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Natural antibacterial clays, when hydrated and applied topically, kill human pathogens including
antibiotic resistant strains proliferating worldwide. Only certain clays are bactericidal; those containing
soluble reduced metals and expandable clay minerals that absorb cations, providing a capacity

for extended metal release and production of toxic hydroxyl radicals. Here we show the critical
antibacterial components are soluble Fe?+ and AI** that synergistically attack multiple cellular systems
in pathogens normally growth-limited by Fe supply. This geochemical process is more effective than
metal solutions alone and provides an alternative antibacterial strategy to traditional antibiotics.
Advanced bioimaging methods and genetic show that AI** misfolds cell membrane proteins, while Fe?*
evokes membrane oxidation and enters the cytoplasm inflicting hydroxyl radical attack on intracellular
proteins and DNA. The lethal reaction precipitates Fe3*-oxides as biomolecular damage proceeds.
Discovery of this bactericidal mechanism demonstrated by natural clays should guide designs of new
mineral-based antibacterial agents.

The emergence of antibiotic resistant human pathogens has accelerated inquiries into alternative antibacterial
compounds'~®. Bacteria rapidly establish resistance against traditional antibiotics that target specific cellular
mechanisms DNA replication, protein and cell wall synthesis®. As a result, alternative mineral-based therapies
against bacterial infections have gained attention®?. Clays, although used for medicinal purposes throughout mil-
lennia, have remained largely unstudied for their applications and reported medical benefits*. Documented use
of reduced metal-rich clays in healing necrotizing fasciitis®, commonly known as ‘flesh eating bacteria; led to our
research on the geochemical properties of antibacterial minerals. When tested against a broad spectrum of human
pathogens, it was shown that certain clays also kill antibiotic resistant pathogens including methicillin-resistant
Staphylococcus aureus (MRSA)S.

The term ‘clay’ refers to <2 pm minerals of any type, and this size fraction commonly contains discrete clay
minerals (smectite, illite, kaolinite), which provide an enormous surface area (100’'s m?/g) for cation exchange
reactions when hydrated®. Only a few clays have been identified as antibacterial, completely killing a broad spec-
trum of human pathogens®#19. Initially we compared the geochemical properties of several antibacterial clays
to identify similarities among their mineral assemblages”®!0. Notably the pH of the hydrated antibacterial clays
was either high (>10) or low (<5) where Al and Fe are soluble. This directed our investigation to evaluating the
toxicity of soluble elements on pathogenic bacteria.

Antibacterial susceptibility testing of numerous clay deposits led to discovery of a deposit from the Oregon
Cascades that is 100% effective at killing all pathogens we have tested so far, including antibiotic resistant strains
(see Methods). The antibacterial zones in this deposit formed in hydrothermally altered andesite porphyry asso-
ciated with argillic clay alteration and volcanogenic massive sulfides!'®. The antibacterial Blue clay zones from
this deposit contain mixed layered illite-smectite, pyrite, Ca-plagioclase and quartz. Reconnaissance studies®!
showed that this clay kills pathogens by chemical toxicity that occurs in <24 hrs, rather than physical disruption
of cells. In nature microbes have evolved in contact with clays, many deriving energy from the minerals'!-13,
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Figure 1. Clay suspensions provide extended metal release whereas aqueous leachates alone precipitate
metals. (A) Major element concentrations leached from the Blue clays. (B) pH, MIC and MBC values for
leachates (gray bars) and clay suspensions (blue bar) measured in MSA and LB media. The leachate pH is
similar at MBC in both media, while clay suspensions kill bacteria at higher pH. A comparison of soluble metal
concentrations (C,D) show clay suspensions kill bacteria by maintaining metal solubility over 24 h, while (E,F)
leachates precipitate metals, only inhibiting growth.

However, when antibacterial clays are taken out of their natural environment and hydrated with deionized water
for medicinal application they must re-equilibrate with the new fluid. During this process minerals dissolve and
oxidize (e.g., pyrite, plagioclase, smectite) releasing metals that stress pathogenic bacteria'®. Fe, Ca and Al are the
major elements released by the Oregon Blue clays when hydrated, therefore we focus on the toxicity caused by Fe
and Al, as Ca is not a harmful nutrient for bacteria.

Fe and Al have contrasting roles in biological systems. Fe is essential to nearly all organisms, performing vital
cellular functions (e.g., respiration, gene regulation, DNA biosynthesis) as protein cofactors'. Oxidized Fe*" is a
limiting nutrient for bacterial growth due to its exceedingly low solubility (107'¥M) at physiological pH, requiring
high-affinity siderophore-mediated uptake'®. In contrast to Fe**, Fe** is soluble but excess amounts can be toxic
to cells, as it increases oxidative stress'®. Al has no known biological function but is argued to exhibit toxicity
through membrane damage'’. The toxicity of metals is primarily related to their binding affinities to biomolecules
in the cell and production of reactive oxygen species (ROS)".

The use of metals as antimicrobial agents is growing in popularity!, however antibacterial mechanisms involv-
ing soluble metals and minerals have only recently been investigated>®!°. The aim of this study is to determine
how pathogenic bacteria are killed by geochemical reactions that occur during mineral oxidation. We document
the antibacterial mechanism of the Oregon Blue clays and provide new insights into metal regulation and toxicity
for human pathogens. Using metal toxicity, oxidation and genetic assays, along with advanced bioimaging tech-
niques, we isolate the individual roles of Fe and Al in this natural antibacterial process. Our results have implica-
tions for the discovery and synthesis of novel mineral based antibacterial agents.

