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Abstract—The worldwide emergence of infectious diseases, together with the increasing incidence of
antibiotic-resistant bacteria, elevate the need to properly detect, prevent, and effectively treat these
infections. The overuse and misuse of common antibiotics in recent decades stimulates the need to identify
new inhibitory agents. Therefore, natural products like clays, that display antibacterial properties, are of
particular interest.

The absorptive properties of clay minerals are well documented for healing skin and gastrointestinal
ailments. However, the antibacterial properties of clays have received less scientific attention. French
green clays have recently been shown to heal Buruli ulcer, a necrotic or ‘flesh-eating’ infection caused by
Mycobacterium ulcerans. Assessing the antibacterial properties of these clays could provide an
inexpensive treatment for Buruli ulcer and other skin infections.

Antimicrobial testing of the two clays on a broad-spectrum of bacterial pathogens showed that one clay
promotes bacterial growth (possibly provoking a response from the natural immune system), while another
kills bacteria or significantly inhibits bacterial growth. This paper compares the mineralogy and chemical
composition of the two French green clays used in the treatment of Buruli ulcer.

Mineralogically, the two clays are dominated by 1Md illite and Fe-smectite. Comparing the chemistry of
the clay minerals and exchangeable ions, we conclude that the chemistry of the clay, and the surface
properties that affect pH and oxidation state, control the chemistry of the water used to moisten the clay

poultices and contribute the critical antibacterial agent(s) that ultimately debilitate the bacteria.
Key Words—illite, smectite, green clay, antibacterial, healing, mineral chemistry

INTRODUCTION

Both animals and humans have used clay minerals for
therapeutic purposes since prehistoric time (Carretero et
al., 2002, 2006; Wilson, 2003). In addition to the
soothing effect of warm muds used in spas, cases of
healing clays have also been documented (Droy-Lefaix
and Tateo, 2006) primarily owing to the adsorptive
property of these minerals that have extremely large
relative surface areas. ‘Healing clay’ is a general term
that includes many different mechanisms by which clays
improve the health of humans (and other animals). Droy-
Lefaix and Tateo (2006) reviewed studies of beneficial
effects of clay minerals on gastrointestinal illnesses. The
medicinal effect of clays in the gastrointestinal tract is
thought to be due to adsorption of microbes, viruses, or
their toxins, and modification of the mucus lining
reinforcing natural defenses of the gastric tissue. Other
health effects may be the supply of nutritional supple-
ments (e.g. Fe, Cu) offered by some clay minerals
(Aufreiter et al., 1997). However, the kind of clay
mineral consumed and the pH of the system are clearly
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important for determining whether nutrients are supplied
or depleted from the body by adsorption or desorption
from the clay surface (Diamond, 1999).

Some natural clay minerals have been identified that
have the ability to kill a variety of pathogenic bacteria
(Williams et al., 2004; Ma’or et al., 2006; Haydel et al.,
2008). This paper examines the chemical and miner-
alogical characteristics of two French green clays that
were documented to heal Buruli ulcer, a necrotizing or
‘flesh-eating’ mycobacterial infection (Brunet de
Courssou, 2002). One of the French green clays
promoted bacterial growth, while the other substantially
or completely killed bacteria. Haydel et al. (2008)
presented a companion paper to this work, which
documents the microbiological effects of the French
clays on a broad spectrum of bacteria. The goal of the
present paper is to compare the clays’ mineralogical
characteristics, major and trace element chemistry,
oxidation state, pH, and surface properties that might
play a role in the observed antimicrobial activity of the
clays.

EVIDENCE FOR ANTIBACTERIAL CLAYS

Buruli ulcer is a chronic, necrotizing disease of the
skin caused by Mycobacterium ulcerans. It is the third
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most common mycobacterial disease of immunocompe-
tent humans with endemic rates in much of central and
western Africa. In some West African communities,
Buruli ulcer has replaced tuberculosis and leprosy as the
most prevalent mycobacterial disease (Weir, 2002).
Currently, the accepted treatment of M. ulcerans ulcers
larger than 5 cm is surgical excision of the necrotic
lesion and subsequent skin grafting. The characteristic
ulcers (Figure 1) lead to very extensive skin loss;
damage to nerves, blood vessels, and appendages; and
overall deformity and disability. While surgery is a
standard treatment for large ulcerative lesions, combined
antibiotic therapy with rifampin and streptomycin
reduces the extent of surgical excision and infection
recurrence (WHO, 2004). However, the predilection of
the disease for underprivileged populations of develop-
ing world countries makes the cost of complex surgical
procedures prohibitive.

Line Brunet de Courssou, a French humanitarian
working in the Ivory Coast of Africa, observed the
suffering of many tribal communities where mostly
women and children were afflicted with Buruli ulcer.
Growing up in France, she had used a local green clay on
wounds and experienced rapid healing from application
of a clay paste to bug bites, stings, and cuts. She
imported French clay to the Ivory Coast in an attempt to
treat the skin infections of the tribal communities, and
she carefully documented (photographically) the healing
effects of clay on patients suffering from Buruli ulcer
(Williams et al., 2004). The dry French green clay was
hydrated and applied as a paste directly to the ulcerated
and extended healthy skin of infected patients.
Throughout the course of treatment, the clay packs
were removed and renewed at least once a day, with
saline solution used to clean the wounds. One of the clay
samples was not as effective in killing M. ulcerans as the
next (from a different supplier) but was more suited for
promoting skin granulation after the mycobacteria were
killed (Brunet de Courssou, 2002).

The clay suppliers have not revealed the geological
source of the French green clays, and in fact they may be
a mixture of clays from several sources (T. Ferrand,
pers. comm., 2006). The primary use of these clays in
France is for pelotherapy, in which a large smectite
content (preferably Na-smectite) is desired for use in
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mineral baths or spas. The Na increases the heat capacity
of montmorillonite (Ferrand and Yvon, 1991) allowing a
temperature of 50°C to be sustained for treatment of
rheumatism. The desirable clays are therefore from
bentonites where hydrothermal activity might impose a
particular chemistry on smectitic clays as they form from
altered volcanic glass.

By trial and error, Brunet de Courssou developed a
treatment protocol for Buruli ulcer. The stages of healing
(Figure 1) show that after one day of treatment with one
green clay (CsAr02), the therapeutic properties of the
clay are demonstrated with the initiation of rapid, non-
surgical debridement of the destroyed tissue (Figure 1b).
When the edges of the skin showed signs of damage
(purplish blood vessels), the second green clay (CsAg02)
was administered. Extended treatment with the CsAg02
clay resulted in continued tissue regeneration and wound
healing (Figure 1c,d). After several months of daily clay
applications, the infection healed with soft, supple
scarring and return of normal motor function
(Figure le) (Brunet de Courssou, 2002; Williams et
al., 2004). Despite the observed therapeutic benefits of
treating Buruli ulcer with the French clays, an approved
treatment with clay depends on scientific validation of
the observed effect and testing for potentially harmful
side effects.

