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ABSTRACT

The presence of anionic functional groups on the surface of microbial cells makes the bacterial
biomass very attractive as metal cation removal tool for environmental bioremediation. To go
insight to the heavy metal sorption abilities of Gram-negative bacteria, we characterized the
extracellular uptake of Ni*" ions by the phototrophic bacterium Rhodobacter sphaeroides, whose
ability to sequester toxic metal ions has been widely documented. The sorption process proved to
be well described by the Langmuir model, suggesting that the cell envelope behaves as an ideal
adsorbent surface, showing a layer of chemically equivalent binding sites with high affinity for
Ni%*, X-ray photoelectron spectroscopic data reveal that, at binding site saturation, Ni** ions fully
displace alkaline ions from the bacterial surface, while they are unable to displace Ca?>" and Mg?*
from their tight binding sites. The analysis of carbon, nitrogen and oxygen speciation, as arisen
from high resolution spectra fitting, highlights that the Ni**/K* cation exchange affects the surface
distribution of main chemical components, with increased contribution by peptides and
phosphatidylcholines. A role of Ni*" ions in favoring the stacking and/or packing of

lipopolysaccharide sugar chains by interaction with carboxylate groups is proposed and discussed.



1. INTRODUCTION

The pollution by heavy metals represents a major concern for the modern society since most of
these chemicals are extremely dangerous. Their release in the environment has increased in the
last decades due to industrialization and urbanization, favoring the exposure of people at doses
capable of generating adverse reactions[1]. Contamination by toxic heavy metals can occur in
different environmental compartments such as soils, sediments, atmosphere, groundwaters, rivers,
lakes and seas[2]. Unlike organic pollutants, metals cannot be degraded and, being persistent, may
undergo bio-magnification moving up the food chain, particularly in aquatic environments[3].
Toxic metals can enter the human body by ingestion of contaminated water and food, via the
respiratory tract or by skin contact. Acute, chronic or sub-chronic adverse effects can arise from
exposure to heavy metals, most of which exhibit neurotoxicity, carcinogenicity, mutagenicity and
teratogenicity[4,5].

Nickel pollution of aquatic environments is mainly due to domestic wastewater effluents and to
sewer water by metal smelters[6]. Its toxicity arises mostly from its ability to interfere with the
metabolism of essential divalent ions, such as Fe?*, Mn?*, Cu?*, Mg?* and Ca®" by replacing them
in enzymes or carrier proteins. Adverse effects due to nickel exposure include dermatitis,
respiratory diseases, respiratory carcinogenicity and reproductive toxicity[7].

Beside the enhancement of sensing technology|[8], the design of remediation strategies aimed at
recovering hazardous metals from the environment represents therefore a big challenge for the
modern society. Big efforts have been made in the last years in order to exploit the potential of
living organisms, such as plants, algae, fungi and bacteria, in promoting the detoxification of
environmental matrices, particularly soils and waters. The so-called bioremediation technology

presents indeed a number of advantages with respect to conventional techniques, including



cheapness, versatility, selectivity and low environmental impact[9—11]. A number of biosorbents
have been tested for their employment in heavy metal removal from contaminated waters[12,13].
Biosorbents may consist either of whole cells (both living[14] and non-living[15]), or by their
components, which can be properly treated and/or modified in order to enhance removal
capacity[16]. Waste products arising from either agriculture, forestry or food industry have also
been employed[17,18].

The purple bacterium Rhodobacter (R.) sphaeroides has been investigated in the last years for its
ability to tolerate and immobilize heavy metal ions[19-21]. Its employment as a biosorbent in
bioremediation processes aimed at metal ion removal and recovery has been proposed based on
the physico-chemical characterization of microbial cell/heavy metal interaction. A major role of
extracellular uptake in promoting the removal of Ni** and Co?" ions from aqueous solutions has
been demonstrated[22] and the chemical nature of functional groups mainly involved in Ni**
binding has been enlightened by a molecular spectroscopic approach[23]. In particular, Ni**
proved to establish coordinative bonds with carboxylate moieties on the bacterial surface of R.
sphaeroides competing with protons[23], thus suggesting the effectiveness of acidic wash for the
recovery process. Nickel divalent cation is considered a borderline acid in the hard and soft acid-
base (HSAB) classification based on Pearson theory[24]. Therefore, its interaction with the hard
basis COO- is expected to show both covalent and electrostatic character. Further anionic groups
with hard bases characteristics, such as sulphonates and phosphonates, might also be involved in
the binding, as well as aminoacid residues, such as histidine, whose affinity with Ni** is well
estabished. Moreover, competition with other metal cations is expected to affect the overall nickel

uptake capacity by bacterial biomass.



With this work we intend to further characterize the extracellular Ni>* uptake by R. sphaeroides
cells using both a standard thermodynamic approach based on Langmuir adsorption isotherm
modelling and a surface-sensitive spectroscopic approach based on X-ray Photoelectron
Spectroscopy (XPS).

The Langmuir model[25] is often employed in order to evaluate the sorption performances of
different adsorbent matrices. It is based on the presence of a single layer of equivalent binding
sites on the surface of the adsorbent and on the absence of any interaction between bound sorbate
molecules. The parameters that can be obtained by applying the Langmuir model are usually
referred as qnax (the highest monolayer coverage) and K; (Langmuir constant) , which are related
to the total amount of binding sites lying on the adsorbent surface and to the affinity of the sorbate
for the binding sites respectively[26,27]. The bacterial cell does not present exactly the features of
the ideal adsorbent surface described by the Langmuir model[28], since the binding sites lying on
the microbial envelope are not chemically equivalent and in addition intracellular uptake
mechanisms might contribute to the overall immobilization ability. Nevertheless, the Langmuir
isotherm proved to describe quite well a wide range of biological adsorbent matrices[26,29-31]
and its extensive application in the scientific community made it the best model to adopt in order
to compare the performances of new adsorbents with those already described and characterized.
On the other side, XPS has been employed for the characterization of bacterial cells, offering
information about the elemental composition of the surface of a number of microorganisms[32—
34]. The influence of different growth conditions and pH on the atomic ratios of elements on the
surface of microbial cells has been also reported[35-37]. Much effort has been made for
correlating N/P, O/C, and N/C ratios to different properties of bacterial cells, such as

