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Abstract: The metal resistant bacterium Cupriavidus metallidurans CH34, challenged with aqueous
platinous and platinic chloride, rapidly immobilized platinum. XANES/EXAFS analysis of these
reaction systems demonstrated that platinum binding shifted from chloride to carboxyl functional
groups within the bacteria. Pt(IV) was more toxic than Pt(Il), presumably due to the oxidative stress
imparted by the platinic form. Platinum immobilisation increased with time and with increasing
concentrations of platinum. From a bacterial perspective, intracellular platinum concentrations were
two to three orders of magnitude greater than the fluid phase, and became saturated at almost molar
concentrations in both reaction systems. TEM revealed that C. metallidurans was also able to precipitate
nm-scale colloidal platinum, primarily along the cell envelope where energy generation/electron
transport occurs. Cells enriched in platinum shed outer membrane vesicles that were enriched in
metallic, colloidal platinum, likely representing an important detoxification strategy. The formation
of organo-platinum compounds and membrane encapsulated nanophase platinum, supports a role
for bacteria in the formation and transport of platinum in natural systems, forming dispersion halos
important to metal exploration.
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1. Introduction

Microorganisms are able to thrive under a variety of extreme conditions including strongly
acidified soils and metal-rich mineralized zones [1-3]. Some metal-tolerant bacteria in these
environments are able to carve out niche existences by using the available metal and metal-containing
compounds as sources of nutrition and energy [4]. Alternatively, some bacteria may invoke genetically
encoded detoxification mechanisms to mitigate the effects of high metal concentrations [5]. These steps
can involve metal reduction, complexation, precipitation, efflux or a combination thereof [6,7].

The biogeochemical cycling of precious metals and the formation of certain geologic deposits
can be attributed to microbial activity [8-12]. Invitro studies have shown that bacteria are
able to immobilize and/or precipitate gold from gold-rich solutions [13-16]. Kenney et al. [17]
noted that non-metabolizing bacteria were also able to remove gold from aqueous gold solutions.
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The morphologies of bio-precipitated gold so closely resemble the gold found in contemporary
(Australia) and paleoplacers, e.g., South Africa’s Witwatersrand basin, that a biogenic origin for
these auriferous deposits [8,9,18,19] is now accepted.

The chemical properties that give gold the ability be part of a biogeochemical pathway are not
necessarily unique to that element. In fact, gold shares similar properties to platinum. Like gold,
platinum is a chalcophile element, as it preferentially forms covalent bonds with sulphur [20]. As such,
platinum and gold share similar transport mechanisms in the crust and can be deposited in both
magmatic and hydrothermal systems. In some polymetallic deposits, gold and platinum are alloyed
to one another [21,22]. The question remains: does this similar geochemical behaviour extend to
low temperature, i.e., Earth surface weathering conditions? Recent work on placer platinum grains
indicates that weathering, including the biogeochemical cycling of platinum does occur, albeit to a
much lesser extent than gold [23-25].

Platinum, one of the six platinum group elements, is a highly valued metal [26,27].
Its concentration in the lithosphere is scarce, but it can reach economic concentrations in primary
and secondary ore deposits [22,28]. Under surficial weathering conditions, the predicted oxidation
state of platinum in aqueous solutions is Pt(II) or Pt(IV) [29]. Based on thermodynamic calculations,
platinum is likely to occur as free aqueous ions only in oxidising and acidic environments, therefore,
under most surficial conditions, platinum occurs as stable colloids/nanoparticles or is bound by
coordination complexes to organic and inorganic ligands [29-32].

Platinum commonly forms complexes with chlorides, hydroxides and thiosulphates, but
amorphous organo-platinum and platinum-hydroxide colloids also occur [29,30,32-36]. Aqueous
platinum is transported in the surficial environment until conditions favour its (biogeo)chemical
transformation and/or chemical precipitation. Subsequent migration and deposition of platiniferous
material may occur [32,37]. While these processes were assumed to be primarily abiotic, recent research
has shown that bacteria-mediated platinum immobilisation may also contribute to the formation of
platinum placer grains [15,25].

Lengke et al. [38] demonstrated that cyanobacteria are able to reduce aqueous Pt(IV) species
in a stepwise reaction that first produces intracellular and extracellular spherical platinum (II)
organic nano-condensates. The amorphous platinum (II) colloids then experienced further
diagenesis to produce crystalline, elemental platinum. Platinum can also be reduced by the metal
reducing bacterium Shewanella algae [39]. These experimental findings are supported by the recent
discovery and characterisation of small alluvial platinum grains with morphologies characteristic of
platinum-encrusted bacteria [40]. Microbes attached to an organic substrate, i.e., a decaying plant root,
precipitated platinum from solution onto their surface. In this system, it is thought that continued
bioreduction and subsequent electrochemical accretion of platiniferous nanoparticles likely contributed
to the formation of the biogenic alluvial grains [40].