Results and Discussion
Metal Solubility and Production of Reactive Oxygen Species. The Oregon Blue clay completely kills
a broad range of human bacterial pathogens, including antibiotic resistant strains (see Methods). To understand
the antibacterial mechanism exhibited by the Blue clay, metal solubility and production of ROS from clay suspen-
sions in water were measured and compared to metal toxicity from metal solutions alone. Antibacterial suscep-
tibility testing was performed using the model Gram-negative bacterial species E. coli (ATCC 25922). The Blue
clay mineral assemblage releases mM concentrations of metals (Fe?*, Fe**, AI** and Ca**) when hydrated with
deionized water (Fig. 1A, Table S1), through pyrite oxidation, illite-smectite cation exchange and dissolution of
plagioclase feldspar'®. Other metal species (e.g., As, Ag, Hg, Pb, Cu, Zn, Ni) are present in nM to pM concentra-
tions, below levels that inhibit bacterial growth'*!® (Table S1).

Clay suspensions in deionized water and their aqueous leachates (equilibrated 24 h, the time it takes to kill bac-
teria) were prepared for antibacterial susceptibly testing. Recognizing that soluble elements speciate differently in
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3 mg/ml MIC 4.9 0.162 0.082 0.084 0.137 0.016 0.038 84.6 195 | 452
20 mg/ml MBC 3.4 1.45 0.62 0.79 1.42 0.074 0.65 97.9 119 | 823
Metal Mixture MIC 5.1 0.160 0.063 0.087 0.124 BDL 0.023 77.5 0.0 26.4
Metal Mixture MBC 39 1.10 0.55 0.78 0.93 BDL 0.43 84.5 0.0 55.1
LB-Media

20mg/ml MIC 4.7 1.45 0.62 0.79 1.34 0.012 0.084 92.4 19 10.6
75mg/ml MBC 3.5 4.70 3.63 3.05 223 0.063 1.74 47.4 1.7 57.0
Metal Mixture MIC 5.0 1.92 1.25 1.38 1.60 0.055 0.11 83.3 4.4 8.0

Metal Mixture MBC 3.6 391 2.62 3.22 3.82 0.155 0.67 97.6 59 20.8

Table 1. MIC, MBC and pH values for Blue clay leachates and aqueous metal mixtures (Fe2t, Fe3*, AI>*)
reacted with E. coli growing in MSA and LB media for 24 hr at 37 °C. pH was measured after addition of
leachates or metal mixtures to bacteria in media. Initial metal content is reported, along with soluble metal
content measured in growth media after 1h. Note: relative standard deviation for pH and elemental analysis
were < 1.0% and <10.0%, respectively.

e+ MIC 59 2 1.7 85.0 5.9 5 1.8 36.0
e

MBC 5.6 8 7.4 92.5 5.7 8 3.8 47.5

MIC 4.3 0.5 0.01 2.0 4.5 3 0.15 5.0
Fe3*

MBC 35 1 0.12 12.0 3.6 5 0.39 7.8

MIC 4.7 0.5 0.22 44.0 4.7 3 1.5 50.0
AP+

MBC 3.9 7 33 47.1 3.8 11 9.8 89.1

MIC 6.4 500 - - 6.6 500 - -
Ca?+

MBC 6.1 1000 - - 6.4 1500 - -

Table 2. Individual metal MIC, MBC and pH values for E. coli measured in MSA and LB media. pH was
measured directly after addition of metals to bacteria in media. Initial metal content was determined along with
soluble metal content in media alone after 1h. Note: relative standard deviations for pH were <1%; elemental
analysis <8.0%.

various growth media, we compared the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of clay suspensions and leachates in two different growth media; minimal salts and amino
acids (MSA) media and Lennox broth (LB) (Fig. 1B, Table 1). Increases in pH occurred when clay leachates were
mixed with growth media due to metal speciation, causing Fe*™ and AI’* precipitation, which reduces their bio-
availability and toxicity (Fig. 1C-F). This is an important point because many toxicity studies have not considered
precipitation and bioavailability of metals to bacteria'*!®. Speciation calculations (Fig. S2) based on the major
inorganic ions in each growth media were performed, organics from the growth media were not included due to
the variability of oligopeptides and free amino acids available for reaction'’. The potential formation of organic
ligands with amino acids in the growth media could reduce the concentration of metals available to react with the
bacteria. Organic ligands are not thought to contribute to the antibacterial action because the killing occurs at a
similar rate in experiments performed with and without growth media®. Speciation modeling of clay suspensions
at bactericidal pH and Eh conditions show that Fe*" primarily exists in solution as Fe*" and FeSO, in MSA media
but in LB precipitates as Fe;O,. The speciation of Fe** in both media is dominated by insoluble Fe(OH), ,Cl, 5.
Aluminum is present as aqueous AISO," in MSA media but precipitates as AI(OH); in LB. Calcium is present as
aqueous Ca?" and CaSO, in both media. However, these calculations assume that the system is in thermodynamic
equilibrium. The antibacterial activity of the Blue clays occurs as the minerals approach a new oxidized equilib-
rium, with no antibacterial activity occurring in fully oxidized samples!?. Therefore, thermodynamic speciation
calculations will not provide a realistic portrayal of the speciation during the antibacterial mechanism. In order
to gauge the concentration of soluble metals available to interact with the bacteria, we monitored the solubility of
Fe?*, Fe*™ and A’ throughout the antibacterial process. These data are presented in Fig. 1C-F and Tables 1, 2.
Unbuffered clay leachates precipitate metals, and thus require higher concentrations for toxicity (Fig. 1).
However, the Blue clay suspensions maintain low pH, while sustaining Fe?" and AI’* release through mineral oxi-
dation and dissolution, requiring a lower dose for toxic effect. Acid and base titrations of the growth media reveal
that the LB has a greater buffering capacity compared to the MSA media (Fig. S3). We observed the highest levels
of metal precipitation in the LB media due in part to the increased buffering capacity, which maintains a higher
pH and precipitates Fe and Al solids (Fig. 1 and S2). The leachate MBC for E. coli occurs at pH 3.5, while clay
suspension MBC reaches pH 4.2-4.6 (Fig. 1B); indicating that the pH is not the sole factor for killing bacteria.
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Figure 2. Generation of H,0, is maintained by clay suspensions in (A) MSA and (B) LB-media, while leachates
cease production after 2 h. These data show that clay suspensions sustain metal release and H,0O, production
that leads to cell death.