electrophoretic mobility[34,38], hydrophobicity[39,40], and polysaccharide content[41]. All these



investigations have shown that XPS technique is able to detect with high sensitivity the chemical
differences of the outermost layer of microbial cell, arising from different environmental
conditions and/or different genotypes. Distinct mutants of the same species have been even
discriminated[41], since in these cases the mutation induced a chemical modification of the surface
structure. XPS characterization has been often combined with FTIR analysis[39,41-43], in order
to correlate macro-element ratios to specific functional groups. Hence it appeared interesting to
integrate the infrared investigation already performed on R. sphaeroides/Ni** interaction[23] with
an XPS study. On the other hand, despite the high number of investigations reporting the
employment of XPS in microbial cell characterization, the application of this technique for the
comprehension of bacterial surface/heavy metal cation interaction has been reported only in few
cases relevant to thermoacidophilic archaea[44], anaerobic ammonium-oxidizing bacteria[43]
and bacteria belonging to the genera Bacillus[37,45,46] Lysinibacillus[47] and Enterococcus[48].
To the best of our knowledge, only two reports have recently appeared about the employment of
XPS for investigating Ni?* binding to bacterial surfaces[46,49]. To further assess the potentialities
of XPS technique in this intriguing investigation field, we have therefore deeply analyzed the
surface of R. sphaeroides cells exposed to Ni?* ions, crossing the results with equilibrium binding
parameters arising from Langmuir modelling and previous FTIR data[23]. Valuable information
about the surface chemical modification of this Gram-negative bacterium induced by nickel
binding was gained, pointing out possible toxicity mechanisms triggered by heavy metal cation

stress.

2. MATERIAL AND METHODS



2.1 Biomass preparation
All chemicals for biomass preparation were purchased from Sigma-Aldrich. Cells of R.
sphaeroides strain R26.1 were gained from the German Collection of microorganisms and Cell
Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH - DSMZ number
2340). Bacterial cells were grown photoheterotrophically in 1.2 L glass bottles in the medium 27
of the DSMZ, whose pH was poised at 6.9. The microbial biomass was collected at the early
stationary phase. The growth medium was separated by centrifugation and the pellet was washed
three times with KCI 0.1 M at neutral pH. This treatment removes all loosely bound cations from
the negatively charged microbial surface, replacing them with K*. As pointed out by Borrok and
coworkers[50], this wash does not cause the displacement of more tightly bound divalent cations
such as Mg?" and Ca?*. The washed pellet was stored in 5 mL aliquots at -25°C until use.
Ni?* uptake measurements

Ni%* stock solutions were prepared dissolving NiCl,-6H,O (Sigma-Aldrich) in ultrapure water
(p=18.2 MQ-cm). Cells aliquots were thawed, washed twice with ultrapure water, and suspended
to around 10'° CFU/mL. Suitable volumes of the resulting suspension were dried in the oven at
37°C to constant weight and the dry biomass was weighted to determine the dry biomass
concentration. Aliquots of the bacterial suspensions were mixed in 10 mL tubes with proper Ni**
concentration to realize different biomass/metal ratios. HEPES buffer (Sigma-Aldrich) was added
to each tube at 50 mM final concentration, in order to equilibrate the pH at 6.5. Cells were let to
interact with Ni?* ions in a thermostatic bath at 25+1°C for 2 hours. Afterwards the bacterial
biomass was separated by centrifugation at 5000 g and the supernatant was analyzed for

determining the equilibrium Ni** concentration. For evaluating the sorption kinetics, aliquots were



withdrawn from the cell suspension interacting with the metal at fixed times and the biomass was
again pelleted by centrifugation and analyzed.

The concentration of Ni?" in the supernatants was determined by a standard colorimetric assay
using the well-known nickel-specific dimethylglyoxime (DMG) ligand[51]. Alkaline and
oxidative conditions were employed to prevent the precipitation of the Ni/DMG complex, thus
allowing its rapid quantification by absorption visible spectrophotometry. Briefly a 2% (w/w)
solution of DMG in NaOH 2N was prepared. The assay buffer was obtained mixing 4 mL of this
solution with 2.5 mL of NH; 5 N and 1 mL of potassium persulfate 2% (w/w), diluting to 25 mL
with ultrapure water. A 40 pL aliquot of sample or standard was added to 1mL of the assay buffer
and stirred. The color development proved to be complete after 15-20 minutes. Absorbance
readings were performed at 465 nm using a Cary5000 UV-vis-NIR spectrophotometer (Agilent
Technologies). Three replicates were prepared and analyzed for each sample. A calibration curve
was built using suitable standard solutions and proved linear over the concentration range of
interest.

The metal uptake g (mg/g), i.e. the amount of sorbate bound by the unit of sorbent phase, was

determined as follows:

_ (Ci - Ceq)V 1
where C; (mg/L) is the initial metal concentration, C., (mg/L) is the equilibrium metal
concentration in the supernatant after uptake by the sorbent, V' (L) is the volume of the solution

and S (g) 1s the mass of the dry sorbent phase.