Further investigation is still needed to understand the specific role(s) that microbes play in
platinum biomineralisation [39]. This study employed the use of Cupriavidus metallidurans CH34:
an aerobic, gram-negative, facultative chemolithoautotrophic, rod-shaped B-Proteobacterium known
for being resistant to the toxic effects of a number of metallic cations, e.g., Cu, Pb, Zn, Cd, Ag and
Au [9,14,41-43]. Resistance is primarily facilitated by metal transporting ATPase efflux proteins in
the cell envelope and cation reduction mechanisms in the cytoplasm, which have been shown to
confer metal immobilisation [6,9,44]. This bacterium, which forms biofilms, was found to be living
on the surface of gold grains obtained from auriferous soils in southern and northern Australia, and
was shown to be able to precipitate aqueous gold-chloride species Reith et al. [14,15]. In addition,
C. metallidurans strains were also present in biofilms on the surfaces of Brazilian platinum grains [25].
Therefore, a study of its interaction with aqueous platinum-chloride species found in natural systems
should demonstrate comparable reactivity towards platinum.
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2. Materials and Methods

2.1. Culturing of Cupriavidus metallidurans

Cupriavidus metallidurans strain CH34 (ATCC®43123, acquired from the American Type Culture
Collection in Manassas, VA, USA) was grown in an ATCC® prescribed liquid medium containing
5 g/L peptone and 3 g/L beef extract (Difco Laboratories, Detroit, MI, USA). Before experimentation,
the culture was transferred (~10% [vol./vol.] of inoculum at late stationary phase) to 13 mm x 100 mm
borosilicate disposable culture test tubes (capped with plastic push caps to allow for free gas exchange
and to prevent evaporation and contamination) and grown to early stationary growth phase (5 days)
to maximize the amount of metabolically active biomass. These axenic batch cultures were incubated
at room temperature (21-23 °C) under ambient atmospheric conditions.

After incubation, separate batches were pooled into 50 mL centrifuge tubes and homogenized
(VWR Analog Vortex Mixer, VWR International, West Chester, PA, USA) to ensure a consistent cell
density. For the platinum immobilisation experiments, 1 mL aliquots of the bacterial suspension
were transferred to micro-centrifuge tubes and harvested by centrifugation at 12,000x ¢ for 5 min
using a VWR Galaxy 16 micro-centrifuge (VWR International, West Chester, PA, USA). After
centrifugation, the supernatant was decanted and the cells were washed once by re-suspension
into filter-sterilized distilled, deionized (DDI) water to remove any remaining culture medium. After
vortexing, the bacterial suspension was centrifuged again at 12,000x g for 5 min. The supernatant
was discarded and bacterial pellets were re-suspended into the experimental platinum solutions.
The total number of bacteria in a washed sample was determined by direct counting using a
Petroff-Hauser counting chamber and a phase contrast light microscope (Fluorescent Z1 microscope,
Zeiss, Oberkochen, Germany).

2.2. C. metallidurans and Aqueous Platinum Experiments

The bacterial experiments were conducted to examine the role of inactive but viable
C. metallidurans in the bio-immobilisation of platinum from aqueous solutions of platinum (II)-chloride
(K, PtCly, Premion®, 99.99+% [metal basis], Pt 46.4% minimum, Alfa Aesar®, Ward Hill, MA, USA)
and platinum (IV)-chloride (PtCly, Premion®, 99.99+% [metal basis], Pt 57% minimum, Alfa Aesar®).
Platinum salts were dissolved in DDI water at 16.2 MQ)/cm.

Washed C. metallidurans cell pellets (from 1 mL culture) were re-suspended in 1 mL aqueous
platinum solutions (from stock solutions of 0.5 uM, 5 uM, 50 uM, 500 uM and 5000 uM final Pt(II)
or Pt(IV) concentrations) at room temperature (21-23 °C) for 1 min, 1 h, 1 day, 2 weeks and 4 weeks.
Experiments were maintained in the dark because platinum in solution is unstable when exposed to
light [38]. Micro-centrifuge tubes containing the bacteria-platinum mixture were only removed from
darkness to be vortexed weekly during the longer exposure times. All experiments were performed
in triplicate.

Following exposure, reaction tubes were centrifuged at 12,000 x g for 5 min and the supernatant
was recovered for chemical analyses of residual, soluble platinum. The remaining bacterial pellets
were washed one time by re-suspension in filter-sterilized DDI water to remove any unreacted aqueous
platinum and centrifuged again at 12,000x g for 5 min. The wash solution was decanted and the
reacted culture was re-suspended in 1 mL of filter-sterilized DDI water in preparation for whole mount
transmission electron microscopy or for the examination of bacterial viability. Bacterial pellets were

fixed using 1 mL of 2 wt % glutaraldehyde for ultra-thin section transmission electron microscopy
(described below).

2.3. C. metallidurans—Aqueous Pt(1)- and Pt(IV)-Chloride Dose—Response Experiments

The effect of aqueous Pt(II)- and Pt(IV)-chloride(,q) on bacteria viability was determined using
the spread plate method [45]. Briefly, reacted cells were washed and re-suspended in 1 mL of DDI
water and used in a serial dilution series with filter-sterilized DDI water. Each dilution was plated
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in duplicate on peptone-beef extract-agar plates that contained (in g/L) peptone, 5; beef extract, 3;
and agar, 15 (Difco Laboratories). Plates were incubated for four days at room temperature (21-23 °C)
under ambient atmospheric conditions. Colony-forming units (cfu) were counted with the aid of a
New Brunswick C-110 Colony Counter with digital counter and probe.