Synthetic metal chloride mixtures of Fe?, Fe>™ and AI**, simulating the clay leachate concentrations, produced
similar MIC and MBC (Table 1), supporting Fe and Al as the primary bactericidal elements. Importantly, the
metal combination is more toxic than single metal solutions (Tables 1, 2).

The hydrated Blue clay lowers solution pH < 5, at the MBC, where pyrite oxidation and soluble Fe*" react
with molecular oxygen to produce hydrogen peroxide, (H,0,)* (Fig. 2). Without the clay assemblage, metal
oxides precipitate and H,O, production stops. The oxidation state of the Blue clay aqueous suspension'® reaches
Eh > 500mV. Under these conditions the oxidation of pyrite is known to generate H,O, (Fig. 2), which then
reacts with Fe** to form hydroxyl radicals (-OH) through the Fenton reaction series'®*. Clay suspensions pro-
duced H,0, over 24 h, while aqueous leachates without minerals ceased H,O, production after 2h in both MSA
and LB media (Fig. 2A,B), showing that the clay is important as a prolonged source of reactants. Therefore, metal
solutions alone are limited as a bactericide due to their inability to sustain H,0O, production. Pyrite oxidation
by molecular O, can directly generate H,0, on the crystal surfaces?’. However, at low pH (<4.5) Fe** can also
oxidize pyrite, releasing soluble Fe?* that can produce H,0,*%. The expandable smectite component of the Blue
clays may serve as a reservoir for Fe?*, as divalent cations are preferred over trivalent cations in the smectite
interlayer?, providing extended Fe?* release when cation exchange occurs!? during rehydration for medicinal
application. These combined oxidation reactions can explain the elevated H,O, levels observed in the Blue clay
suspensions, leading to sustained ROS production and killing pathogens via geochemical processes (Fig. 2).

Metal Hydrolysis. Pyrite is present in the Blue clays (3-5%), which can produce sulfuric acid (H,SO,) dur-
ing oxidation'®?. The hydrolysis of soluble metal cations can also generate acid as metals precipitate*!. The pH
and solubility of individual metal cations (Fe*", Fe** and AI’") were measured at the MIC and MBC in order to
evaluate the role of metal hydrolysis reactions relating to metal solubility and toxicity (Table 2). Results show that
bacterial metal toxicity is also linked to solution pH and metal solubility, with acidic metal cations (AI** and Fe’*)
generating the most acid (Fig. 3). At MIC and MBC, the pH and solubility of individual metals correlate with their
pKa (hydrolysis constant). Fe>* and AI** hydrolysis produce acid that compounds their toxicity (eqn. 1), while
precipitation occurs at pH values > pKa?'. The amount of acid generated through metal hydrolysis is greatest for
Fe’* > APP* > Fe?* > Ca?". Thus, Fe>" alone produced the lowest pH causing cell death at lower concentrations
than Fe*™ and AIP*. Therefore, acid production from Fe*" and A" hydrolysis reaction are an overlooked aspect
of metal toxicity and may enhance the toxicity of other metals with low pKa values (<5). We observed that lea-
chates and synthetic metal mixtures produced similar pH, indicating that metal hydrolysis plays a greater role in
lowering pH than pyrite oxidation in the Oregon Blue clays (Table 1).

3
{1?<e3+(H20)6]+ + 3H,0 = |Fe’*(H,0) (OH),| + 3H,0 + 3H" (1)

Bioimaging. Bacteria adsorb a range of metals on their cell envelopes due to a high anionic charge density
from phosphate and carboxyl groups?**’. We used elemental bioimaging to examine the adsorption, location and
redox state of metals reacting with E. coli (Figs 4 and 5). Clay suspensions (100 mg/ml) reacted with E. coli were
analyzed in hydrated state using synchrotron scanning transmission X-ray microscopy (STXM, Advanced Light
Source 11.0.2) for C, K*, Ca?*, Fe*™ and Fe*" (Fig. 4A-D). Near edge x-ray absorption fine structure (NEXAFS)
spectra of C and K show K-rich particles adhered to cells (Fig. 4A). Illite-smectite (I-S) dominates the deposit
mineralogy!'® and is the likely source of K. Linear-regression fitting of Fe spectra with reference compounds?*
(Fig. S1) shows that Fe is present in I-S particles predominantly as Fe*™ (81%). Most likely this Fe?* is located in
the I-S octahedral sites or interlayers (Fig. 4B). Soluble Fe** (89-99%) is adsorbed preferentially to cell envelopes
(Fig. 4B,C), while Ca?" remains in solution (Fig. 4D). In E. coli, Ca?>" and Mg*" adsorbed to phosphate-rich
lipopolysaccharides provide outer membrane stability; however, under acidic conditions H* can displace these
cations®.
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Figure 3. Metal hydrolysis reactions generate acid; therefore, pH, metal solubility and toxicity correlate
with pKa. These plots show average MIC and MBC for individual metals in MSA and LB media correlating with
(A) pH and (B) soluble metal content.