Considering the lack of therapeutics for treating this
debilitating disease, the present study was undertaken to
validate the observations of Brunet de Courssou by
investigating the physical and chemical properties of the
French clay minerals responsible for antibacterial
activity. The approach is to: (1) assess the broad-
spectrum antibacterial effects of the clay minerals
(Haydel et al., 2008); (2) examine the crystal structures
and surface properties of the clay minerals; and
(3) identify whether a chemical transfer (toxin or
nutrient depletion) or a physical phenomenon (metal
precipitate/cell suffocation) is responsible for antibac-
terial activity.

METHODS

Microbial susceptibility testing

Antibacterial properties of the two French green clays
used in the Ivory Coast were assessed by standard
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Figure 1. A photographic example of the stages of healing by clay: destroyed tissue (a) is easily removed by one treatment with
CsAr02 to expose raw muscle and bone (b). The progression of healing is shown (c, d) with daily treatments of CsAg02. After 3—4
months, the infection is healed with soft, supple scarring and a return of normal motor function (e).
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microbiological protocols using bacterial strains
obtained from the American Type Culture Collection
(ATCC). Haydel et al. (2008) tested the clays against a
variety of Gram-negative bacteria, Gram-positive bac-
teria, and mycobacteria, each with different cell
membrane structure and metabolic functions. The intent
was to discover if the clays killed bacterial pathogens
other than the M. ulcerans, as a way of deducing the type
of cell destruction or metabolic functions affected by the
clay. In every case, the clay that inhibited growth of
E. coli (ATCC 25922) also inhibited other pathogens
tested to varying degrees; experiments on the slow-
growing M. ulcerans are ongoing. The details of the
microbiology are beyond the scope of this paper, so here
reference to the microbiological results on E. coli alone
serve as an example of the extreme responses (bacter-
icidal activity vs. enhanced growth) to the French clays.

All clay mineral samples were sterilized in an
autoclave (121°C, 15 psi for 1 h) before microbial testing
to remove any environmental bacteria that might have
adhered to mineral surfaces. The initial E. coli cultures
were grown over 24 h and diluted with fresh Luria broth
(LB) growth media to an approximate density of 5 x 10’
CFU/mL (CFU: colony-forming units). To confirm the
initial bacterial counts, serially diluted bacterial cultures
were plated on the appropriate agar plates and enumer-
ated. After dilution, sterilized clay minerals (200 mg)
were mixed with 400 pL of media containing the initial
pathogen inoculum to achieve a consistency similar to the
hydrated clay poultices used to treat Buruli ulcer patients.
The bacteria-mineral mixtures were incubated on a
rotating drum for 24 h at 37°C. Positive controls for
growth of bacteria in the absence of clay minerals were
included in each series of independent experiments. To
ensure that the clay samples were sterilized after
autoclaving and maintained sterilization during storage,
negative control growth experiments with clay minerals in
LB broth were performed throughout the course of the
study. After incubation, mixtures were subjected to
successive 10-fold serial dilutions in the appropriate
medium, vortexed to disperse, and quantitatively cultured
in duplicate onto agar plates to determine the number of
viable bacteria. Additionally, 100 uL of the bacteria-clay
suspension was plated directly onto agar plates to assess
the bacterial viability in undiluted samples. All antimi-
crobial assays with specific clay minerals were performed
in triplicate (Haydel et al., 2008).

X-ray diffraction

The powdered clay samples from France were first
analyzed by X-ray diffraction (XRD) (CuKa radiation)
in bulk to quantify all mineral phases. Aliquots of the
bulk samples were prepared following the procedure of
Srodon ef al. (2001). Using a McCrone Mill, bulk clays
were ground in ethanol, with 10 wt.% ZnO as an internal
standard, to a nominal particle size of <20 pum, dried in a
60°C oven, sieved, and side loaded into an XRD mount
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to minimize orientation effects. The quantitative miner-
alogy was determined using a full XRD spectral-
matching program, RockJock (Eberl, 2003). The clay-
sized fraction (<2.0 um) was separated from a new
aliquot of the bulk clay by centrifugation and prepared
as oriented clay mounts to determine the percentage of
expandable clay minerals. The XRD patterns were
recorded from air-dried and ethylene glycol vapor-
treated mounts. Heat treatment (550°C for 1 h)
distinguished chlorite from kaolinite-group minerals
(Moore and Reynolds, 1997).

Later, separations of the 1.0—2.0 pm, 0.2—1.0 um,
and <0.2 pm fractions of the antibacterial clay were
made following procedures of Jackson (1979). The XRD
patterns were assessed for quantitative mineralogical
differences related to the particle-size fraction.

Elemental chemistry

Bulk powders of the clay sample and <2.0 um size
separates were dissolved for analysis by inductively
coupled plasma mass spectrometry (ICP-MS). The
method applied (EPA method 3052) uses a 25 mL
mixture of HNOj, HF, and HCI with 100 mg of mineral
sample, digested in sealed Teflon bombs by microwave
heating. This method minimizes volatile loss. The ICP-
MS analyses were tested using a standard (NIST SRM
2709; San Joaquin soil) to assure consistency in the
results. Nonetheless, certain elements such as Si are not
well ionized by ICP-MS and therefore their quantity is
significantly less than reported by electron probe
analysis. Fortunately most of the trace metals are well
ionized and separated from isobaric interferences by
choosing select isotopes. Multiple aliquots of each
sample were measured at two different dilutions, and
averages are reported. The ICP-MS results (ng/mL) were
normalized according to the fluid:clay ratio and values
are reported as ppm with respect to weight of clay
(e.g. ng element/g clay). The relative standard deviation
is <5%, except where indicated (see Results).

Leachates of the clay were prepared by sonifying 2 g
of clay in 40 mL of distilled-deionized water (or
multiples of these quantities), then shaking them for
24 h to equilibrate. The minerals were sedimented by
centrifugation (20,000 rpm for 3 h), and the waters were
analyzed by ICP-MS for soluble elements.

Measurements of pH were made on suspensions of
<2.0 um fractions of each clay in a ratio of 0.5 g clay to
10 mL of water. The samples were ultrasonified and then
shaken for 24 h to hydrate and equilibrate with the fluid.
Tests of the effect on pH of reducing the water content to
that used in the clay poultice showed no more than a
tenth log unit change. The pH was also measured on
aqueous leachates of the clays.

Exchangeable ions were removed from the clay
samples first using K-saturation with 1 N KCI (Jackson,
1974). For ICP-MS analysis of the exchangeable ions
removed from the natural clay, ultrapure 1 N ammonium
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nitrate was used to avoid Cl™ interferences in the ICP-MS,
thus allowing measurement of the natural K abundances.

Finally, the C and N contents of the clays were
determined using an elemental analyzer (Keck
Environmental Laboratory, ASU), and the S and P
contents were determined by ICP-MS (at the US
Geological Survey, Boulder, Colorado).

Electron microprobe

Major element abundances of the <2.0 pm fractions of
the clay were analyzed using an electron microprobe.
Clay suspensions were dried onto carbon tape and then
coated with a thin C film for charge compensation. The
beam was defocused (~10 pm) and mineral standards
included enstatite (EN20), rutile (RUT54), orthoclase
(ORI), wollastonite (WO81), and albite (AB127).
Corrections for atomic number, absorbance, and fluores-
cence were made to compensate for mineral matrix effects
and compositions are reported in oxide wt.%. Totals were
>85%, with differences from 100% representing loss on
ignition (water plus volatile elements) (Reed, 1993).