2.2 XPS measurements and data curve fitting
XPS analysis was carried out using an AXIS ULTRA DLD (Kratos Analytical) spectrometer
equipped with a Al Ka (1486.6 eV) monochromatic source (line width 0.2 eV), operating at 10 kV
and 15 mA (150W) and providing an X-ray spot size of approximately 1 mm % 2 mm. The pressure
in the analysis chamber was tipically 3.0 x 10 torr. Survey and high-resolution (HR) spectra of
main elements (Cls, Ols, Nls, S2p, P2p, Ni2p, Ca2p, K2p, Mg2s, CI2p) were acquired in fixed
analyzer transmission (FAT) mode, with survey spectra at pass energy of Eo = 160 eV and energy
step of 1 eV, and HR spectra at pass energy of Eq =20 eV and energy step of 0.1 eV. The analyzed
area (700 um x 300 um), representing a portion of the X-ray spot area, was defined by applying
the hybrid lens mode (large area mode acquisition). A careful charging effect correction was
performed by means of the electron flood gun of which the AXIS spectrometer is equipped[52].
In detail, to prevent surface charge build-up, charge neutralization was accomplished with a
filament current of 2.0 A, a filament bias voltage of 1.3 V, and a charge balance voltage of 3.6 V.
At large area mode acquisition, the resolution for conductor Ag specifications was guaranteed on
the Ag3ds,, peak with a full width at half maximum height (FWHM) of 0.47 eV at Eg =20 ¢V, and
of 0.73 eV at E; = 160 eV. Instead, the resolution for insulator polyethylene terephthalate (PET)
standard specifications was guaranteed on the carbon ester component peak (O=C-O), whose
FWHMs were 1.0 eV at Eq=20 eV and 1.3 eV at Ej= 160 eV. HR spectra were referenced to the
C1s main component binding energy (BE) of the adventitious hydrocarbon at 285.0 eV [53]. The
rationale for such choice arises from the following condiderations. Cls peak maxima, coming up
from all samples and from the contamination recorded on the relevant supports, were found to be
coincident with a variability of £0.2 eV, when suitable charge neutralization and isolation from

ground were accomplished. This finding supports the assumption that the contribution of C-C/C-



H due to the contamination cannot be distinguished from the C-C/C-H signal arising from the
characteristic cell surface composition. In addition, we have monitored the modified Auger
parameter o, i.e. the sum of the binding energy of the most intense photo-peaks and the kinetic
energy of the sharpest respective Auger peaks, for carbon (Cls) and nickel (Ni2ps/;). This internal
parameter is not affected by charging effects and its variation for a specific element in different
samples indicates distinct chemical states [54]. Similar o' values for Cls of cell samples and
supports (adventitious contamination), reported in Table S1, confirm that all carbon chemical
species associated to the most intense Cls peak are chemically equivalent. These outcomes
demonstrate the reliability of the BE correction adopted in this work, based on referencing to
aliphatic Cls at 285.0 eV. The modified Auger parameter o' for nickel was evaluated to identify
its chemical speciation [54] in cell surfaces exposed to the metal.

Peaks were assigned based on literature data and on the NIST standard reference database[55].
Peak areas were converted to atomic percents (At%) using established procedures and the
appropriate sensitivity factors (SF) to ensure the correct elemental mass balance, in the limit of our
accuracy[56,57]. A homemade program (NewGoogly curve-fitting software program), kindly
provided by Salvi and Castle[58], was used for XPS HR peak analysis and peak fitting. Details
about this procedure have been provided in the Supplementary Information.

Samples for XPS analysis were prepared as follows: aliquots (50 uL) of cell suspensions coming
from different treatements were cast on glass slides to cover an area of about 1 cm? and let to dry
spontaneously at room temperature for at least 2 h; the resulting dry films with a surface cell
concentration of approximately 6x10° CFU/cm? were transferred in the spectrometer. The
homogeneity and compactness of bacterial layers prepared with this procedure were demonstrated

by the absence in the spectra of any XPS signals due to the glass substrate (Si2p and Si2s peaks).
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The following bacterial samples were analysed: (1) control bacterial cells (from now on referred
to as Ctrl cells), as obtained from KCI wash and not exposed to Ni?*, (2) bacterial cells exposed to
NiCl, 1.2 mM (referred to as Nil.2 cells) and (3) bacterial cells exposed to NiCl, 12 mM (referred
to as Nil2 cells). The incubation time for nickel treatment was 1 h and the NiCl, solution was in
large excess with respect to the microbial biomass (metal/dry biomass ratio (w/w) >100), so that
the initial metal concentration remained substantially constant during the interaction experiments.
Before deposition, all cell samples were carefully washed twice with deionized water by
centrifugation/resuspension steps, with the purpose of removing any residual salts coming from
the treatments. The analysis of NiCl, as a reference compound was conducted placing the salt on
a conductive double-sided copper tape. All reported atomic percentage compositions were
representative of the mean values obtained with four different spots of the Ctrl, Nil.2 and Nil2
samples. The relevant standard errors represent the variability observed between these four

randomly selected different spots.

3. RESULTS AND DISCUSSION

3.1 Ni** uptake by R. sphaeroides biomass
R. sphaeroides biomass proved to sequester effectively Ni%* ions, reaching a removal efficiency
close to 100% at biomass/Ni ratios above 300 g/g (Figure 1a). The adsorption kinetics was very
fast, so that the time resolution of our experimental set-up was not sufficient to detect accurately
its profile (Figure 1b). Nevertheless, our data allowed assessing that the thermodynamic
equilibrium between biosorbent and solution can be attained within 5 minutes, a quite short contact
time, consistent with highly accessible surface binding sites and low activation energies of relevant

binding reactions. This short equilibration time is in agreement with perfusion experiments
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reported in a previous work[23] and makes this biosorbent extremely promising for bioremediation
applications.