Nano-scale secondary ion mass spectrometry (NanoSIMS) maps of C, Al and Fe were generated to determine
their binding sites in the cell (Fig. 5A,B). Cells were measured after reaction with a 100 mg/ml Blue clay suspen-
sion for 12 hrs. A clump of E. coli cells were sputtered with the primary ion beam, exposing the cell interior and
Fe and Al maps were generated (see Methods). NanoSIMS maps of Al and Fe (Fig. 5B,C) show that Al binds to
bacterial membranes, while Fe enters the cell. E. coli that were not reacted with Blue clay showed no intracel-
lular Fe (below detection limit), consistent with previous studies indicating 354 and 2662 ppm intracellular Fe
concentrations in control and clay reacted cells, respectively®. The mechanism for Al toxicity is unknown, but
it has been shown to compete with Ca and Mg for phosphate binding and may damage membranes'”. Previous
measurements of extracellular elements in E. coli reacted with the Oregon Blue clay leachates, indicated that Fe
and Al replace membrane bound Ca and Mg®. STEM bioimaging of E. coli treated with Blue clay leachates show
intracellular nanoparticles (electron dense white spots in Fig. 5D) after 24 hr incubation, coincident with cell
death. Using scanning transmission electron microscopy-electron energy loss spectra (STEM-EELS) these spots
were determined to be Fe*"-oxides (Fig. 5D,E).

The STXM and NanoSIMS bioimaging results reveal that bacterial membranes remain enriched in Fe** and
APP* throughout the antibacterial process (Figs 4 and 5). The Blue clay suspensions maintain H,O, generation
over 24 hrs (Fig. 2), which leads to production of toxic hydroxyl radicals (-OH) upon reaction with membrane
adsorbed Fe?* and encapsulates the cell in an oxidizing environment. The STEM-EELS images (Fig. 5D) showing
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Figure 4. STXM elemental maps of E. coli reacted with a clay suspension showing corresponding NEXAFS
spectra beside each map (A-D). Elemental maps show (A) protein-C from cells (blue) and K (yellow) from illite-
smectite (I-S), (B) Fe distribution, showing Fe?™ adsorption on E. coli (green) and Fe in I-S particles (purple), (C) E.
coli cells after 12h incubation showing preferred Fe?* (green) adsorption, leaving Fe** (red) in extracellular solution.
Percentages of Fe*™ and Fe* were calculated using linear-regression fitting (see supplementary information). (D)
Ca”" (light blue) remains in solution not on cells. (Variable scales: E. coli width=0.5um).
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Figure 5. NanoSIMS image of E.coli showing, (A) C map of cells, (B) **Al, outside (yellow) and *Fe (red)
inside cells. (C) A cross section of ion counts across the white arrow in (B). (D) STEM image of E. coli showing
intracellular nanoparticles (white spots) developed after 24 h incubation. (E) EELS spectra of nanoparticles
showing O (K-edge) and Fe** (L,/;-edge) identifying white spots as Fe*-oxide precipitates. (Scale: E. coli
width=0.5pm).

Fe**-oxide accumulations inside the cells likely formed from the oxidation of excess intracellular Fe?* which may
enter the cell through low affinity uptake systems'*. The production of intracellular Fe*-oxides requires oxida-
tion, accompanied by formation of -OH. Therefore, below we argue that the Fe** oxides reflect the transition to an
oxidizing environment inside the cell, where proteins and DNA are damaged.

Protein Oxidation. Hydroxyl radicals are generated as Fe** is oxidized by H,O, through the Fenton reac-
tion'®%. The proximity of -OH generation to biomolecular targets is crucial to its toxicity because this radical
exists only briefly (10~ s half-lives) and diffuses only nanometers before reacting. Thus, Fe**-enriched bacterial
membranes (Fig. 4C), reacting with H,O, formed outside the cells (Fig. 2), will generate -OH in direct proximity
to membrane proteins and lipids. Therefore, intracellular Fe?" is required to generate -OH that reacts with intra-
cellular biomolecules, precipitating Fe>"-oxides where oxidative stress occurs (Fig. 5D).

We evaluated protein oxidation by measuring carbonyl content”” in separated membrane and soluble protein
fractions of E. coli reacted with clay leachates and metal solutions (Fig. 6A). Membrane fractions of E. coli showed
that the greatest protein oxidation (30-60 nmol-carbonyl/mg-protein) occurred upon exposure to leachates and
metal solutions, while the soluble protein fractions (dominated by intracellular proteins) had lower carbonyl
content (4-7 nmol/mg). This indicates that bacteria exposed to antibacterial clays first experience ROS stress
targeting membranes, followed by intracellular protein oxidation in response to the influx of Fe?*.

