (QZ cell equipped with CaF, windows). The cell allows
to perform in situ adsorption-desorption experiments by the connection
to a conventional vacuum line (residual pressure < 1 x 1073 mbar).
The data were normalized by the optical density (mg cm=2 of pellet)
in order to make differences in intensity independent of differences
in the thickness of the pellets. To isolate the components due only to
surface hydroxyl groups, pristine OH were converted into OD species
by contact with D,O molecules (99.90% D).? The resulting OD pattern
was in the 2800-2200 cm™ range. To ensure the completeness of the
isotopic exchange of the surface OH groups, the following procedure
was adopted: i) initial outgassing at beam temperature for 120 min
and acquisition of the “OH outgassed spectrum”; ii) admission of D,O
vapor at 20 mbar followed by short outgassing; iii) repetition of point (i)
until spectral invariance (typically 5 cycles); iv) final outgassing for 120
min and acquisition of the “OD outgassed spectrum”.

Statistical Analysis: Statistical parameters, including the number of
independent experiments and statistical significance, are reported in the
figures and figure legends. Unless otherwise stated, data were presented
as mean = SEM. Normally distributed data were analyzed by two-tailed
unpaired Student’s t-test, or one-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. Statistical analysis was performed with the GraphPad Prism
9.3.1 software (GraphPad Software).
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