2.4. Chemical Analyses of Solutions and Quantification of Pt Associated with Cells

Platinum concentrations were measured over the course of the experiments using a Perkin-Elmer
Optima-3000 DV system inductively coupled plasma atomic emission spectrometer (ICP-AES, ICP-AES;
Shelton, CT, USA). Instrumental uncertainty for measured platinum was <5%, with a detection limit of
0.05 uM. Samples for ICP-AES were diluted as necessary (1:10 or 1:100 vol./vol.) with filter-sterilized
DDI water directly prior to analyses. Platinum standards for calibration were prepared with aqueous
Pt(II) and Pt(IV) stock solutions used in the laboratory-based C. metallidurans and aqueous platinum
experiments. The pH of the stock solutions was measured using a Denver Instrument basic pH meter
(Bohemia, NY, USA). The electrodes were calibrated in buffer solutions of pH 4, 7 and 10. Analytical
uncertainty of pH measurements is £0.01 units. The pH of the platinum solutions after exposure to
bacteria was compared to the pH of stock solutions using ColorpHast® non-bleeding indicator strips
(Merck, Etobicoke, ON, Canada).

In order to calculate the effective concentration of immobilised platinum within the bacterial
cells, the amount of soluble platinum remaining in solution after reacting with C. metallidurans was
quantified by ICP-AES. These results were then subtracted from the known starting concentrations of
soluble platinum (i.e., the stock aqueous platinum solutions) reacted with the bacteria, and normalized
to the volume of 1 billion C. metallidurans cells to determine the concentration of platinum inside the
cells. The volume calculation for C. metallidurans was based on diameter and length measurements of
bacteria shown in the accompanying whole-mount TEM micrographs (Figures 1-3, 5 and 6), modeled
as a cylinder bounded by two half spheres (see Equation (1), [46]):

V = 4/3(mr®) + r’h (1)

2.5. Transmission Electron Microscopy (TEM)

Unstained whole sample mounts and thin sections of T = 0 control (prior to reaction with the Pt
solutions) and Pt-reacted C. metallidurans were examined using a Phillips CM-10 transmission electron
microscope (TEM; FEI, Hillsboro, OR, USA) operated at 80 kV (60 kV for ultra-thin sections). The
whole mounts were prepared by floating Electron Microscopy Sciences (EMS; Hatfield, PA, USA)
Formvar carbon-coated 100-mesh copper grids on a drop of culture for several minutes to allow the
bacteria to adsorb to the grid. Grids were then washed to remove salts by gentle dipping into a drop
of filter-sterilized DDI water. The grids were allowed to air-dry prior to microscopy.

Samples for ultra-thin sectioning were fixed overnight at room temperature in 2%(,q)
glutaraldehyde (EMS). Fixed cultures were subsequently centrifuged at 14,000x ¢ for 1 min. The
supernatant was discarded and the remaining bacterial pellet was enrobed in 2% (weight/volume)
Noble agar (Difco Laboratories) and dehydrated using a 25%, 50% 75% and three x 100% acetone
series (incubations were 15 min each). The acetone was slowly replaced with an EMS epoxy resin (the
enrobed culture was incubated at 1 h intervals in a 1:1 [v/v], 1:3 [v/v] and 1:9 [v/v] acetone:epoxy
resin series). Epoxy resin contained a 2.5:2:1 volume ratio of Embed 812, DDSA (dodecenyl succinic
anhydride) and NMA (nadic methyl anhydride). Samples were incubated overnight in 100% epoxy
resin and then transferred to moulds with fresh epoxy resin containing the accelerator DMP-30
(2,4,6-tri(dimethylaminoethyl)phenol, EMS). Ratios by volume were 2.5:2:1:0.15. The molds were
cured in a 60 °C oven (Blue M Electric Company Bacteriological Incubator, Watertown, WI, USA)
for 48 h, until hard. Embedded samples were ultra-thin sectioned using a Reichert-Jung Ultracut E
ultramicrotome (Vienna, Austria) equipped with a Diatome™ diamond knife to a thickness of 70 nm
and collected on Formvar carbon-coated 100-mesh copper grids.
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2.6. X-ray Absorption Spectroscopy (XAS) Data Collection

X-ray Absorption Spectroscopy energy measurements from the bacteria-platinum reactions,
including XANES (X-ray absorption near edge structure) and EXAFS (extended X-ray absorption fine
structure), were conducted at the Pacific Northwest Consortium/X-ray Science division (PNC-XSD)
sector 20-BM beamline at the Advanced Photon Source, Argonne National Laboratory, Argonne, IL,
USA. The oxidation state of platinum can be determined by XANES while information regarding the
binding partners and local coordination of platinum is provided by EXAFS data. Determining the
oxidation state and binding partners of platinum will shed light on how aqueous platinum binds
to bacterial cells [38]. X-ray Absorption Spectroscopy energy measurements of the Pt-L; edge were
collected from each sample and were calibrated to the inflection of the Pt foil edge at 11,564 eV [47].

For the XAS measurements, C. metallidurans cells were reacted as described above. For XAS,
replicate reactions were harvested by centrifugation, i.e., cells were pelleted, and re-suspended in
200 pL water in order to concentrate the sample for better chemical detection. The reacted bacterial
samples were then placed in an acid-resistant Teflon fluid cell with Teflon-coated Kapton film (Dupont®,
Wilmington, NC, USA) windows or were pipetted directly onto Whatman® 42 Ashless Filter Papers
(Maidston, UK). XAS measurements on the bacterial samples were conducted in fluorescence mode.