Dehydration, dehydroxylation, and oxidation

The proportion of ferric/ferrous Fe may be important
to the respiration of bacteria in contact with the clay
(Kostka et al., 2002; Kim et al., 2004). Changes in
oxidation state were tested by heating the clay in aliquots
exposed to 200°C, 550°C, and 900°C for 24 h each in
atmosphere. The temperatures chosen for this progressive
heating were based on studies showing that dehydration of
Fe-rich smectites occurs by 200°C and dehydroxylation
occurs by 550°C (Frost et al., 2000; Heller-Kallai and
Rozenson, 1980). Progressive oxidation occurs with
increased temperature of heating and results in a color
change from green (unheated) to grey (200°C) to orange-
rust (550°C) and finally deep red-rust (900°C).

E. coli ATCC 25922
(log4g CFU)
O = N WBE OO~ ® © O
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Scanning electron microscopy

In order to observe the textural effect of the clays on
bacteria, critical point drying (CPD) was used to fix the
bacteria before and after incubation with clay (Bennett et
al., 2006), and then fixed bacteria were measured using
scanning electron microscopy (SEM). The CPD E. coli
were mounted on cellulose nitrate membranes and
imaged using an Hitachi XL-30 SEM with large voltage
(30 keV), current (2—3 nA), and 10 mm working
distance. Samples were sputter coated with ~10 nm of
Au to alleviate charging.

Critical point drying disrupts the contact between
clays and bacteria, and therefore the clay-bacteria
interface was analyzed directly using extremely low-
energy imaging after incubation of the mixture for 7 h. A
5 UL E. coli-clay mixture was spread thinly over a 1 cm?
area on polished graphite with no coating for charge
compensation. The samples were placed in the vacuum
chamber while still moist, and imaging was performed
immediately using a very small voltage (1-2 keV),
current (1—-2 pA), and working distance (1—2 mm).
These images taken using a NOVA 200 high-resolution
field emission SEM, provide the best evidence of the
textural relationship between the clay and bacteria.

Surface energy

In order to determine the interfacial forces between
bacteria and the clay particles, the surface-tension values
of both the clay particles and the bacterium in question
must be measured. As an initial step, the two clay
samples were examined to see if any dramatic differ-
ences exist in the surface free energy of these materials
that might influence their interactions with bacteria. The
free energy of a solid is determined by measuring the
surface-tension components via traditional contact-angle
measurements of liquids of known properties placed on
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Figure 2. Effects of CsAr02 bulk clay compared to the CsAg02 French clay on the growth of E. coli after size separation, exchange,
and heating (see text). All E. coli susceptibility experiments with clay samples were incubated for 24 h at 37°C. The first two bars
represent the initial £. coli concentration before the addition of clay and E. coli growth in media for 24 h at 37°C, respectively. The
reported values represent the average and standard deviation of at least three independent experiments.
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thin oriented films of the clay deposited on clean glass
slides. The contact angles are measured using a
telemicroscope equipped with a goniometer scale and a
single cross hair (van Oss, 1994). The contact angle, 0, is
related to the surface tension components by the Young-
Dupré equation:

1+ cos6

— L_\/YLV\ LW+\/YS,YL+\/,YS,YL (1)

where the S refers to the solid and L to the liquid. The LW
components are the Lifshitz-van der Waals interaction, the
+ is the Lewis acid and the — is the Lewis base
functionality. The unknowns (the solid components) are
determined from contact-angle measurements using at
least three liquids of which two are polar. For oriented
clay slides, the contact angle is measured immediately
after the liquid drop is placed on the sample so as to
reduce any infiltration of the liquid into the sample.
Normally, smectite or smectitic clays support a drop for a
sufficient time to allow this measurement (Norris, 1993).

RESULTS

Microbiology

Results of the microbiological testing with CsAg02
and CsAr(02 French clays against E. coli (ATCC 25922)
show that incubation of the bulk CsAg02 clay in
suspension with the bacteria for 24 h completely kills

Zn0

Zn0

Zn0O

Relative intensity (counts)
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E. coli, while the CsAr02 clay enhanced bacterial growth
relative to the control samples, which contained no clay
(Figure 2). Furthermore, clay minerals in growth media
with no bacteria showed no bacterial growth (data not
shown), thus verifying sterilization throughout the
experiments. The clay fraction of the CsAg02 clay (the
antibacterial clay) displays the same antibacterial effect
as the bulk sample (Figure 2).

Mineralogy

The two French clays have a mixed mineral
composition typical of most natural clay samples.
Table 1 compares the abundance of minerals identified
by XRD on randomly oriented bulk powders. The
CsAr02 sample has more detrital impurities (quartz,
calcite, K-feldspar) than the CsAg02 sample. The
CsAg02 is dominated by smectite (Fe-rich), while the
CsAr02 has more illite. Traces of other clay minerals
(kaolinite, chlorite, phlogopite) are found as well. A
second sample of the antibacterial clay was obtained
from the supplier in 2005 (CsAg05). The mineralogy is
shown for comparison to the first sample, to indicate the
mineralogical homogeneity of this clay. Also shown is
the mineralogy of the <0.2 um fraction of the CsAg02
clay showing a reduction in detrital minerals (carbonate,
feldspar, quartz, and micas). This can be seen in the
XRD patterns (Figure 3) comparing different size
fractions of the CsAg02 antibacterial clay.
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Figure 3. Random powder XRD patterns (CuKo radiation) of different size fractions of the antibacterial CsAg02 clay, showing more
detrital minerals in the coarser fractions, e.g. quartz (qtz), feldspar (fsp), calcite (cc), kaolinite (kaol).
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Table 1. Bulk mineralogy of the two French green clays determined by XRD and interpreted using RockJock full-spectrum

matching (Eberl, 2003).

Sample name CsAr02 CsAg05 CsAg02 CsAg02
(<0.2 pm)
Mineral (Wt.%) Mineral (wt.%) (Wt.%) (Wt.%)
NON-CLAYS NON-CLAYS
Quartz 18.3 Quartz 1.2 2.7 0.0
Calcite 15.9 Calcite 5.7 3 0.0
Intermediate 3.0 Intermediate microcline feldspar 2.8 3.9 4.7
microcline feldspar
Intermediate 1.4 Orthoclase feldspar 2.6 3.2 0.9
microcline feldspar
Albite feldspar 0 Albite feldspar (cleavelandite) 1.4 1.8
(Cleavelandite)
Total non-clays 38.6 Total non-clays 13.6 14.6 5.6
CLAYS CLAYS
1Md illite 23.1 IMd illite (+ dioct mica and 35.8 24.5 57.9
(+ dioct mica and smectite) smectite)
Ferruginous smectite 14.5 Ferruginous smectite 33.9 32.6 28.9
1M Tllite (R>2; 88%]I) 10.6 1M Tllite (R >2; 88%I) 10.6 15.6 0.0
Chlorite 4.2 Chlorite 1.6
Mg-chlorite (clinochlore) 1.9 Phlogopite (2M,) 2.8 3.7 0.0
Muscovite (2M) 6.1
Total clays 60.3 Total clays 83.1 76.4 88.3
Total 98.9 Total 96.8 91 94.0
Full pattern degree of fit: 0.10 Full pattern degree of fit: 0.09 0.07 0.04

Figure 4 compares the XRD patterns from air-dried
and ethylene glycol-treated, oriented clay mounts of
CsAr02 and CsAg02. The peak shift and intensity
increase of the smectite 001 between 5 and 10°20
indicates a predominance of mixed-layered illite-smec-
tite (I-S) in the antibacterial CsAg02. The I-S is
randomly ordered (smectite 001 near 5°20) indicating a
relatively low-temperature environment of formation

2000 TTrrryrrry [ rrrrprYyr Yy T e T vy
a CsAr02
— Airdried
—— Glycolated .
1500 |- 4
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‘20

(<100°C; Pollastro, 1993) or a limited time at elevated
temperature. The highly ordered illite and micas in both
clay samples (Table 1) are formed at greater temperature
and are probably detrital.