Metal uptake g was found to increase with sorbate equilibrium concentration (C,,) until a plateau
value was reached according to the Langmuir equation:

AmaxK1Ceq
1=14K.Cop (eq.2)

where gmax 15 the maximum uptake capacity and K; represents the Langmuir constant. The relevant
Langmuir isotherm for Ni** biosorption by R. sphaeroides is depicted in Figure 2¢, while Figure

2d shows the linear plot arising from the linearized Langmuir equation:

Ceq 1 1

—= + C eq.3).
q QmaxKL Gmax gl ( 1 )

gmax and K values were obtained from the linear plot fitting parameters and reported in Table 1,
together with analogous data available in the literature for other bacterial adsorbents. Relevant
experimental conditions, such as dehydration temperature and state of the bacterial biomass (dried
or live non growing) are also marked. The high R? value (0.995) demonstrated the very good
adequacy of the Langmuir model for the biosorption process considered in this work. A lower R?
value (0.963) was instead obtained in the case of the Freundlich model, which therefore was not

considered here.
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Figure 1. (a) Ni2* removal efficiency as a function of the ratio between the biosorbent dry mass and the
initial metal mass. (b) Representative kinetic profile of Ni?* removal from the aqueous solution at pH 7
using a biosorbent/sorbate mass ratio equal to 9 g/g. (c) Ni** uptake by R. sphaeroides biomass (q) as a
function of Ni?* equilibrium concentration (C,y). The solid line represents the Langmuir isotherm curve (see
eq. 2) fitted to the experimental sorption data. (d) Linear plot arising from rearrangement of Langmuir

isotherm function according to eq. 3
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Dehydration Qmax Kp

Biosorbent K R? Ref.
Tr MY (mgy M)
O
Rhodobacter
sphaeroides R26.1 37 17.6+0.5% 0.50+£0.10% 34+7* 0.995*  this work
; 1
Bacillus cereus M'ss 70 3448 0987 17 0.987¢ [46]
Lysinibacillus BA2 70 180.5 # 88.1# 0.20*  0.951% [59]
129.7+ 90.5%* 0.19+ 0.977*
’Zfﬁg;“’b“c’e”"”m p- % 20.1# 0.426¢ 404 0.984¢ 201
B 20.5% 0.553= 31* 0.991+*

Acinetobacter
baumannii UCR- . 4 |
2971 56 8.8 0.68 25 n.a [60]
Pseudomonas
aeruginosa 56 5.7 1.28# 13# n.a [60]
Bacillus thurigiensis 60 35460 0.016° 1064 0.99¢ [61]
Arthrobacter sp. 80 12.7+ 0.14 122+ na. [62]

*live non-growing cells

#dead dried cells

fonly for dry weight determination in the case of live cells

Table 1. Dehydration temperature and Langmuir parameters obtained from fitting of Ni?* sorption

isotherms relevant to R. sphaeroides R26.1 and to other bacterial strains described in the literature.

The Langmuir equation can be rearranged to contain Kp, which is the reciprocal of the Langmuir

constant:

CImaxCeq

A=k, + Coq (eq.4).

The equation above, which describes ligand binding processes by a one-site saturation model,
clearly highlights the meaning of Kp, which indeed represents the sorbate equilibrium

concentration at which half of the available binding sites are occupied (= ¢,../2). Hence this
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parameter gives immediate information on the affinity of the sorbate for the sorbent phase.
Specifically, low values of Kj indicate that available binding sites are easily loaded and are
consistent with superior biosorption performances even in presence of ¢,,,. values not particularly
high. The value of 34 uM (0.6 pg/L) found for R. sphaeroides indicates that half-saturation of the
biosorbent is reached at an equilibrium concentration sufficiently low and suitable for
decontamination purposes, considering that the European Union, with its Directive (EU)
2020/2184 of 16 December 2020 on the quality of water intended for human consumption,
recommends for drinking water nickel levels below 20 ug per liter[63].

The comparison with data relevant to analogous bacterial adsorbents described in the literature
(Table 1) revealed that a strong variability exists regarding to both loading capacity (¢,..) and
sorbate affinity (Kp). The R. sphaeroides biomass sorption parameters, extrapolated from metal
uptake measurements, proved to be very close to those of Exiguobacterium sp[29]. The maximum
uptake capacity of R. sphaeroides exceeds that of Acinetobacter baumannii[60], Pseudomonas
aeruginosa[60] and Arthrobacter sp[62], but is lower than that of Bacillus cereus[46] and
Lysinibacillus[46]. On the other side, the Langmuir constant and the relevant half-saturation
concentration are in line with most bacterial adsorbents listed in Table 1, except for
Lysinibacillus[59] and Bacillus thurigiensis[61], which show significantly higher and lower Ni**
affinity respectively. It should be mentioned that specific values of Langmuir parameters can be
meaningfully affected by the experimental conditions employed, such as biomass dehydration
temperature, which can influence the determination of adsorbent dry weight and consequently the
resulting g values. As reported in Table 1, most authors performed dehydration at temperatures
over 50°C, while in our case a lower temperature (37°C) was adopted, leading likely to higher dry

weights and lower ¢ values.
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R. sphaeroides biomass seemed however to adhere particularly well to the requirements of an ideal
sorbent surface according to the Langmuir model, as indicated by the R? value, the highest in Table
1. This finding suggests that, despite the chemical complexity of the bacterial surface, one specific
functional group is mainly involved in nickel binding, a result again in agreement with our previous
FTIR study[23], which assigned to carboxylate groups a major role in metal cation uptake. It is
interesting to outline that our Ni?" uptake experiments have been carried out with intact cells,
which can be considered “non-growing” while interacting with the metal, given the short
incubation time and the absence of nutrients in the metal solution. The lack of biomass dehydration
likely contributes to preserve the cell surface integrity, favoring its ideal behavior as sorbent
surface. With a R? value equal to 0.991, live non-growing cells of Exiguobacterium proved indeed
to adhere equally well to the Langmuir adsorption model[29], while dried cells of the same strain
resulted in a lower value. An analogous behavior was observed for Lysinibacillus cells[59].
3.2 Elemental composition of dry cell surfaces by XPS

XPS analysis allowed assessing the effect of Ni?" exposure on the chemical composition of R.
sphaeroides cell surface. A first evaluation of chemical composition changes occurring under Ni**
stress was conducted by comparing the survey spectra of the dry films of control and Ni**-exposed
cell samples (Figure S1). Specifically, intense characteristic carbon (C1s) and oxygen (O1s) peaks
are well evident in all XPS profiles with the associated Auger signals C(KLL) at 1223.2 eV BE[64]
and O(KLL) at 976.1 eV BE. Nitrogen (N1s), sulphur (S2p, S2s) and phosphorus (P2p, P2s) peak
signals are also well marked in all assayed samples. Moreover, other expected elements (i.e. K,
Ca, Mg and Ni) were detected. As mentioned above, the total absence in the survey spectra of all

analyzed samples of silicon peaks (Si2p and Si2s), arising from the glass surface of the material
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used as support, confirmed the uniformity of the cellular layer, whose compactness was sufficient
to avoid silicon signal interference in sample spectra.