Reference compounds were needed to determine the chemical state of bound platinum in these
reactions. Standards were selected on the criteria that they represent the most likely oxidation states
and bonding partners of platinum expected in the reacted, bacterial samples. The XAS spectra for
model compounds including platinum (IV)-chloride (PtCly), platinum (IV)-cyanide (K;Pt(CN)g),
platinum (II)-chloride (K,PtCly), platinum (II)-cyanide (KoPt(CN)4) and platinum (II)-tetraamine
nitrate ((NH3)4Pt(NOs),) were measured in aqueous solution in transmission mode. Liquid stocks (up
to 65 mM) were prepared from solid compounds without pH adjustment. XAS spectra for platinum
(IV)-oxide hydrate (PtO,-xH0O), platinum (II)-cis-diamminedichloride (cisplatin, Pt(NH3),Cl,),
platinum (II)-sulphide (PtS) and platinum foil (Pt) were measured in solid form in transmission
mode due to their insoluble nature. With the exception of the foil and platinum (II)-sulphide, the
standards were placed in teflon fluid cells with kapton film windows. Platinum (II)-sulphide was a
precipitate and was concentrated onto MF-Millipore™ 0.45 um, 13 mm membrane filters (Burlington,
NJ, USA). Model compounds were commercially acquired from Alfa Aesar® and Sigma-Aldrich®
(with exception of platinum (II)-sulphide, which was synthesized in the laboratory by mixing equal
molar solutions of aqueous platinum (II)-chloride (K,PtCly) with aqueous sodium sulphide 9-hydrate
[NayS-9H,0] (J.T. Baker®, Phillipsburg, NJ, USA) to produce a black (PtS) precipitate (confirmed by
Energy Dispersive Spectroscopy). The reference spectrum of the platinum foil was simultaneously
collected during measurement of all standards and reacted, bacteria samples. Incident energy from the
beam did not alter the chemistry of the standards or samples.

2.7. XAS Data Analysis

ATHENA analysis software was used to process XAS data [48]. Energy scans from samples and
standards were calibrated and aligned to the standard platinum foil reference energy. Multiple scans
were collected for each sample and were averaged to produce a single spectrum representative of
platinum’s oxidation and complexation state in that sample. XANES spectra were then analysed by
comparing the energy position of the platinum edge in the reacted, bacteria samples to the energy
edge location from the standards. Linear combination fitting in ATHENA mathematically identified
which standard(s) aligned with the energy edge of the immobilized platinum. Energy position
alignment corresponded to the oxidation state of the immobilized platinum [38]. EXAFS data analysis
was performed in ARTEMIS, a XAS analysis software program complimentary to ATHENA [48].
Mathematical derivatives of post edge energy peaks from the bound platinum in the bacterial samples
were fitted to post edge energy peaks from the platinum in the standards. Peak alignment, normalized
to platinum chloride standards, indicated potential binding partners of the immobilized platinum [38].
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3. Results

3.1. Laboratory-Based C. metallidurans and Aqueous Platinum Experiments

The addition of K,PtCly and PtCly to filter-sterilised, DDI water promoted the hydrolysis of water,
as indicated by a drop in the pH of the overall solution. The pH of the K,PtCl4 solutions were 5000 uM
(pH 4.2), 500 uM (pH 5.2), 50 uM (pH 5.8) and 5 puM (pH 6.1). The pH of the PtCl, solutions were
5000 uM (pH 2.1), 500 uM (pH 3.0), 50 uM (pH 4.1) and 5 uM (pH 5.3). The pH of the platinum
solution after reaction with bacteria did not change significantly from the pH of the stock solution. The
addition of 5000 uM K, PtCly turned the pellet a brown-grey color in all exposure times. Similarly, the
addition of 5000 uM PtCly to the washed bacterial pellet immediately turned from white to yellow at
all exposure times. Pellet color changes were much fainter or not identifiable at lower concentrations.
Color changes provide macroscopic evidence that platinum was immobilized from solution, i.e., bound
to cell surfaces (staining), or immobilized within the cells.

Tables 1 and 2 were prepared by comparing cfu counts of the Pt-reaction systems to the
unreacted count for the appropriate exposure times. Results were normalized to a standard cfu count
(5.0 x 108 cfu/mL) to allow comparison between exposure times and treatments. The experiments
demonstrated that cell death was ‘instantaneous’ upon exposure of bacteria to 5000 uM Pt(II) and Pt(IV),
i.e., no colonies grew. Platinum toxicity was directly proportional to concentration and exposure time,
with Pt(I) solutions being slightly less toxic than Pt(IV) solutions for a given particular concentration,
exhibiting a minimum inhibitory concentration between 0.5 to 5 uM versus 0.5 uM, respectively.
Control experiments demonstrated that osmotic and/or pH effects were not responsible for the
reduction in cell counts (data not shown).