Genetic Responses.  Our results show that the synergistic activities of Fe**, Fe** and AI** produce greater
toxicity to bacteria at lower concentrations than individual metals. LacZ reporter gene fusions were employed
to quantify bacterial stress responses to clay leachates and metals?®*-*. Genetic responses to bacterial envelope
and DNA stress were evaluated in MSA-media using rpoHP3:lacZ (o®-response) and sulA:lacZ (SOS-response)
gene fusion constructs (Fig. 6B-E). Outer membrane protein (OMP) misfolding from ROS can activate the
of-response, transcribing genes whose products regulate OMP proteolysis and folding?®%. Leachates caused the
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Figure 6. Clay leachates produce high levels of envelope protein oxidation, activating o and SOS stress
responses. Plots show (A) protein carbonyl content (nmol-carbonyl/mg-protein) measured in envelope vs.
soluble protein fractions of E. coli reacted with leachates and metal mixtures in MSA media, at MIC and MBC.
(B) Envelope stress measured by oE-response from LacZ fusions in leachates compared to (C) single metal
solutions. (D) DNA stress (SOS-response) measured on E. coli reacted with leachates, and (E) single metal
solutions. LacZ results are normalized to levels measured in control E. coli (Relative 3-Gal Units).

highest activation of o&, increasing rpoHP3::lacZ expression 4-fold upon reaction with a 1 mg/ml leachate solu-
tion (Fig. 6B,C). Weaker envelope stress occurred for individual Fe?* and AI** solutions, requiring 77% more
metal to reach stress levels similar to the clay leachate. This further supports the synergistic role of AI** and Fe>*
for membrane damage. Misfolding of OMPs by AI** may aid in protein oxidation by exposing amino acids to -OH
attack, supporting AI** as a pro-oxidant®'. Pathogenic Gram-negative bacteria activate the oE-response to protect
against ROS generated by host macrophages?”. Our results demonstrate that metal binding to bacterial envelopes
is capable of misfolding proteins, followed by ROS oxidation. Consequently, antibacterial clays may act in a man-
ner similar to macrophages by engulfing and killing bacteria with metal-based ROS attack.

Intracellular oxidative stress can cause single strand breaks in DNA, triggering the SOS-response in E. coli,
suspending cell growth until DNA is repaired®. Leachates and Fe*" solutions produced similar DNA stress
(Fig. 6D,E), while Fe** and AI’* alone were not genotoxic. Thus, intracellular stress results from excess Fe?™
uptake. E. coli cells take in Fe?* through high and low affinity uptake systems (Feo, ZupT), while trivalent cations
(Fe*") must enter through high affinity siderophore systems (TonB-ABC transporters)'. AI** substitution in Fe-S
proteins, resulting in free intracellular Fe and ROS stress, has been proposed as a mechanism of AI*™ toxicity in
Gram-negative bacteria®’. However, our bioimaging (Fig. 5B,C) and genetic data show that AI** does not enter
the cell or trigger the SOS-response. The toxicity of Al to cell membranes has been noted by several studies of acid
rain!”®. In particular Williams'” (1999) found that AI>* can only be transported into cells by chelators, as there
are no pumps or channels for free AI** uptake or rejection. Because AI** cannot be reduced it accumulates at cell
membranes where it bonds strongly to small oxygen donor ligands, such as phosphates!”3. Other researchers®**
have observed that A" alone does not produce lipid peroxidation, but enhances the Fe*™ peroxidation of phos-
pholipids. Our research shows the combination of Fe** and AI** produces a greater genetic response to protein
misfolding and oxidation in the outer membrane of E. coli, while genotoxicity only arises from the uptake and
intracellular oxidation of Fe?* (Fig. 6).

Conclusion

The essential components for the antibacterial activity of the Oregon Blue clay are Fe?*, Fe ** and AI**, which
work synergistically to overcome the highly evolved metabolic functions of human pathogens. The hydrated
antibacterial clays generate a low pH (<4.6) environment, through mineral oxidation, dissolution and
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Figure 7. Schematic showing the antibacterial mechanism of the Oregon Blue clays. (A) Illite-smectite
interlayer cation exchange, pyrite oxidation and mineral dissolution (plagioclase feldspar and I-S) provide
soluble Fe**, Fe’*, AI’* and Ca?*, while generating H,0,. Hydrolysis and precipitation of Fe>* and AI** sustain
the acidic environment. (B) Fe*™ and AI*" out compete Ca*" binding to phosphate rich lipopolysaccharides

on the outer membrane of E. coli, which results in protein misfolding and oxidation, activating the o®-stress
response. Hydrogen peroxide generated extracellularly by clay suspensions diffuses through the cell envelope
and reacts with intracellular Fe?", forming radicals that oxidize proteins and DNA, activating the SOS-response.
Fe*"-oxide precipitates coincident with cell death. Through extended metal release and H,O, production, the
Oregon blue clays simultaneously stress multiple cellular systems unlike traditional antibiotics.

hydrolysis reactions, sustaining metal release and ROS production throughout the antibacterial mechanism
(Fig. 7A). Expandable smectite interlayers provide a reservoir for Ca*" and Fe?™ exchange. Pyrite oxidation by dis-
solved O, generates H,O, on the mineral surfaces, while oxidation by Fe** releases Fe*" into solution. Hydroxyl
radicals are generated as Fe?" is oxidized to Fe’* by H,0,, providing additional Fe** for pyrite oxidation. Mineral
dissolution (plagioclase and I-S) releases AI*" and Ca”" into solution. Hydrolysis of Fe’* and AI*™ generate HT,
maintaining low pH (<4.6), promoting mineral dissolution and metal solubility (Fig. 7A).