Given the mineralogical differences among the three
size fractions of the CsAg02 (Figure 3), and the
probability that the relative surface area influences the
chemical exchange, each size fraction was tested against
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Figure 4. Oriented clay mount XRD patterns (CuKa radiation) of <2.0 um clay fractions of the (a) CsAr02 and (b) CsAg02 clays.
Comparison of the air-dried to ethylene glycol vapor-treated preparations indicates the abundance of expandable clay (smectite).



Vol. 56, No. 4, 2008

E. coli. Results of these experiments (Figure 2) indicated
that the bactericidal agent is associated with the finest
(<0.2 pm) fraction. The larger CsAg02 size fractions had
no significant antibacterial effect on E. coli. Weighing the
quantity of different size fractions separated from a 10 g
aliquot of bulk clay (dried), a rough estimate indicates
60% of the clay sample is <0.2 um. Size separations of
the CsAr02 clay were not tested because it showed no
antibacterial effect in bulk or in the <2.0 pm fraction.

Standard K-saturation of the bulk CsAg02 clay
(Jackson, 1979) removed the exchangeable cations
from the expandable clay, and other exchangeable ions
in the sample. Incubation of E. coli with the K'-
exchanged CsAg02 resulted in complete loss of bacter-
icidal activity (Figure 2). Potassium saturation of the
CsAr02 clay was not done because it is not antibacterial.

Heating the CsAg02 clay to 200°C and 550°C did not
change the antibacterial effect on E. coli (Figure 2),
although after heating the clay to 900°C it was no longer
bactericidal. The XRD patterns of the heated clays
(Figure 5) show a decrease in the intensity of clay
mineral peaks as they are progressively dehydrated and
dehydroxylated. The heat treatments were not performed
on CsAr02 because it is not antibacterial.
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Chemical analyses

The major oxide composition (Table 2) of the two
French clays (<2.0 um fraction) shows that they are very
similar in Fe content (~6 wt.% total Fe). CsAr02 is also
enriched in CaO, which could be related to calcite
(CaCOy) identified by XRD (Table 1). However, some
interlayer Ca" is likely also. The CsAg02 contains more
K,0 and MgO, which are probably interlayer (K") and
octahedral (Mg”") cations associated with the 2:1 layer
clays. The major volatile anion contents are listed at the
bottom of Table 2, and, in addition to water, comprise
most of the LOI (analytical weight loss).

The results of the ICP-MS analyses of the two digests
of French clay samples, their NHy-exchange solutions,
and aqueous leachates containing soluble elements are
presented in Table 3. A comparison of the chemical
variations among the different size fractions of the
antibacterial CsAg02 is shown in Table 4.

Speciation

The pH and oxidation state control the speciation of
elements identified by ICP-MS and, therefore, is
important for evaluating the solution chemistry influ-
enced by the clay that interacts with bacteria. The pH of
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Figure 5. Random powder XRD patterns (CuKa radiation) of heated CsAg02 clay showing loss of smectite as the clay structure

breaks down.
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Table 2. Comparison of the major oxides in the two French
clays (<2 pm fraction), determined by electron microprobe
analysis.

CsAr02 CsAg02
Oxide (wt.%) (wt.%)
Si0, 50.84 59.98
TiO, 0.00 0.17
AL O4 19.95 18.60
Fe,O5* 5.79 6.14
MgO 0.04 4.76
MnO 0.04 0.05
CaO 6.36 1.22
Na,O 0.12 2.89
K,0 1.89 3.36
Sum = 85.02 97.17
LOI 3.08 1.92
C 1.68 0.88
S 0.19 0.01
N 0.03 0.02
P 0.15 0.001
Cl 0.01 n.d.

* Total Fe calculated as Fe,O3
LOI = loss on ignition

CsAg02 suspension is alkaline ranging from 10.0 for the
bulk powder, 9.7 in the <2.0 pm fraction, and 9.4 for the
leachate (prepared for ICP-MS). The bulk powder
CsAr02 pH is 8.6, the <2 pm fraction is 8.1, and the
leachate is 7.8. The oxidation state of the aqueous
leachate in contact with the bacteria was not determined,
although the reduction potential (Jackson, 1979) of the
CsAg02 clay is ~250 mV lower than CsAr02.

SEM imaging

Photomicrographs of the clay minerals (Figure 6)
show different crystal shapes and sizes depending on
magnification. Hexagonal plates of illite ~200 nm in
diameter are shown on a sample with a 20 nm coat of Au
(Figure 6a). With uncoated samples mounted on gra-
phite, images of much smaller crystals (at 150,000 x)
that are rectangular (~20 nm x 100 nm) or lath shaped
(Figure 6b) appeared.

Images of E. coli before interaction with the CsAg02
clay show bacteria taken from growth media (Figure 6¢),
with well preserved cell-wall structures showing pili
(filamentous structures). After interaction with the
CsAg02 clay, the cell walls show no pili and appear to
form deeply wrinkled cavities (Figure 6d). Because the
sample preparation method was identical for the images
taken ‘before’ and ‘after’ clay interaction, the textural
change is inferred to be a result of the interaction with
clay. Sample preparations were made in triplicate in
order to test for dehydration during the CPD. Each time,
the bacteria looked different before and after clay
incubation (as shown). Images of the clay-bacteria
interface taken on uncoated samples (Figure 6¢,f) show
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no signs of clay-mineral penetration of the bacteria or
clay orientation around the cell wall.

Surface properties

The average contact angles for the two clays are
shown in Table 5. The small water contact angles are
indicative of high-energy solid surfaces and this is borne
out by the large values for the Lewis acid parameter, vy~ .
Both clays have small values for the Lewis acid
parameter, y'. These values, along with the Lifshitz-
van der Waals component, Y=V, are typical of smectite
or smectite-rich clays (Giese and van Oss, 2002). The
surface-tension properties of both clays are very similar
and indicate a strong hydrophilic (organophobic) nature
for both of the French clays.