Table 1. Toxicity study where C. metallidurans was reacted with aqueous Pt(II).

cfu/mL after 1 min cfu/mL after cfu/mL after

[P(ID] Exposure 1 h Exposure 1 day Exposure
0 uM 504+ 0.2 x 108 50+02 %108 5.0+02x 108
0.5 uM 49+0.1 x 108 27+01x10% 4.6+0.1 x 108
5uM 3.7+02 x 108 32+02x10% 43+02x10°
50 uM 41403 x 108 13+0.1x107 21+01x10°
500 uM 9.9 + 0.3 x 10° 0 0
5000 uM 0 0 0

Table 2. Toxicity study where C. metallidurans was reacted with aqueous Pt(IV).

cfu/mL after 1 min

cfu/mL after

cfu/mL after

[PHIV)] Exposure 1 h Exposure 1 day Exposure
0 uM 5.0+ 0.2 x 108 50+02x10® 5.0+02 x 108
0.5 uM 4540.1 x 108 32+01x10® 33+0.1 x 108
5 uM 49+ 0.3 x 108 254+01x%x 108  7.6+04 x 107
50 uM 1.1+0.1 x 108 64+04x10° 48+03x10°
500 uM 6.6 + 0.4 x 102 0 0

5000 uM 0 0 0

ICP-AES results are shown in Tables 3 and 4. Immobilization began immediately upon exposure
to platinum. As exposure time increased for a particular concentration, the amount immobilized also
increased, however, the immobilization rate at these longer exposure times did not match the rate
immobilized at 1 min. The effective concentration of platinum associated with the bacteria, based on
cell volume, exceeded the T = 0 solution concentrations in all reaction systems demonstrating uptake
by C. metallidurans. Cell saturation was not reached except after 1-day exposure time for bacteria in
5000 uM Pt(IT) solutions.
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Table 3. Immobilisation study where C. metallidurans was reacted with aqueous Pt(II).

Intracellular Intracellular Intracellular
[PtI)] Concentration after Concentration after 1 h Concentration after
1 min Exposure (mM) Exposure (mM) 1 day Exposure (mM)
5uM 1.8 +0.01 1.6 +0.02 15+0.3
50 uM 51+ 0.3 44 + 0.5 67 +1
500 uM 120 4+ 0.70 120 + 1.5 410+73
5000 uM 850 + 12 800 + 12 850 + 6.5

Table 4. Immobilisation study where C. metallidurans was reacted with aqueous Pt(IV).

Intracellular Intracellular Intracellular
[Pt(IV)] Concentration after Concentration after 1 h Concentration after
1 min Exposure (mM) Exposure (mM) 1 day Exposure (mM)
5 uM 1.6 £0.01 2.6 + 0.02 9.6 + 0.05
50 uM 11 +£0.05 13 +0.1 40+0.2
500 uM 45 +0.22 160 + 1.3 210+ 1.2
5000 uM 310 £5.8 350 + 0.45 870 £+ 0.75

3.2. Transmission Electron Microscopy (TEM)

Micrographs of the control (unreacted bacteria) are shown in Figure 1. TEM micrographs of
C. metallidurans exposed to platinum solutions are presented in Figures 2—6. Note, the cytoplasmic
contents are clearly visible in Figure 1A compared to the lack of internal detail of the cell in the
ultra-thin section shown in Figure 1B. The cell envelope in the control image is visible as a white
“halo” around the cell, i.e., it is less dense than the plastic. As no metal staining was applied to these
bacteria, any increase in electron density in bacteria from the Pt-reacted systems are attributed to the
immobilisation of aqueous platinum.

A

Figure 1. (A) Whole mount TEM micrograph of an unreacted C. metallidurans cells. Note, the cell
envelope is generally electron transparent; (B) Unstained, ultra-thin section TEM micrograph of
unreacted C. metallidurans. Note the internal detail of cell is lacking because no stain was applied.
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Figure 2. Whole mount TEM micrographs of C. metallidurans reacted with 500 uM Pt(II) for: (A) 1 min;
(B,C) 1 day. (D) Micrograph of nanoparticles in Figure 2C. At 1 day, all cells were stained (B) but only
some cells had produced nanoparticles (C,D).
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Figure 3. Whole mount TEM micrographs of C. metallidurans exposed to 5000 uM Pt(I) for: (A) 1 min,
binding of Pt is minimal as cell remains generally electron transparent; (B) 1 h; and (C) 1 day. At longer
incubation times (B,C), cell staining is apparent in all cells; (D) Ultra-thin section TEM micrograph
of C. metallidurans exposed to 5000 uM Pt(II) for 1 h. Nanoparticle Pt is immobilized along the cell
envelope, in particular at some cell poles, and in the cytoplasm.

Figure 4. (A) Whole mount TEM micrograph of immobilized Pt along an outer membrane vesicle
blebbing off of the cell envelope (1 h exposure at 5000 uM Pt(II)); (B) Ultra-thin section TEM micrograph
of Pt immobilisation along the periphery of an outer membrane vesicle (1 h exposure at 5000 uM Pt(II)).
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Figure 5. Whole mount TEM micrographs of C. metallidurans reacted with 500 uM Pt(IV) for: (A) 1 min,
and (B) 1 day. As incubation time increased, Pt staining became more pronounced. Colloidal platinum
was not observed at any exposure time.