The reactions outlined above generate Fe*" and AI’" that synergistically attack pathogenic bacteria in an oxi-
dizing, metal rich environment that damages multiple cellular components (Fig. 7B). Fe?" and AI** both accumu-
late on cell envelopes, impairing membranes through protein misfolding (AI**) and oxidation (Fe®*), activating
the o-stress response. Cell envelopes remain enriched in Fe**, providing a constant source of -OH attack on the
cell envelope. Fe>™, not AI**, floods the cytoplasm generating intracellular -OH that damages DNA and proteins,
marking oxidation sites with Fe**-oxide precipitates (Fig. 7B). This constant intracellular oxidation causes single
strand DNA breaks and overwhelms the cells defense mechanisms against ROS. The critical components identi-
fied in this natural antibacterial process should guide designs for new mineral-based antibacterial agents.

Materials and Methods

Antimicrobial Susceptibility Testing. The broad-spectrum antibacterial activity of the Oregon Blue
clay was determined by testing against pathogenic bacteria: Escherichia coli (ATCC 25922), extended-spectrum
B-lactamase (ESBL, 3-lactam resistant) E. coli (ATCC 51446), Salmonella enterica serovar Typhimurium (ATCC
14028), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus epidermidis (ATCC 14990), methicillin-resist-
ant S. epidermidis (MRSE) (ATCC 35948), Staphylococcus aureus (ATCC 29213), methicillin-resistant S. aureus
(MRSA) Sonora Quest Laboratories (Tempe AZ, USA). Bacteria were grown in Lennox Broth (LB), then diluted
in fresh media to a concentration of ~107 cells per ml. The Blue clay was sterilized by autoclaving at 121 °C and
15psi for 1h to kill environmental microbes. Next, 100 mg of the sterilized clay was added to 200 1 of the diluted
culture and incubated at 37 °C for 24 h with constant rotary shaking. Cell death was measured by serial dilution
and plating on LB-agar and incubation at 37 °C for 24h*. All bacterial strains listed above were killed 100%.
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E. coli (ATCC 25922) MIC and MBC toxicity measurements were performed in Lennox broth (LB) and min-
imal salts and amino acids (MSA) to evaluate effects of minimal and rich media on pH, metal solubility, and
toxicity. The MSA media, modified from*, contained 1g (NH,),SO,, 0.06 g MgSO,-7 H,0, 0.06 g CaCl,, 0.02 g
KH,PO,, 0.03 g Na,HPO,, 2.383g 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 ml FeSO,
(10mM), 1% casein amino acids and 0.4% glucose per liter. The rich media consisted of 20 g per liter LB and 0.4%
glucose per liter. Overnight cultures of E. coli grown in 20 g per liter LB were diluted in MSA or LB media (1:50,
5 x 107 cells) and incubated at 37 °C for 30 min. Aliquots (0.5 ml) of mineral leachates (see next section), metal
solutions (Fe?t, Fe*", AT and Ca?*) or metal mixtures of Fe?™: Fe**: A" (1.0: 0.6: 0.7 ratio) simulating the clay
leachate proportions were then mixed with E. coli cultures (0.5 ml) in a 48 well plate (1:1 ratio of media: metal).
The synthetic metal solutions and mixtures were diluted using freshly prepared 100 mM stock solutions of FeCl,,
FeCl;, AICl; and CaCl, « 2H,0. The well plates were then incubated at 37 °C on a rocker plate for 24h.

Metal precipitation can prevent the accurate measurement of MIC values using visible spectroscopy Optical
Density (OD) at 600 nm. A method to remove excess metal precipitates without cell lysis was performed using
an oxalic acid-EDTA mixture®. The oxalic acid-EDTA (Ox-EDTA) mixture consisted of 1.86 g EDTA-Na,-H,0,
1.47 g sodium citrate, 0.074 g KCI, 0.5g NaCl and 1.26 g oxalic acid adjusted to pH 8 with 10 M NaOH. After 24h
of incubation with leachates or metals, 0.5 ml of culture was added to 0.5 ml of the Ox-EDTA reagent and reacted
for 30 min. at room temperature. Cells were then pelleted and re-suspended in 1 ml Ox-EDTA reagent, reacted for
30min., pelleted and re-suspended in 0.5 ml isotonic NaCl (0.9%). Metal rinsed cells were then transferred into a
98 well microplate and cell growth was measured at 600 nm with a microplate reader. MBC concentrations were
determined by plating 50 pl of culture in triplicate on LB-agar plates after 24 h incubation at 37°C.

Mineral Leachates. Mineral leachates were prepared by ultra-sonicating samples with deionized water
(1 min.), followed by wrist action shaking for 24 h to chemically equilibrate for the amount of time poultices are
applied, and then centrifuged (15,000 rpm, 1 h) to separate minerals from the leachate solution. Elemental anal-
yses of mineral leachates and metal solutions were performed using a Thermo ICAP-Quadrupole ICP-MS using
a multi-element internal standard in combination with external calibration standards which were analyzed at the
beginning of each measurement session. X-Series quadrupole ICP-MS. Samples were acidified in 2% nitric acid
prior to analysis.