The detailed HR regions of all peaks of interest were also acquired to achieve the elemental
composition of bacterial cells differently treated. The hystograms of relevant atomic distributions
are shown in Figure S2. Chemical speciation for any element was obtained after an accurate curve
fitting procedure and relevant BE and atomic percentages (At%) are reported in Table 2. Fit
parameters for all spectra are listed in Table S2.

Interestingly, a detectable potassium peak signal (K2p), related to K ions, was observed only in
the control sample (1.9+£0.1%), while the nickel signal (Ni2p), totally absent in the control, was
observed in both samples exposed to nickel chloride (1.1+ 0.1% for Nil.2 and 1.2+0.1% for Ni12
samples respectively). Moreover, the total absence of any chlorine species in NiCl,-treated cells
allowed excluding that nickel came from nickel chloride contamination. All these results highlight
the ability of phototrophic cells to capture nickel species, lowering drastically the amount of
interacting K* ions that in our treated samples were almost totally replaced by Ni?*. This
phenomenon is well evident looking at the typical HR XPS spectra of C1s-K2p and Ni2p regions
(Figure 2): only trace amount of potassium (lower than 0.08%) were present in cells exposed to
both tested NiCl, concentrations since K™ signals were barely detectable.

Although divalent cationic species, i.e. Ca?>" and Mg?*, proved to be present on both control and
NiCl, treated cells, Na* cations were absent in all samples. This finding demonstrates that,
according to Borrok et al.[50], the washing step with KCI 0.1 M at neutral pH results in a
preferential displacement of monovalent cations (i.e. Na*) by K* ions, which in turn are efficiently

exchanged with Ni?* ions in case of Ni** exposure.
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. Ctrl cells Ni 1.2 cells Ni 12 cells
Element | <™ Assigned
P speciation BE 0 BE 0 BE o
(V) At% (V) At% (V) At%
C1 QéEéR) 285.0 30.2+0.3 285.0 | 32.1+0.7 285.0 3343
C2 0=C-C, 286.0 6.94+2.6 286.1 6.74+2 286.1 743
1 C3 -C-(O,N) 286.6 15.6£3.0 62.740.1 286.7 15.4+1 64240 286.7 15+4 64240
S 0=C-(CN) J7+0. 2+0.1 240,
C4 O0=C-Or 288.0 7.6£0.2 288.1 7.4+0.1 288.1 742
0-C-0
0=C-0O-H
Cs 0=C-0O-C 289.1 2.5+0.2 289.1 2.5+0.2 289.1 2.5+0.5
N1 -C=N-C 398.6 | 0.18+0.03 398.1 | 0.14+0.01 398.0 | 0.16+0.03
N2 O:C(_:&H 400.1 4.0+0.3 400.2 4.6+0.1 400.2 4.8+2
Nls 4.8+0.2 5.6+0.3 6+1
N3 C-NH;* 401.6 | 0.31+0.01 401.6 0.5+0.2 401.3 | 0.50+0.01
N4 R4-N* 402.8 0.3+0.1 402.8 0.4+0.1 402.5 0.4+0.2
0=C-
(0] 0=-C-O 531.6 8.9+0.4 531.9 9.7+0.1 531.8 | 10.4+0.5
-C-0
Ols 02 0=C-0-C |5329 | 18.6£0.9 | 28.4+03 | 5329 15+1 27.3£0.5 | 5329 14+1 27.2+1
O=C-OH
03 H-OH 534.3 0.8+0.3 534.0 2.5+0.5 533.7 2.840.8
S1 C-S- 163.9 | 0.03£0.05 | 3701090 | 163.9 | 0.07+0.01 164.0 | 0.03+0.04
S2ps) ' ’ 1.20+0.06 1.13£0.03
S2 C-SO5 168.6 | 1.29+0.01 | 6 168.8 | 1.13£0.05 168.7 1.0£0.2
P2ps -C-0-POs* 1334 0.67+0.02 133.8 0.42+0.01 133.7 0.37+0.04
Ca2p;, Ca?* 347.4 0.04+0.05 347.8 0.02+0.02 347.8 0.01+£0.02
K2ps) K* 293.2 1.85+0.04 293.1 0.07+0.01 293.2 traces
Mg2s Mg?* 89.1 0.20+0.03 89.5 0.14+0.01 89.3 0.16£0.15
Ni2p;p NiZ | e e 856.5 1.1+0.1 856.5 1.2+0.1

Table 2. Atomic percentage surface concentration (At%) and relevant BEs of the elements in different

chemical states as arising from fitting of the HR regions with individual element peaks. Peak assignments

refer to literature data and to the NIST standard reference database available on line[55].
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Moreover, these results suggest that the experimental conditions for sample dehydration and XPS
analysis do not compromise dramatically the integrity of cells, and any release of cytosol material
(i.e. Na' and CI), reaching the outermost layer of the sample, can be excluded.

As arises from At% data in Table 2, the ratio between Ni** in NiCl,-treated samples and K* in
control cells is around 1:2, which is the expected value assuming a quantitative K*/Ni?* cation
exchange. While a substantially complete displacement of potassium ions occurred for both NiCl,
tested concentrations, only a minor Ni**-induced decrease of Ca?" and Mg?* divalent ion signals

was observed.

—Ni 12 cells (a) ——Ni 12 cells (b)
—Ni 1.2 cells Cls ==Ni 1.2 cells

Ctrl cells ~=Ctrl cells Ni2p.,

SH/Multiplet Ni2py, SH/Multiplet
e 5
g £
z £
'5 —
K2p;,
K2p,, 0
297 292 287 282 890 880 870 860 850
Binding Energy (eV) Binding Energy (eV)

Figure 2. HR XPS spectra of Ctrl, Nil.2 and Nil2 cell samples showing C1s-K2p (a) and Ni2p (b) regions.