DISCUSSION

The destruction of bacterial life is dependent on the
physical-chemical factors that affect the ability of a cell
to grow and multiply. Antimicrobial agents either inhibit
growth (bacteriostatic) or destroy cells (bactericidal).
The most important factors for impeding bacterial
viability are temperature, pH, osmotic pressure, oxida-
tion state, and concentrations of nutrients and wastes
(Nolte, 1982). Homeostasis (internal stability) of the cell
depends on the action and interaction of a number of
physiological systems, and therefore, we must consider
the effect of the clay mineral surface and related aqueous
solution chemistry on the functioning of the whole cell.
Bactericides function by impeding nourishment, disrupt-
ing essential metabolic activities, suffocation (precipita-
tion of a solid phase rendering the cell wall
impermeable), poisoning (delivery of a toxin), or
physical disruption (cell lysis by bursting or penetration)
(Nolte, 1982).

Physical considerations

SEM images. Images showing the presence of lath-
shaped clay crystals, in addition to hexagonal crystals in
the CsAg02 sample (Figure 6b), indicate crystal growth
under different temperature conditions (Lanson and
Champion, 1991). Morphological and chemical differ-
ences may result from changing geological conditions
over time that might impart an antibacterial chemistry or
other property to one generation of crystals, but not the
other. Such chemical differences (see below) among size
fractions could explain why clay minerals in the coarser
fractions were not antibacterial.

Images of the bacteria prepared by CPD, taken before
and after interaction with the CsAg02 clay, clearly show
an effect of the clay on the cell membrane (Figure 6¢,d).
The question is what imparts the physical damage
observed in the dying E. coli (Figure 6d)? One
possibility is that some of the heavy metals measured
in the exchange solution and leachate might be
precipitating on the E.coli cell envelope, either suffocat-



Table 3. Comparison of the ICP-MS results for the two French clays. Analyses were of dissolved clay, exchange solution, and soluble
elements (aqueous leachate). Shaded lines denote elements discussed in the text.

Bactericidal CsAg02

Non-bactericidal CsAr02

Dissolved  NH4-XC NHy-XC Leachate  Leachate Dissolved NHy-XC NH4-XC Leachate  Leachate
(aq) (aq) (aq) (aq)
CsAg02 CsAg02 CsAg02 CsAg02 CsAg02 CsAr02 CsAr02 CsAr02 CsAr02 CsAr02
clay clay

Mass (ppm) (ppm) (mM) (ppm) (mM) (ppm) (ppm) (mM) (ppm) (mM)
element
7 Li 112.0 1.0 1.44E-01 2.8% 4.03E-01 76 1.0 1.44E-01 0.686  9.88E-02
9 Be 45 0.001 1.11E-04 2 0.002 2.22E-04 0.0005  5.99E-05
11 B 135 0.5 4.63E-02 9.6 8.88E-01 77.3 0.4 3.70E-02 2.64 2.44E-01
23 Na 18750 108 4.70E+00 3720 1.62E+02 1150 85 3.70E+00 174 7.57E+00
24 Mg 18250 721 2.97E+01 12 5.10E-01 13100 424 1.74E+01 60.4 2.48E+00
27 Al 72000 3 9.27E-02 101 3.74E+00 68000 10.2 3.78E-01 18.86 6.99E-01
28 Si 315 96 3.42E+00 148 5.27E+00 292 134 4.77E+00 86 3.06E+00
31 P 1250 7.2 2.32E-01 8.9* 2.87E-01 640 8.5 2.74E-01 1.16 3.75E-02
39 K 30500 768 1.96E+01 154 3.94E+00 30600 636 1.63E+01 246 6.29E+00
44 Ca 20250 11 2.74E-01 70 1.75E+00 87700 13 3.24E-01 446 1.11E+01
47 Ti 2825 0.108 2.26E-03 0.940*  1.96E-02 3880 0.297 6.20E-03 0.18 3.76E-03
51V 72.5% 0.029 5.69E-04 0.430 8.44E-03 94 0.042 8.24E-04 0.057 1.12E-03
52 Cr 59 0.032 6.16E-04 0.026 5.00E-04 74 0.059 1.13E-03 0.0095 1.83E-04
55 Mn 723 10 1.82E-01 1.1 2.00E-02 520 11 2.00E-01 0.119  2.17E-03
56 Fe 33375 6.1 1.09E-01 5.6 1.00E-01 35100 5.5 9.85E-02 12.54 2.25E-01
59 Co 10.3 0.040 6.79E-04 0.002 3.39E-05 10.6 0.047 7.98E-04 0.0035 5.91E-05
60 Ni 28.3 0.288 4.91E-03 0.088 1.50E-03 34 0.296 5.04E-03 0.0218 3.71E-04
63 Cu 22.5 0.541 8.51E-03 0.054 8.50E-04 10.1 0.636 1.00E-02 0.0444  6.99E-04
66 Zn 100 0.216 3.30E-03 0.100 1.53E-03 71 0.255 3.90E-03 0.086 1.32E-03
69 Ga 21.5 0.001 1.58E-05 0.0028* 1.30E-02 16.1 0.0034  4.88E-05 0.0176  2.52E-04
72 Ge 1.25% 0.001 6.89E-06 1.9 0.0005  6.89E-06 0.0004 5.51E-06
75 As 52.5% 0.02 2.67E-04 5.2% 6.94E-02 3.53 0.02 2.67E-04 0.0182 2.43E-04
77 Se 1.25% 0.108 1.37E-03 0.03* 3.80E-04 0.2 0.085 1.08E-03 0.12 1.52E-03
85 Rb 118 3.240 3.79E-02 0.360 4.21E-03 114 2.97 3.47E-02 0.1286  1.50E-03
88 Sr 340 154 1.76E+00 1.2 1.32E-02 230 255 2.91E+00 10.4 1.19E-01
89 Y 12.3 0.003 3.37E-05 0.006 6.75E-05 18.8 0.006 6.75E-05 0.0112 1.26E-04
90 Zr 51.8 0.018 1.97E-04 101 0.025 2.74E-04 0.019  2.08E-04
93 Nb 12%* — — — — 14.3 — — 0.0004 4.74E-06
95 Mo 0.8 0.040 4.17E-04 0.156 1.63E-03 0.36 0.04 4.17E-04 0.013 1.36E-04
109 Ag 0.5 - — 0.0048*  4.45E-05 0.331 - — 0.0001  9.27E-07
111 Cd 0.3 0.0100  8.90E-05 0.21 0.01 8.90E-05 0.0003 2.49E-06
118 Sn 6.0 0.0004  3.48E-06 0.0024  2.09E-05 2.47 0.0004  3.48E-06 0.0006 5.57E-06
123 Sb 1.8 0.006 4.93E-05 0.070 5.75E-04 0.563 0.005 4.11E-05 0.0078  6.37E-05
133 Cs 14.8 0.072 5.42E-04 0.002 1.50E-05 8.1 0.072 5.42E-04 0.0008 5.72E-06
138 Ba 418 144.0 1.05E+00 0.620 4.51E-03 393 119 8.67E-01 2.134  1.55E-02
139 La 21.0 0.0043  3.10E-05 0.016*  1.15E-04 355 0.0051  3.67E-05 0.0106 7.63E-05
140 Ce 455 0.0040  2.85E-05 69.4 0.0072  5.14E-05 0.034  2.43E-04
141 Pr 5.8 0.0005  3.55E-06 0.0024  1.70E-05 7.76 0.0008  5.68E-06 0.0036  2.54E-05
146 Nd 19.8 0.0030  2.08E-05 0.0076 5.27E-05 28.2 0.005 3.47E-05 0.0152  1.05E-04
147 Sm 4.0 0.0011  7.32E-06 0.0012  7.98E-06 5.5 0.0013  8.65E-06 0.0033  2.22E-05
153 Eu 1.0 0.0029  1.91E-05 1.31 0.0025  1.65E-05 0.0016 1.05E-05
157 Gd 3.8 0.0014 8.90E-06 0.0016 1.02E-05 5.5 0.0017 1.08E-05 0.0035 2.23E-05
159 Tb 0.5 — — — — 0.79 0.0001  6.29E-07 0.0005 3.15E-06
163 Dy 2.8 0.0002  1.23E-06 0.0008  4.92E-06 4.1 0.0004  2.46E-06 0.0024  1.46E-05
165 Ho 0.5 - — — - 0.82 0.0003  1.82E-06 0.005  3.03E-05
166 Er 1.75 0.0001  5.98E-07 — - 2.52 0.0002  1.20E-06 0.0012  7.05E-06
169 Tm 0.3 0.0001  5.92E-07 - - 0.356 0.0001  5.92E-07 0.0001  8.29E-07
172 Yb 1.5 0.0001  5.78E-07 — - 2.5 0.0003  1.73E-06 0.0008 4.85E-06
178 Hf 1.5 0.0006  3.36E-06 — - 3.9 0.0006  3.36E-06 0.0002 1.34E-06
181 Ta 1.8 - — - - 2.47 - — 0.0001  3.32E-07
182 W 2.8 0.0050  2.72E-05 0.0004  2.18E-06 1.95 0.005 2.72E-05 0.0005 2.94E-06
185 Re - 0.022 1.18E-04 — - 0 0.013 6.98E-05 0.011 5.91E-05
197 Au 1.3 - — — - 0.124 0.0001  5.08E-07 — -
205 Tl 1.0 0.0320  1.57E-04 0.58 0.038 1.86E-04 0.0002  9.7857E-07
208 Pb 34.0 0.0046  2.22E-05 0.0052  2.51E-05 14.1 0.0051  2.46E-05 0.0085  4.0927E-05
209 Bi 1.0 0.0001  4.79E-07 0.16 0.0001  4.79E-07 0.0001  3.8281E-07
232 Th 13.3 0.0022  9.48E-06 0.0040  1.72E-05 12.6 0.0042  1.81E-05 0.0033  1.4049E-05
238 U 7.3 0.2200  9.24E-04 0.9800  4.12E-03 2.45 0.21 8.82E-04 0.0182  7.6461E-05
pH 10.23 7.64