Mineral leachates and metal solutions were measured for Fe?t, Fe3* and total iron!’. For the measurement
of Fe** a 50-500 L aliquot of leachate was added to 500 1 of 2.5wt% 1, 10 phenanthroline (dissolved in 95%
ethanol). The solutions were then diluted with 1 wt% sodium citrate to 1.5 ml. Absorbance was measured with a
spectrophotometer at 510 nm after 15 minutes for color development. Measurement of Fe*" was achieved in the
same manner using 100 pL of 10 wt% hydroxylamine hydrochloride as a reducing reagent. Stock solutions of
ferrous ammonium sulfate hexahydrate and ferric chloride (200 mg/L) were prepared and acidified using 3.6N
sulfuric acid to produce standard curves ranging from 1-8 mg Fe/L.

Metal Solubility. The effect of bacterial growth media on metal precipitation was investigated to determine
the actual soluble metal content compared to the amount added in the first hour of incubation. Mineral leachates
or metal solutions were reacted with MSA or LB media in a 1:1 ratio and incubated for 30 min. at 37 °C (or 24 h for
time series). Samples were then transferred into 1.5 ml centrifuge tubes and centrifuged for 30 min. at 13,000 rpm.
Supernatant solutions were diluted with 6M nitric acid (1:2) to prevent metal precipitation before analysis. Each
growth media was digested in 6M nitric acid overnight and analyzed for Fe and Al. The concentrations of Fe and
Al (<5uM) in the growth were added to the metal concentrations reported for the MIC and MBC measurements
in order to evaluate the total metal concentration interacting with the bacteria. Metal content was measured using
ICP-MS after dilution in 2% nitric acid.

Speciation Modeling. Speciation diagrams for Fe, Al, Ca, S, P and Cl were calculated using the HYDRA/
MEDUSA program™®. Speciation calculations were performed using initial elemental concentrations from min-
eral suspensions at MBC in MSA (4 mg/ml, clay) and LB (20 mg/ml, clay). In the MSA media, concentrations of
Fe™, Fe’t, AI** and Ca?* were set at 0.2, 0.15, 0.15 and 0.2 mM, respectively equivalent to the bactericidal con-
centrations for each element. The major anions (SO,2~, PO,*~ and Cl~) were set at 4, 0.2 and 0.3 mM, respectively.
Concentrations of Fe?*, Fe’t, AI’** and Ca?* in LB media were set at 1.4, 1.0, 0.8 and 1.0 mM, respectively based
on their measured MBC. Anion concentrations in LB for SO,2~ and Cl~ were set at 4, and 21 mM, respectively.
Williams et al., 2011 identified SO,*~ as the major leachate anion, with SO,*~ concentrations (mM) ~2 times
greater than Fe. Eh values were set at 500 mV for both media and mole fractions were calculated from pH 1 to 7.

pH and Mineral Titrations.  All pH and mineral titrations were measured using an Orion Dual Star pH
meter (LE409 pH electrodes). Media titrations were measured using 10 ml of either LB or MSA media mixed with
10 ml de-ionized water instead of leachate. The media was continually stirred and titrated with 1 x 107> N HCl or
NaOH in 1 ml increments to a total of 70 mL using a burette. The pH meter was allowed to stabilize 1-5minutes
between each acid or base addition.

Hydrogen Peroxide Assay. H,0, levels were measured for mineral leachates and mineral suspensions
reacted with E. coli growing in LB or MSA media using a method modified from Cohen*. Aliquots were sampled
over a 24 h period and centrifuged at 13,000 rpm for 2 min. Supernatants (500-20 pl) were transferred into micro
centrifuge tubes with the addition of 50 mM EDTA. Buffer solution (1M KH,PO,, pH 4.2) was added to a final
volume of 1400 pl. Then 50 pl of 5mM leuco crystal violet was added followed by 50 ul of horseradish peroxidase
type II (14.4 units/ml). Absorbance was measured with a spectrophotometer at 590 nm wavelength after 15 min
for color development. Hydrogen peroxide standard curves ranging from 0.5-25 M were prepared in the same
manner.
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Scanning Transmission X-ray Microscopy (STXM). STXM images were measured at the Advanced
Light Source (Berkeley, CA) using the 11.0.2 beamline. Data processing was performed using the aXis2000 soft-
ware package (http://unicorn.mcmaster.ca). A 100 mg/ml mineral suspension was shaken for 24 h and allowed to
flocculate 30 min. forming a dilute mineral suspension. An overnight culture of 2 ml E. coli grown in LB (20 g/1)
was pelleted, re-suspended in the dilute mineral suspension (2 ml) and incubated on an orbital shaker. Aliquots
(0.5 1) were sampled and pipetted onto a silicon nitride window (Si;N, 75 nm thick). A second Si;N, window
was placed on top of the first window, sealed with epoxy and placed into the STXM sample chamber and purged
with helium. Scans of Fe, C, K and Ca were measured using a 1ms dwell time and 0.2eV steps to avoid radiation
damage*!. Transmitted signals were converted to optical density by obtaining the incident flux through a por-
tion of the Si;N, cell with no bacteria. Elemental component maps were generated by identifying target spectra
using cluster analysis followed by principal component analysis to identify the spectral features in the image.
Reference spectra®* for Fe** Cl, and Fe** Cl; were used for quantitative analysis of each target spectra. The energy
scale (eV) for Fe*™-and Fe**-rich target spectra was normalized to the Fe reference compounds (Fe?*-707.8 and
Fe’*t-709.8). Spectral intensities were normalized to the Fe reference spectra and linear regression stack fitting
was performed to quantitatively measure Fe?* and Fe** levels®.