750 nm 100 nm
L — | [ ]

Figure 6. TEM micrographs of C. metallidurans reacted with 5000 uM Pt(IV) for: (A) 1 min (whole
mount); (B) 1 h (ultra-thin section). Pt has been immobilized at the cell envelope and within the cell;
(C,D) 1 h (whole mount); (EF) 1 day (whole mount). Cells in (C-F) have lysed and cytoplasmic material
possesses colloidal Pt. Staining of cells becomes more pronounced at longer incubation times (C-F).
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Figure 2A demonstrates that bacterial staining occurs immediately upon exposure to 500 uM
Pt(Il), however, not all bacteria at 1 min and 1 h were stained by platinum. Generally, longer exposure
times revealed darker staining (Figure 2B). Some bacteria produced nanometre-scale platinum colloids
at 1 day (Figure 2C,D). Nanoparticles were not observed at shorter exposure times. Figure 3A shows
that, at 1 min, some bacterial cells did not bind platinum from the 5000 pM Pt(II) solution. The majority
of cells were stained with platinum at this exposure time point and at 1 h (Figure 3B). All bacteria
were observed to be considerably darker after 24 h (Figure 3C). Platinum colloid formation began
at 1 h and 1 day exposure times (Figure 3C). An ultra-thin section TEM micrograph of a bacteria
exposed to 5000 uM Pt(Il) for 1 h is shown in Figure 3D. Platinum nanoparticles appear along the
periphery of the cell envelope and within the cytoplasm. Figure 4A shows a partially lysed bacterium
(a bacterium that has split open), with platinum nanoparticles bound in cytoplasmic material. Cell
lysis could be a response to platinum toxicity. In Figure 4B, Pt-binding into the outer membrane (OM)
appears to have caused a physical disruption to the OM packing order, resulting in vesicle formation.
Shedding OM vesicles, as a consequence of membrane rearrangement to accommodate the Pt ions, has
the benefit of keeping toxic material away from the cell [9,38]. These vesicles were important sites of
Pt immobilisation.

As indicated by the micrographs in Figures 5 and 6, C. metallidurans responded to Pt(IV) solution
much like it did to Pt(II) solutions. Cell staining appeared to be immediate but not complete at 1 min
(Figure 5A). Longer exposure times produced a darker stain (Figure 5B). Similarly, nanoparticles were
observed to precipitate along the cell envelope and within the cell (Figure 6A,B). Cell lysis was observed
at 5000 uM Pt(IV). Released cytoplasmic material bound platinum nanoparticles (Figure 6C-F). As with
5000 uM Pt(II) solutions, cell lysis could have been a response to platinum-chloride itself, the low pH
of the solution, or a combination of both.

It was noted that cells adhered to each other upon exposure to platinum solutions, perhaps as a
result of the neutralization of anionic charge groups on the cell envelope by platinum and hydronium,
allowing ionic interactions or hydrophobicity to cause cellular aggregation [49]. This response could
protect some cells at the interior by shielding them from the platinum complexes. This may also
explain why immediate platinum binding was not observed by all cells.

3.3. Synchrotron X-ray Absorption Spectrosocpy (XAS)

XAS spectra in Figure 7 show the speciation and binding partners of the platinum immobilized by
C. metallidurans CH34. Figure 7A is the XANES spectra of bacteria reacted with 5000 uM Pt(II) and Pt(IV)
for up to 4 weeks. The peak edge binding energy of Pt(Il) is slightly less than the Pt(IV) peak, indicating
that electrons are bound more tightly in the more oxidized platinum species. There is no decrease in
binding energy for either immobilized platinum species, indicating that synchrotron radiation did not
detect a change in platinum oxidation over the course of the experiments. It is important to note that
at least 10 wt % of the immobilized platinum must be reduced before synchrotron radiation can detect
the change in speciation. The spectra in Figure 7A are representative of the XANES spectra obtained at
lower concentrations (data not shown).

Figure 7B shows the XANES and EXAFS spectra of bacteria reacted with 5000 uM (1000 pg/mL)
Pt(Il) for 4 weeks. Similar spectra were obtained for reactions with 5000 uM (1000 pg/mL) Pt(IV), as
well as with 500 uM Pt(II) and Pt(IV) solutions (data not shown). Examination of the EXAFS region
in Figure 7B demonstrated that the Pt-Cl “fingerprint” decreased in intensity over time, suggesting
that the chlorine bound to Pt(II) was replaced by another binding partner. Figure 7C indicates that
the replacement was ‘immediate’, as the shortening of radial distance between bonds occurred within
1 min, however, gradual immobilization of additional Pt(II) with substitution of chlorine continued
over the 4-week experiment. The ligand replacing chlorine is best matched to oxygen on a carboxyl
group, as the radial distance indicative of a Pt-O bond on carboxyl groups is ~2.06 A, which compared
closely to our 2.07 A and 2.08 A bond distances [50-52].
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Figure 7. (A) XANES spectra of bacteria reacted with 5000 uM Pt(II) and Pt(IV) solutions for up to
28 days. Note that the edge peaks of Pt(IV) are slightly higher in energy than the Pt(Il) peaks due to the
higher oxidation state. There is no downward shift in peak energy for either the Pt(II) or Pt(IV) over
the 28 days, indicating that synchrotron energy did not detect any reduction of platinum; (B) XANES
and EXAFS spectra of bacteria reacted with 5000 uM Pt(II) solutions for up to 28 days. The arrow notes
the Pt-Cl “fingerprint”, which decreases over time. There is no downward shift in peak energy for
Pt(II) over the 28 days, indicating that synchrotron energy did not detect any reduction of platinum;
(C) EXAFS spectra of bacteria reacted with 5000 uM Pt(II) solutions for up to 28 days. The solid arrows
show the first shell-binding partners of Pt. Note that Pt-Cl bonding shifts to Pt-O-C over time.