Relative standard deviation <5% except where noted by *
—: not detected
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Table 4. ICP-MS analysis of elements in the dissolved antibacterial clay (CsAg02).
Results are reported in ppm normalized to weight of clay. Elements discussed are

shaded.

CsAg02 Bulk 1.0-2.0 pm 0.2—1.0 pm <0.2 pm
Mass element (ppm) (ppm) (ppm) (ppm)
7 Li 112 117 112 157
9 Be 5 6 6 7
11 B 135 150 152 235
23 Na 18750 6075 4225 10800
24 Mg 18250 17100 19000 13750
27 Al 72000 88000 84250 51500
28 Si 315 318 286 403
31 P 1250 1250 1500 2088
39 K 30500 48750 37500 24000
44 Ca 20250 16000 11225 8200
47 Ti 2825 6600 3823 2375
51V 73* 114 94 104
52 Cr 59 90 76 81
55 Mn 723 578 407 405
56 Fe 33375 40000 39750 44750
59 Co 10 13 10 11
60 Ni 28 32 27 34
63 Cu 23 33 24 31
66 Zn 100 140 135 160
69 Ga 22 33 29 31
72 Ge 1.3*% 2.0%* 2 1.8*%
75 As 53% 48%* 32 43
77 Se 1.3*% 0.8* 1 1.0*
85 Rb 118 198 205 53
88 Sr 340 308 250 198
89 Y 12 14 15 14
90 Zr 52 83 48 54
93 Nb 12 30 16 12
95 Mo 0.8 1.8 1.5 0.8
109 Ag 0.5 7.3 1.3 1.3
111 Cd 0.3 0.3 0.2 0.2
118 Sn 6 11 9 8
123 Sb 2 2 2 2
133 Cs 15 24 23 13
138 Ba 418 618 378 100
139 La 21 31 30 16
140 Ce 46 63 58 43
141 Pr 6 8 8 5
146 Nd 20 27 25 19
147 Sm 4.0 53 4.8 4.0
153 Eu 1.0 1.3 1.0 0.8
157 Gd 3.8 5.0 4.8 4.0
159 Tb 0.5 0.8 0.8 0.8
163 Dy 2.8 35 33 33
165 Ho 0.5 0.8 0.5 0.5
166 Er 1.8 2.0 1.8 1.8
169 Tm 0.3 0.3 0.3 0.3
172 Yb 1.5 2.0 1.5 1.5
178 Hf 1.5 2.5 1.5 2.0
181 Ta 1.8 3.8 2.5 2.5
182 W 2.8 7.5 3.5 33
197 Au 1.3 1.3 1.3 1.3
205 Tl 1.0 2.0 1.5 1.3
208 Pb 34 55 34 33
209 Bi 1.0 1.5 1.0 1.3
232 Th 13 14 14 14
238 U 7 8 7 9

Relative standard deviation <5% except where noted by *
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Figure 6. Field emission SEM photomicrographs showing: (a) 200 nm hexagonal crystals of CsAg02 (Au-coated); (b) 20 x 100 nm
lath-shaped crystals in the same sample (no coat); (c) E. coli prepared by critical point drying (CPD), before incubation with clay;
(d) E. coli incubated with CsAg02 for 6 h, prepared by CPD; (e) E. coli incubated with CsAg02 for 6 h imaged with no chemical
preparation; (f) close-up of E. coli showing no orientation of clay around cell wall or penetration of the bacteria.

ing the bacteria or impeding efflux of wastes. E. coli
(among other bacteria) can adsorb enough heavy metals
(e.g. Ag, La, Cu, Cd) from 1 mM solutions to precipitate
metallic crystal aggregates around the cell membrane
(Mullen et al., 1989). Some bacteria are nucleation sites
for authigenic minerals (sulfides and clay precipitates) in
metal-contaminated sediments (Ferris et al., 1987). To
test for precipitation of minerals, energy dispersive
X-ray analyses of the cell surfaces after incubation with
clay was performed. No detectable heavy metal pre-
cipitates were observed, although small peaks were
observed for Ca and P, which dominate the LB medium
nutrients. The detection limits of EDS may be too high
to detect lethal concentrations of metals.

Imaging by SEM of uncoated, wet suspensions of
bacteria with clay (Figure 6e,f) show the remains of intact
bacteria surrounded by the small clay crystals. The odd

bacterial features are artifacts of dehydration in the high-
vacuum chamber. These images show no orientation of
the clay particles around the bacteria or penetration of the
cell envelope by clay laths. This suggests that no physical
attraction (adhesion) is present between the clay and the
cell wall, which is consistent with the contact-angle
measurements (Table 5) indicating an organophobic clay
surface. Cell lysis does not appear to occur due to physical
rupture by the CsAg02 clay.