It is well known that the cell envelope of most bacteria is negatively charged [65] due to the
presence of carboxylate and phosphate groups [66], which account for the cation adsorption ability
of microbial biomass. Sulphated saccharides [67] may also contribute to the negative charge of the
bacterial surface. The maximum cation uptake capacity arising from electrostatic interactions is
determined by the extent of the negative charge on the bacterial surface and therefore by the

amount of these anionic functional groups. It should be mentioned that in the case of transition
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metal cations, such as nickel(Il), the establishment of covalent coordinative bonds, even with
uncharged groups, is also feasible widening the number and typology of binding events. On the
basis of the fairly quantitative potassium cation exchange observed, the Ni?>* binding to uncharged
groups seems to be minor. Nevertheless, unlike potassium ions, which is a hard ion involved in
outer sphere interactions[24], the chemical characteristics of nickel ion suggest inner-sphere
interactions with anionic groups, which imply a more pronounced chemical modification of the
surface, as usually occurs for chemisorption processes.

The relative content of macroelements of the cell envelope (C, O and N) as well as S and P, was
found quite similar for all analyzed samples. However, the atomic ratios of elements, in terms of
O/C, N/C, P/C and S/C values, widely used to assess and compare the chemical composition of
bacterial cells by XPS[42], pointed out slight but significant variations ascribable to NiCl,
treatment. Specifically, Ctrl cells showed O/C, N/C, P/C and S/C surface concentration ratios equal
t0 0.453,0.077,0.0107 and 0.021, respectively. After NiCl, treatment, only the N/C and P/C ratios
changed. Both Nil.2 and Nil2 cell samples were higher in nitrogen content (average N/C=0.09)
and lower in phosphate (average P/C=0.0062), while oxygen (average O/C=0.42) and sulphur
(average S/C=0.018) were substantially constant. All data and relevant errors are reported in Table
S2. These results indicate that the presence of nickel in substitution of potassium promotes a
different distribution of phosphate and amine /amide groups in the probed sample thickness, with
an N/P surface concentration ratio almost two-fold higher than the N/P measured on the Ctrl cells.
As a matter of fact, our XPS results indicate that no significant differences exist between surface
chemical composition of bacterial cells exposed to 1.2 mM and 12 mM Ni*" concentration,

demonstrating that a substantial saturation of binding sites occurs at concentration >1.2 mM, in
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nice agreement with the Kp parameter (34 pM) arising from adsorption isotherm. The samples
Nil.2 and Nil2 can be therefore considered as replicates of a Ni?* fully saturated bacterial surface.
3.3 Cell surface functional groups probed by XPS

The assessment of specific speciation of any element and relevant estimation of functional group
distribution provided information complementary to the elemental analysis, enabling a deeper
characterization of bacterial surfaces both nickel-free and after nickel biosorption. Accurate curve-
fitting procedures of HR XPS spectra of macroelements allowed to accomplish this task. Since, as
discussed above, the profiles obtained for HR spectra of Ni12 sample proved to be very similar to
those relevant to Nil.2 sample, only the latter were reported in Figure 3 and compared with Ctrl
spectra. However, all XPS data, arising from fitting of Ctrl, Nil.2 and Ni12 HR spectra are listed
in Table 2.

Panels (a) and (b) of Figure 3 show best fitting curves to the HR scan of Cls region for Ctrl and
Nil.2 cell samples. The broad and asymmetric features of Cls signals clearly suggested the
multiple peak contribution to HR profile, highlighting the presence of chemically different
carbons. To quantify the components of Cls signal, the carbon was classified into five different
typologies: 1) aliphatic carbon (285.0 eV), ii) alpha carbon to a carboxylic/amide group (286.0
eV)[68-70], iii) alcoholic and amino carbon (286.6 eV), iv) carbonyl, amide and hemiacetal/acetal
carbon (288.1 eV), and v) protonated carboxylic and ester carbon (289.1 eV)[71]. Cls BE
attributions and relative At% are quite similar for all assayed biosurfaces and consistent with the
typical chemical composition of bacterial cell envelopes, whose main components are lipids,
proteins and carbohydrates, each one characterized by specific and well identified functional

groups[71].
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Likewise, the related N1s peak signals, shown in panels (c) and (d) of Figure 3, were successfully
fitted with three main nitrogen components usually present in biological samples: 1)
amide/unprotonated amino nitrogen (400.2-400.1 eV), i1) protonated amino nitrogen (401.6-401.3
eV)[70], and iii) quaternary ammonium (402.8-402.5)[71]. Only traces of a fourth component,
labelled as N1 in the relevant graphs and in Table 2, were detected and assigned to imide nitrogen,
mainly arising from histidine and arginine residues of proteins [70]. In agreement with the
biological nature of our samples and the typical composition of a Gram-negative envelope,
nitrogen is present in the organic matrix primarily as amino/amide groups, likely originating from
proteins associated to the outer membrane and from peptidoglycan[70]. The quaternary
ammonium could be attributed to phosphatidylcholine (PC) lipids, bearing a N,N,N-trimethyl
ethanolammonium cation in the head group. It was indeed demonstrated that R. sphaeroides is able
to synthetize this phospholipid thanks to a phospatidylethanolamine (PE) methyltransferase, which
is homologous to the one of Pseudomonas aerouginosa[72]. Moreover, in the latter strain PC was
demonstrated to be located within the outer membrane (inner leaflet) as well as in the cytoplasmic
membrane[73]. On the other side, the protonated amino nitrogen signal can be attributed to basic
amino acid residues and to PE, which is one of the main lipid constituent of the inner leaflet of the
outer membrane of Gram-negative bacteria[74]. In general, the quantitative analysis showed a
nitrogen surface enrichment in the case of Ni**-treated samples, supporting the hypothesis that
nickel ions play a role in making nitrogen-rich components more exposed to the exterior and