4. Discussion

The interaction of C. metallidurans with PtCly,q) and KoPtCly,q) resulted in a variety of bacterial
responses: cell death and cytolysis, platinum immobilisation as well as nanoparticle formation. The
degree of each response was directly proportional to platinum concentration and time (Tables 1-4).
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The literature lacks consistent experimental data on Pt(II) and Pt(IV) complexation. Potential
Pt(II) complexes present in the reactions systems included Pt(II), Pt(OH), ~2 and PtCl, 2™, Likely
Pt(IV) compounds included P(IV), Pt(OH), *"™ and PtCl, *™, but very little data exists for these
species [29,30,34,37,53]. EXAFS confirmed platinum-chloride to be the dominant aqueous species prior
to reaction with bacteria. The observed uptake of these Pt(II) and Pt(IV) complexes from solution is
consistent with the literature-described uptake of other metals by bacteria i.e., immobilisation occurs
primarily within the cell envelope and within the cytoplasm [6,54].

Platinum staining occurred evenly throughout the cell and nanoparticle formation and
immobilisation occurred intracellularly, at the cell surface and extracellularly, comparable to that
observed by Konishi et al. [39]. Cell surface reactivity is controlled by the proton exchange capacity
of carboxyl (R-COOH), phosphoryl (R-OPO3;H; and (RO),-P(OH),), amine (R-NH3*) and hydroxyl
(R-OH) functional groups in the cell envelope. In all but the 500 1M and 5000 uM Pt** reactions, most
carboxyl groups would have been deprotonated, i.e., negatively charged and available for reaction with
oxidised platinum. In contrast, phosphoryl, amine and hydroxyl groups would have remained mostly
protonated and positively charged at the pH conditions consistent with the acidity of aqueous platinum
solutions used in this experiment [54-56]. XANES and EXAFS spectra clearly show the replacement of
chlorine for oxygen on carboxyl groups to be the most likely binding mechanism. It is worth noting
that the immobilised platinum occurred as platinum-organo complexes at the cell surface, suggesting
that organo-platinum complexes may be preferred to inorganic complexes when bacteria are present.
This process has been described in natural systems where carboxyl functional groups on soluble
organic acids are able to react with platinum to form stable platinum-organo complexes [32,36,53,57].

As suggested by Beveridge and Murray [54], metal (platinum) binding to the cell envelope likely
proceeded first as a stoichiometric event where reactive sites bound platinum and then as a nucleation
event, where nanoparticles grew by accretion in a non-stoichiometric fashion, which continued at
a slower pace, when it occurred at all. The rapid uptake of platinum may have occurred because
membrane transporter proteins were unable to regulate the entry of these particular compounds,
i.e., all complexes freely entered the cell driven by the chemiosmotic gradient that existed across
the cell envelope [6]. Passive diffusion would have ceased nearly instantaneously once platinum
concentrations within the cell equalled the platinum concentration within the solutions. Aqueous
platinum that entered the circumneutral pH of the cytoplasm presumably bound to deprotonated
functional groups and complexed with carboxyl functional groups [55,56] shifting the equilibrium
towards continued uptake of Pt.

Bacterial cells that remained viable following exposure to low concentrations of platinum would
have presumably initiated a biological response to mitigate toxicity in an attempt to survive. Under
limiting carbon conditions, represented by early stationary phase culture conditions, CH34 will
degrade short-chain fatty acids, dicarboxylated compounds, or energy-storage products, such as
polyhydroxybutyrate (PHB) [58]. Internalized metals inhibit the function of important enzymes, bind
to important functional groups, and out-compete other important physiological cations. Detoxification
responses include chemical reduction [39] or complexation of the metal to a less toxic state and/or
efflux of the metal to the outside of the cell. These mitigation responses drain the cell of energy and
cause an oxidative stress, leading to continued cell death at longer exposure times [6,7]. Although
XANES did not indicate platinum reduction, the appearance of dark, electron dense nanometre-scale
platinum colloids in the cytoplasm (and at the cell envelope) is evidence that some platinum reduction
occurred [39].