Chemical considerations

Bacteria can accommodate large concentrations of
toxic ions by three general mechanisms. The ions may be
eliminated from the cell by efflux (Nies and Silver,
1995); the metals may complex into non-toxic molecules
such as thiols (S compounds), or the metals may be
buffered to an oxidation state which is within the
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Table 5. Contact-angle measurements for water, glycerol, and
diiodomethane on oriented <0.2 um clay films. The surface
tension values for these liquids are listed in van Oss (1994).
The contact angles have a standard deviation of approxi-
mately 2° Solution of the simultaneous Young-Dupré
equations yields the surface tension values (as mJ/m?) in
the lower part of the table (+: electron acceptor; —: electron
donor; Giese and van Oss, 2002)

CsArO2 CsAgO2
Water 2 10
Glycerol 22 7
Diiodomethane 30 34
T 425 44.2
o 2.8 1.4
v 43.7 50.4

physiological range of aerobic bacteria (Nies, 1999).
Reduced metals are usually eliminated from bacterial
cells by an efflux system. Therefore, the focus must be
on the chemical reactants that might inhibit these
protective mechanisms.

Thermal alteration. Mineralogical results by XRD
indicate that the antibacterial CsAg02 clay contains
more Fe-smectite than the CsAr02 clay (Table 1) and
that it is destroyed through progressive heating
(Figure 5). Frost et al. (2000) showed that Fe-rich
smectites dehydrate by 200° and dehydroxylate by
550°C. This could eliminate certain volatile elements
from consideration for involvement in the antibacterial
mechanism. Elements that are volatile below 200°C (H,
N, O, F, Cl, Br, I,) may be released during dehydration
of the clay, assuming they are adsorbed species. Heating
to 550°C eliminates any P, S, and Hg species associated
with the hydroxyl bonds. This temperature also volati-
lizes organic compounds (although C is stable), indicat-
ing that the bactericide is not related to organic reactions
or microbial processes. Furthermore, the oxidation of Fe
that occurs upon dehydroxylation (Heller-Kallai and
Rozenson, 1980) does not change the antibacterial
effect.

Heating the clay to 900°C largely destroys the silicate
structure of the clay minerals (Figure 5) leaving only the
oxide components and the clay no longer kills £. coli.
Elements that are volatile between 550° and 900°C
include Na, K, Rb, Cs, As, Se, and Cd. Any one of these
elements could be involved in the antibacterial mechan-
ism; however some are more likely than others. Sodium
and K, for example, are nutrients for bacteria and are
concentrated in the LB growth medium, therefore they
are not likely toxins. Rubidium is not considered a toxin;
however, it may substitute for K in bacteria and
potentially impact certain metabolic functions (Wackett
et al., 2004). The more common toxins are Cs, As, Se,
and Cd, and therefore their minimum inhibitory con-
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centrations (MIC) on E. coli growth must be evaluated.
The elements not volatilized by heating to 900°C are
heavy metals. However, these elements cannot be
eliminated from consideration in the antibacterial
mechanism because they are highly oxidized by heating
in atmosphere. They may have played a toxic role in
their more reduced states.

Size fraction. With the exception of Fe, which is slightly
more abundant in the dissolved <0.2 um fraction of
CsAg02 than in the larger size fractions (Table 4), all of
the other elements analyzed by ICP-MS are similar in
abundance, within analytical error. The most notable
attribute of the finest size fraction is the very large
surface area (115.4 m?%/g), which may influence the
solubility of elements involved in the antibacterial
mechanism. Clearly the element(s) involved in the
antibacterial mechanism are not highly soluble because
multiple washings are required for separation of the
<0.2 um size fraction and it still killed E. coli. This
implies high toxicity at low concentrations.

Iron possibly is involved in reactions that produce
antibacterial agents. For example, hydroxyl radicals
formed during oxidation of Fe may be destructive to
cells or form products such as H,O, that are destructive
(Fenton, 1894; Schoonen et al., 2006; Cohn et al., 2006).
The potential for reactions between metals and bacteria
that produce superoxide radicals (e.g. O5), must also be
considered (Johnston et al., 1975). While the Fe content
of the two French clays is similar (Tables 2, 3), the
molecular speciation and solubility may be quite
different (Stucki et al., 1996).

Exchangeable and soluble elements. The results showing
that the CsAg02 clay no longer killed E. coli after cation
exchange (Figure 2) suggest that either the element(s)
responsible for bactericidal activity was removed by
exchange or that the surface properties of the clay
involved in elemental exchange were changed (e.g.
charge satisfied), thus removing a chemical potential
required for the antibacterial process. Based on these
results, a chemical transfer is apparently involved.
However, antibacterial activity could be the result of
either delivery of a toxin or depletion of a nutrient
supply needed by the cells. The surface potential of the
clay might attract nutrients, i.e. Ca>" or K*, away from
the bacteria, just as well as it might provide a toxin.
Competition for nutrients in a supply-limited system is a
plausible mechanism for metabolic malfunction. The
clay-surface potential may control adsorption of toxic
elements from the geological environment, as well as
nutrients (Rogers et al., 2002).

To test for chemical transfer of toxins, Metge et al.
(2007) put the CsAg02 clay into dialysis tubing, and
immersed the tubing in a culture of growing bacteria.
Within a few hours, the bacteria were killed.
Furthermore, E. coli grown to log phase, then washed
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and suspended in CsAg02 aqueous leachates, were
completely killed within 6 h (Haydel et al, 2008).
These tests suggest that the leachate contains a chemical
toxin or toxic reactants, rather than nutrient sequestra-
tion by the clay.

Solution chemistry

Cation exchange eliminated the antibacterial activity
of CsAg02; therefore the abundance of elements in the
exchange solution was evaluated. The exchange solution
of the CsAg02 antibacterial clay contains elements in
approximately the same abundance as the CsAr02 clay
that does not kill bacteria (Table 3). Therefore, a more
useful comparison is among the concentrations of
elements in the aqueous leachate, which contains soluble
elements transferable to the bacteria.

Compared to leachates of the CsAr02, the antibacter-
ial CsAg02 aqueous leachate concentrates 1—2 orders of
magnitude more Na, Mn, As, Ag, Mo, and U. As
previously mentioned, Na is considered a nutrient at
162 mM, because the E. coli LB growth medium
contains similar amounts (171 mM Na). Similarly, the
minimum inhibitory concentration (MIC) of Mn on E.
coli is between 50 and 600 ppm depending on the
molecular species (Dendrinou-Samara et al, 2002).
Arsenic is present in the clay at levels that are toxic to
humans (52.5 ppm) if eaten routinely. The lethal dose of
arsenic ranges from 120 to 200 ppm in adults and is
2 ppm in children; however chronic ingestion of arsenic
in water with concentrations above 10 ppb is considered
toxic (Goldberg, 2002; Nordstrom, 2002). Arsenic is
relatively soluble at pH >5.5, and over a wide range of
oxidation states, so adsorption on particulates (oxides
and clays) can be important for concentration in natural
sediments (Goldberg, 2002; Wolthers et al., 2007).
While human consumption of As(IIl) is considered
toxic, E. coli can adapt to As levels as high as
200 ppm using a chromosomal ars operon (Hedges and
Baumberg, 1973; Carlin et al., 1995).