therefore more accessible to the probing radiation.
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Figure 3. Typical HR XPS spectra of Cls/ K2p (a,b), N1s (c,d) and Ols (e,f) regions and relevant curve
fitting for Ctrl (a,c,e) and Nil.2 (b,d,f) cell samples. Refer to labels in Table 2 for the functional groups

assigned to the individual signal components indicated in the legends.
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Peak signals attributed to Ols from Ctrl cells (Figure 3e) were fitted with two principal
components that originate from 1) doubly bound oxygen in carbonyl, amide and carboxylate groups
at 531.6 eV and ii) singly bound oxygen in alcoholic, carboxyl and ester groups at 532.9 eV[69].
The average ratio C-O/C=0 obtained from the fitting is around 2:1. A third and very weak
component at higher BE (534.1eV), with an atomic percentage around 0.8, was attributed to -O-H
groups of residual water present in cell samples[75]. The typical Ols peak for Nil.2 sample is
reported in panel (f) of Figure 3. Again, the asymmetric peak shape can be fitted by using three
components. The most intense component at 532.9 eV as well as the component at 531.8 eV were
attributed to the same oxygen species found in Ctrl samples. However, the new average ratio C-
0/C=0 in Ni**-treated samples proved to be lower, around 1.45: 1. This remarkable change can
be referred to the increase of the peptide content with respect to the saccharide component, causing
the relative reduction of alcohol and (hemi)acetal C-O signal, in agreement with the trend of
nitrogen signals, showing an increase of amide contribution.

These results can be examined on the basis of the information depth of XPS (around 10 nm) and
the thickness of cell envelope components in Gram-negative bacteria. Ultrastructure analysis of
the cell envelope of R. sphaeroides reported a 17.9 nm thick periplasmic space[76], suggesting
that only the outer membrane and part of the periplasmic peptidoglycan layer are probed during
XPS analysis. This assumption is in agreement with the observations of Ramstedt and
coworkers[77], who attributed their XPS signals to the outer-most part of the cell envelope.

As a matter of fact the dehydration step and the ultra-low pressure conditions under analysis might
affect strongly the intergrity and the structural arrangement of the different components. However,
despite the simplicity of our dehydration procedure, cell rupture and release of cytosol material

can be excluded given the absence of any Na* and Cl- signals in XPS spectra. We outline that

24



rinsing the sample with distilled water, as in our case, was found to protect cells from cell damage
during drying[78]. Even though a dehydration-induced rupture of the sole outer-most layer of the
cell envelope resulting in the exposure of cytoplasmic membrane cannot be ruled out, our spectra
of untreated cells seem more consistent with the contribution to the observed XPS signals of only
outer membrane and perhaps a portion of peptidoglycan. Specifically, it is likely that Ctr cells
spectra contain a more pronounced contribution by the outer leaflet of outer membrane, with
stronger saccharide signals arising from the lipopolysaccharide (LPS) component, while the Ni?*-
treated cells present bigger contributions from the inner leaflet of outer membrane (quaternary
ammonium and protonated amine arising from PC and PE head groups of lipids respectively) and
from the peptidoglycan layer (increased amide nitrogen). In addition, the slight enhancement of
aliphatic carbon and quaternary ammonium signals in Ni**-treated samples may also suggest that
cytoplasmic membrane, with fatty acids and choline haedgroups, contributes partly to relevant
XPS profiles. On the basis of these findings we suppose that K* replacement with Ni?* in cell
envelope strongly affects the structural arrangement of the different chemical components on the
cell envelope.

It is well-known that divalent cations, such as Ca?" and Mg?", favor tight packing and stability of
LPS layer within a model membrane[79,80]. Moreover, it has recently been shown that, in a native
state outer membrane, LPS is organized in patches[81] greatly influencing permeability properties.
As already highlighted, calcium and magnesium are only slightly diminished in presence of nickel,
indicating that the main action of the heavy metal ion is not at the level of phosphate groups
interacting with Mg?* and Ca?", but rather involves anionic groups physiologically interacting with
alkali monovalent cations. Interestingly, the slight decrease of Mg?" and Ca?" is accompanied by

a simultaneous reduction of phosphate groups (see Table 2), implying that a unique chemical
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component is actually diminished in the case of Ni** treatment. This finding further supports the
hypotesis that outer membrane LPS, with its phosphate moieties stabilized by Mg?* and Ca?" is
relatively less abundant across the information depth and contributes to a lesser extent to the
overall XPS spectrum of samples exposed to Ni?*.

Comparing Ni?* and K*, in terms of ionic radius (0.72A[82] and 1.33A[83] respectively) and
electronic properties, it is expected that the smaller size of nickel(II) joined to feasible inner-sphere
interactions with carboxylate groups favors stacking of carboxylate-rich saccharide chains at the
level of outer membrane LPS. Interestingly, a recent study on model membranes reported that Ni>*
ion binding to the charged groups of the O-antigen units of LPS from Sa/monella Enterica would
preserve the lipid bilayer structure, while the absence of the outermost saccharide moiety would
induce the complexation of groups at the level of the inner-core saccharide, causing a deformation
of the lipid bilayer[84]. The specific characteristics of R. sphaeroides LPS may affect strongly the
response of outer membrane organization and morphology to the nickel binding. However, our
XPS data demonstrated that considerable changes occur, causing a redistribution of chemical
components (peptides, saccharides, lipids) probed by the X-ray beam. In general, in presence of
nickel a more pronounced relative contribution of inner layers, i.e. peptidoglycan and cytoplasmic
membrane, was observed, which could be in line with increased stacking of LPS saccharide chains
(see Figure 4) likely producing wider holes in the characteristic net-like structure recently
reported[81]. In this case porins and inner layers would be more exposed to the surface,
contributing more significantly to the XPS spectrum. Of course, the transition from the wet state
to the dry state might result in a more disordered arrangement due to the collapse of the envelope
components to the surface. Nevertheless, our data suggest that, even in presence of further

modifications induced by cell water loss, the resulting dry biosurfaces still show clear differences
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between control and Ni?*-exposed cells, pointing out the strong ability of this ion to affect envelope

organization.
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Figure 4. Schematic representation of two possible scenarios following K*/Ni?* exchange on the cell
surface of R. sphaeroides, both in line with XPS observations. Smaller size, coordinative properties and
cross-linking action of Ni** ions are expected to induce either lateral (stacking) or horizontal (packing)
compression of LPS sugar chains.