The relationship between toxicity and immobilization emerges from a comparison of Table 1 vs.
Tables 2 and 3 vs. Table 4. For a particular platinum species, immobilization of platinum is generally
correlated with the concomitant death of cells, e.g., the more platinum that was immobilized, the
more cells that died. Resistance of C. metallidurans to pH 4.1, 50 uM Pt(IV) solution demonstrates that
the toxicity experienced by the cells in the 5000 uM Pt(II) solution (pH 4.2) was primarily due to a
platinum effect versus a pH effect. Similarly, cell death was ‘immediate’ in 500 1M and 5000 pM Pt4*



Minerals 2018, 8, 10 14 of 18

solutions, but when C. metallidurans was exposed to pH comparable solutions of HCl, corresponding
levels of cell death were not observed (data not shown). Intuitively, acidic solutions will induce
some cell death; however, these results demonstrate that platinum immobilization triggered most
of the observed toxicity. It is important to note that dead cells cannot ‘actively’ bind platinum, yet
immobilization occurred long after cell death, e.g., the 5000 pM Pt(IV) solution killed all bacteria
within 1 min and platinum immobilization continued at least 1 day in this reaction system. Dead cells
no longer metabolise and the proton motive force that effluxes protons to the cell surface does not
operate, consequently, there is less competition for platinum to bind to anionic carboxyl groups [59].
The ionic adsorption of cations to dead C. metallidurans cells is known to be higher than the reactivity
of live cells [41]. In this situation, the appearance of new reactive sites from denatured cell membranes
and lysed cytoplasmic contents likely contributed to the continued immobilisation of platinum, even
when cell death was ‘instantaneous’.

Further comparison of Tables 1 and 2 reveals two important differences between the Pt(Il) reaction
systems and Pt(IV) reaction systems. Firstly, Pt(Il) reactions were slightly less toxic than Pt(IV). While
Pt(IT)chloride solutions were not as acidic as Pt(IV)chloride solutions, bacteria that remained viable
following exposure may have been able to neutralize and pump out Pt(Il) cations easier than Pt(IV)
cations via C. metallidurans’s divalent cation efflux ATPases [44]. Intuitively, in a low metabolic state,
i.e., brought about by being re-suspended in water, if the bacteria could not efflux the highly oxidized
platinum, then the cell’s attempt to neutralise it internally could have been brought about by a fatal
oxidative stress [6,15]. The minimum inhibitory concentrations measured in this experiment were
one to two orders of magnitude less than that measured by Etschmann et al. [60], i.e., 0.5 to 5 uM
(Table 1) versus 200 uM for Pt(Il)-chloride and 0.5 uM (Table 2) versus 17.5 uM for Pt(IV)-chloride.
This discrepancy is explained by the affinity of Pt(II) and Pt(IV) for carboxyl groups (Figure 7) and
by the use of a ca. 10 mM gluconate culture medium in the Etschmann et al. [60] MIC experiment;
the gluconate would have complexed the Pt, reducing toxicity. It is also important to note that the
bacteria were also able to immobilize more platinum from Pt(II) solutions than from Pt(IV) solutions.
From a concentration and charge character of platinum vs. hydronium perspective, platinum exceeded
hydronium in the Pt(II) system by approximately two orders of magnitude and generally balanced
the hydronium concentration in the Pt(IV) systems. Therefore, Pt(II) would have easily out-competed
hydronium for carboxyl binding sites whereas Pt(IV) would have had more competition and therefore
less opportunity to be bound and immobilised.

Therefore, we believe that platinum and gold share quite similar chemical characteristics, and
that a Pt detoxification pathway remains to be discovered. It is not surprising that the reactions of
C. metallidurans and platinum are similar to those that have been observed between C. metallidurans
and gold. Reith et al. [15] demonstrated that C. metallidurans rapidly accumulates Au(IlI)-complexes
from solution and forms intermediate Au complexes and Au’ nano-precipitates. Likewise, platinum
was readily immobilised by carboxylic functional groups on and in the bacteria, and as observed via
TEM, nanometre-scale Pt nanoparticles were also formed, though diagenesis of Pt into nano-phase
colloidal and crystalline materials was less active than for gold in C. metallidurans.

The traditional notion that platinum is inert has been challenged by a new biogeochemical
paradigm [25,33] where the transport of platinum from the mantle to the crust and the subsequent
abiotic weathering of Platinum Group Metal (PGM)-bearing host rocks represents an incomplete
metallogeny of placer platinum deposits. Subsequent and reoccurring dissolution, transportation
and precipitation of platinum by biological and abiotic processes, potentially over geologic
time, [25,34,35,37,61] are now considered to be key components in placer PGM formation in tropical or
sub-tropical climates. The biogeochemical examination of candidate platinum compounds in this study
have demonstrated that there is still more to learn about the mobility of platinum in natural systems.
Specifically, this work has highlighted the importance of nanophase- and organo-platinum compounds
in platinum exploration, which could help define exploration targets for the mining industry.
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5. Conclusions

While Cupriavidus metallidurans immobilized appreciable amounts of platinum, i.e., ca. molar
intracellular concentrations (Tables 3 and 4), it did not transform the platinum into appreciable
amounts of secondary platinum. TEM clearly demonstrated that platinum is immobilized within the
cell envelope and cytoplasm, occurring primarily via chemical immobilization of aqueous platinum
species on carboxyl groups. Although platinum reduction was not detected using synchrotron methods,
the reduction of at least some of the oxidized platinum to 1-2 nm particles of elemental platinum
was observed in a number of reaction systems. Due to the ubiquitous nature of bacteria in near-Earth
surface environments and the high affinity of both Pt(II) and Pt(IV) for organically derived carboxyl
functional groups, this study suggests that organo-platinum must be important in natural systems
where platinum-bearing materials are exposed to weathering conditions, potentially leading to the
dispersal of platinum in association with organic acids derived from the biosphere.
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