The solubility of Mo (156 ppb) and U (980 ppb) in
the CsAg02 clay is much greater (higher concentration)
than the CsAr02 leachate (relative to total in the
dissolved clay). Molybdenum (VI) in molybdate is
biologically the most important heavy metal oxyanion
in bacterial cells (Nies, 1999) and is not considered toxic
compared to Ag or U. Silver ions are well known
antibacterial agents against a wide range of pathogenic
organisms, but not all forms of Ag are antibacterial
(Maple et al., 1992; Feng et al., 1998). The Ag" ion
binds to proteins in the bacterial cell, including DNA
and RNA, thus inhibiting replication (Hall ez al., 1987).
The minimum inhibitory concentration of Ag" for E. coli
is 1.2x 10 mM (Uchida er al., 2004), which is well
above the concentration present in the CsAg02 solutions.
Similarly, the MIC for U is ~5000 times greater than the
concentrations found in the CsAg02 leachate. In fact all
of the heavy metal concentrations in CsAg02 leachate
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that are <1 nM are below reported MIC values for E. coli
(Weast, 1984; Nies, 1999; Dopson et al., 2003).
Nonetheless, the cited MICs for E. coli refer to
concentrations of elements at pH 7 (human body
average) with no specific discussion of oxidation state.

Because clay minerals may buffer an aqueous
solution in contact with bacteria to conditions outside
of the norm for humans, the molecular speciation of
elements is important when evaluating MIC. For
example, the solubility and molecular species of
elements such as U are influenced by pH and oxidation
state (Suzuki and Banfield, 1999; Franklin ez al., 2000).
The toxic uranyl species (UO3") is highly soluble at low
pH (<4) (Suzuki and Banfield, 2004) due to its high
charge and attraction to carboxyl and phosphate groups
on cell surfaces. Nonetheless, at elevated pH, and in
reduced state (U(IV)), demonstrated for the CsAg02
clay, U is much less soluble (Suzuki and Banfield,
2004).

Further evaluation of the toxicity of all elements
present in the clay leachate and their speciation as a
function of pH and oxidation state is required. The
activity of metals in solution may be influenced by the
surface chemistry of the clays that alter their potential
energy or reactivity (Stucki et al., 1996). Support for this
hypothesis is based on evidence that the CsAg02
leachates lose their bactericidal effect after sitting in a
test tube for 6 months. Whether this is due to a change in
oxidation state or another chemical effect regulated by
the clay surface is unknown. The relative toxicity of
elements such as Cs, Se, and Cd, indicated as potential
participants in the antibacterial mechanism, depends on
the action of their soluble molecular species on the
cytoplasmic membrane of the bacteria (Estrela et al.,
1994). No one element or compound is likely to be
responsible for this effect, but rather a combination,
working in concert, that effectively attack the bacterial
pathogens. For example, the antibacterial action of Dead
Sea mud is thought to be a combination of high salinity,
low pH (5.6), and high sulfide content (>1000 ppm)
(Ma’or et al., 2006). The mechanism by which these
components kill bacteria has not yet been identified.

Aqueous molecular speciation

The pH of aqueous solutions in contact with clay is
commonly controlled by the surface properties of the
clay because H' is attracted to the negatively charged
clay surface to varying degrees (Jackson, 1979). The
interior pH of a cell is determined by the permeability of
the cell membrane to protons, which is controlled by a
number of ion-transport systems (Booth, 1985). The
exterior pH (solution chemistry influenced by the clay)
may or may not have an effect on the regulation of the
pH in the cell interior, depending on the enzyme systems
developed within the particular species. Many bacteria
can adapt to varying external pH conditions; however,
pH impacts the rate of chemical reactions (catalyzed by
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enzymes) that determines the flow of nutrients through
the membrane. A drastic pH gradient across the
membrane could affect many chemical systems required
for bacterial viability (Mendonca et al., 1994).

E. coli are neutrophiles that grow optimally between
pH 6.0 and pH 8.0, but can grow more slowly at pH
values somewhat beyond these limits (Kurkdjian and
Guern, 1989). Therefore, E. coli growth may be impaired
by the extreme exterior pH conditions imposed by
application of the high-pH CsAg02 paste or leachate.
This alone would produce inhibitory growth conditions
for E. coli, but not necessarily cause bactericidal activity
(as observed). Nonetheless, a great abundance of
hydroxyl groups has been identified as an antibacterial
mechanism for some bacteria (Kodukula er al., 1988).
Hydroxyl anions can remove H' from fatty acids in the
cell membrane, which affects permeability and transfer
of ions in and out of the cell. Further testing of CsAg02
is needed, using alkalophiles unaffected by the high-pH
clay, to determine the importance of pH. However, pH
alone does not appear to be the antibacterial mechanism
of the CsAg02 clay because other clays with a high pH
(>9) have been tested on E. coli (data not shown) with no
bactericidal effect. More likely, the pH and oxidation
state are important in controlling the molecular species
of toxic elements derived from antibacterial clay and
their inhibitory concentrations.

CONCLUSION

Understanding the healing effect of French green clay
on patients suffering from necrotizing Buruli ulcer is
complicated by the disparate effect that the two clays
had on laboratory-grown bacterial pathogens. The clay
that was observed and described by Brunet de Courrsou
(2002) to eliminate the M. ulcerans infection in human
patients (CsAr02) was actually found to promote growth
of E. coli (Figure 3) and other bacteria tested (Haydel et
al., 2008). CsAr02 may have promoted growth of a
natural consortium of bacteria potentially present in the
open wounds and provoked the natural immune system
of the patients to attack the M. ulcerans infected tissue.
The presence of the immunosuppresent mycolactone
toxin (George et al., 2002; van der Werf et al., 2003),
generated by M. ulcerans, probably prohibited an
immune system response prior to application of
CsAr02. Alternatively, the absorbent smectite compon-
ent of the CsAr02 clay could bind the mycolactone toxin
and allow for it to be removed during daily clay poultice
changes, thus potentiating an immune response.

If bacterial growth was promoted by the initial
CsAr02 clay treatment, switching to the CsAg02 clay
fortuitously sterilized the wounds by its demonstrated
antibacterial action. This antibacterial activity allowed
for and possibly aided natural skin granulation and
eventual wound healing. The mechanism of this
antibacterial action is still under investigation.

Williams, Haydel, Giese, Jr., and Eberl
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However, the present study revealed that the clay is
not physically penetrating the bacterial cells.
Experimental results suggest that the chemistry of the
water in contact with the clay is involved in creating a
chemical condition detrimental to the growth of
pathogenic bacteria. The large surface area of the clay
buffers the water pH and oxidation state, controlling the
solubility and molecular speciation of potential toxins
derived from the clay. The antibacterial clays act like a
self-contained chemical lab. Without the clay to buffer
the aqueous chemistry, the antibacterial process would
probably breakdown.
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