Nano Secondary lon Mass Spectrometry (NanoSIMS). E. coli cells, reacted as described above, were
sampled after 12h and pelleted by centrifugation. Cells were then fixed in 2.5% glutaraldehyde for 2 h, re-pelleted,
dehydrated in 50%, 75% and 100% ethanol then dried onto silicon wafers. Isotopic imaging was done using a
Cameca (Ametek) NanoSIMS 50L with a 16keV Cs* primary ion beam at ~2pA current (~50 nm probe size using
300 um D1-2 apertures). This beam was rastered over a 12 pm? region containing E. coli cells with a dwell time of
10msec/pixel (25612 pixels) for 8 layers (1.5h measurement). Secondary negative ions of ?C-, ?’Al,~, and **Fe-
were collected simultaneously using electron multiplier detectors. Mass resolution was set to separate isobaric
interferences of >*Fe~ from *’Al,~ (which makes more negative ions than ’Al") and **Ca'®O- from **Fe” and was
achieved using a 220 pm entrance slit.

Scanning Transmission Electron Microscopy- Electron Energy Loss Spectroscopy. (STEM-EELS).
Bacterial-mineral suspensions in (as described above) were imaged using STEM-EELS to determine the elemen-
tal composition and redox state of intracellular precipitates. Aliquots of the bacterial-mineral suspension were
pelleted after 24 h and fixed using a BalTec HPMO010 high-pressure freezer and freeze substitution using 2% OsO,,
embedded in Spurr’s resin, sectioned to 60 nm and mounted on gold TEM grids'®. STEM-EELS images were col-
lected using a JEOL 2010F STEM at 200kV and a resolution of 0.5eV to image the O-K edge and the Fe-L, ; edges.

Protein Carbonylation. E. coli overnight cultures (5ml) grown in LB (20 g/1) were pelleted by centrifu-
gation at 3,000 rpm for 10 min. Pellets were then resuspended in 2.5 ml MSA media and reacted with 2.5 ml of
mineral leachate or metal mixture and incubated at 37 °C for 24 h. Samples were pelleted and re-suspended in
5ml lyse buffer (1 mM EDTA, 10mM TRIS Buffer) 3 times and placed on ice. DNase I and PMSF (0.1 mM) were
added prior to cell lyses using a French pressure cell. Lysed cells were then centrifuged at 3,000 rpm for 10 min.
to remove cell debris. Membrane and soluble protein fractions were separated by ultra-centrifugation under
vacuum (40,000 rpm, 4 °C) for 1 h. Nucleic acids were removed from the soluble protein fraction (supernatant)
using a nucleic acid removal kit (ProFoldin, NAR911). Soluble proteins were transferred into centrifuge tubes
and sodium dodecyl sulfate (SDS) was added to a concentration of 10%. Membrane fractions were resuspended
in 10% SDS and placed in a 42 °C water bath for 10 min. Splits of each protein fraction were reacted with 10 mM
dinitrophenyl hydrazine (DNPH) in 2.5N HCl (carbonyl content) or 2.5N HCl (control) at room temperature for
30min. Proteins were pelleted using 10% ice cold trichloroacetic acid and centrifuged at 13,000 rpm for 30 min. in
a cold room (4°C). Proteins were then re-suspended in ethanol-ethylacetate (1:1) for 30 min. and pelleted (x3) to
remove excess DNPH. Protein pellets were dried and re-suspended in 6M guanidine hydrochloride and absorb-
ance was measured at 370 nm (subtracting control absorbance). Carbonyl content was calculated using the molar
extinction coefficient for DNPH (22,000 M~! cm™!). Protein content was determined using the Bradford protein
assay kit (Pierce Coomassie Protein Assay™) and calibrated with bovine serum albumin. Results are expressed as
nmol-carbonyl/mg protein (nmol carbonyl/mg)*’.

Genotoxicity and envelope stress. Determination of bacterial stress responses to envelope damage and
genotoxicity were carried out using sulA::lacZ (SOS-response) and rpoHP3::lacZ (6 E-response) LacZ fusions,
respectively. 3-galactosidase activity was measured using 4-methylumbelliferyl 3-D-galactopyranoside (MUG)
fluorescence*?. Mineral leachates, metals and metal mixtures were reacted in MSA media (1:1 ratio) for 3h (37°C)
at 1-10 mg/ml and 100-1000 uM concentrations, respectively. Samples were removed from the incubator and
placed on ice for 10 min. The MSA media did not result in visible metal precipitation at leachate and metal con-
centrations less than 10 mg/ml and 1000 pM, respectively. Cell growth was measured (OD600) after transferring
200 pl of culture to a 96 well plate. Then 200 pl of culture was transferred into 800 .l of freshly prepared Z-bufter.
Next 250 pul of MUG (1 mg/ml) was added and incubated at room temperature for exactly 30 min. upon which
300l of NaCOj; (1M) was added to stop the reaction. Fluorescence was measured (Cary eclipse fluorescence
spectrophotometer) using an excitation wavelength of 360 nm and an emission wavelength of 455 nm. Arbitrary
-gal units were calculated using the following equation below, which normalizes the MUG fluorescence at
460 nm to incubation time (¢) and cell density A (OD 600):
B—Gal Units = Fluorescence(460nm)/t x A
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