The Ols signal region shows in addition a third component at high BE (534.3 eV) that proved to

be downshifted and more abundant in the case of nickel treated samples. We tentatively assign this

component to OH from ligand water since its enrichment in the case of Nil.2 and Nil2 samples
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might be neatly explained with the presence of metal-coordinated water at the level of Ni**
complexes. The coordination number of this divalent cation can indeed vary from four to six.
Sulphur spectra observed in all analyzed samples showed S2p signals characterized by two
components: a dominant well resolved asymmetric peak and a small one at lower BE, according
to the presence of two different sulphur chemical species. The representative S2p HR spectrum of
Ctrl cells is shown in panel (a) of Figure S3. Ni-treated cells spectra are not shown since they are
very similar to Ctrl ones. The S2p peak signal at higher BE consists of a spin-split doublet S2p;,
and S2p;,,, with energy splitting of 1.2 eV and relative intensity ratio about 1:2, in agreement with
previously reported studies[85—87]. The second peak was instead fitted with a single component
as it was too weak to be resolved. Based on the S2ps,, BE, the most intense peak can be attributed
to sulphate/sulphonate species (168.8-168.6 ¢V) while the less intense one can be ascribed to
organic sulphides (C-S-), present as traces[85], in agreement with XPS features (BE=163.6-164
eV) reported for cysteine incorporating peptides[55,70].

The observed sulphate/sulphonates can be associated to sulphated saccharides from the outer
membrane, which have been observed not only in cyanobacteria[88] but also in proteobacteria[89]
and to anionic sulpho-glycerolipids, whose presence in R. sphaeroides cell membrane has been
demonstrated[90]. Particularly abundant was indeed found the characteristic non-phosphorous
glycolipid sulpho-quinovosyldiacylglycerol, a peculiar component of purple bacteria
photosynthetic membrane[91]. In general, sulphate/sulphonate signals proved to be rather intense,
with At% higher than those of phosphates, pointing out the high content of sulphated saccharides
and/or lipids occurring in this strain. Table 2 shows that only a slight relative reduction of sulphur

was observed in the case of Ni**-treated samples.
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The P2p peak signals were found likewise qualitatively similar in control and nickel treated cells
and are consistent with a single phosphate component at 133.4-133.8 eV BE attributed to organic
phosphate ions[92], coming from LPS and phosphoglycerolipids[91]. The representative P2p HR
spectrum of Ctrl cells is shown in panel (b) of Figure S3. Despite the qualitative similarity, the
overall reduction of phosphate signal intensity in the case of Ni?*-treated samples (see data in
Table 2) may be ascribed to the higher relative contribution to the XPS spectra of
unphosphorylated moieties, such as proteins and peptidoglycan. Crossing At% concentrations of
phosphate (decreasing in the case of nickel exposure) and quaternary ammonium (increasing in
the case of nickel exposure), it is possible to conclude that the overall phosphate decrease is
accompanied by a higher relative content of PC lipids, further supporting the hypothesis that the
membrane components are differently exposed to the surface. Specifically, PC is located in the
inner leaflet of the outer membrane and in the cytoplasmic membrane, thus suggesting that either
wider holes are present in the outermost layer, or the thickness of the outermost layer is reduced.
Stacking (lateral compression) or packing (horizontal compression) of LPS saccharides (see Figure
4) would be both in line with these observations.
3.4 Metal speciation by XPS

Ca2p, Mg2s and K2p peak signals of calcium, magnesium and potassium microelements were
easily assigned to Ca’* (Ca2p;,n, BE=347.4-347.8 eV), Mg?" (Mg2s, BE=89.1-89.5 ¢V) and K*
(K2ps/, BE=293.3 eV) ions [55].

To confirm that the bacterial surface immobilizes nickel as divalent cations, the Ni2p HR spectra
of Nil.2 and Nil2 cell samples were compared with HR spectrum of NiCl,, used as standard for
nickel(I) species. As shown in panel (b) of Figure 5, the Ni2p signal of NiCl, is composed of an

intense peak at 856.4 eV (Ni2ps/,) and a second one (not shown in the figure) at 873.8 eV (Ni2p;.,),
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associated to the characteristic satellites that represent the fingerprint for the recognition of high-
spin nickel(II), a behavior consistent with a 3d® nickel(Il) ion[93,94]. The modified Auger
parameter was found equal to 1698.92+0.20 eV, which is in line with the value reported in the
literature (1698.65 eV)[93]. An intense CI2p peak signal was also detected (spectrum not shown).
Likewise, the Ni2p peak shape detected in cell samples exposed to the metal (Figure 5a) presented
an intense peak pair at 856.5 eV (Ni2ps;) and at 873.5 eV (Ni2p,»), associated as well to satellites
distinctive of a 3d® high-spin nickel(Il) ion. Nevertheless, the empirical curve fitting conducted
with the same optimized fit parameters used for deconvolution of NiCl, Ni2p;,, signal, highlighted
some differences. Specifically, Ni2ps,, peak of cell samples could be deconvoluted by using 4 peak
components, with FWHMs higher than those observed in Ni2ps., signal relevant to NiCl,. Both
the modified Auger parameters for Nil.2 and Nil2 cells samples were found equal to 1698.6+0.2
eV (see Table S1), in nice agreement with the values reported for NiCl, [93] and organic Ni**
complexes (i.e. nickel-acetylacetonate)[95]. This findings allowed to safely assign nickel signals
to nickel divalent cation species.

Clearly, the separation of multiplet and shake-up (SH) satellites in the Ni2ps/, region was too low
in these samples to be deconvoluted with the same details as in NiCl, standard, where 8 peak
components could be easily resolved. In addition, near the Ni2p;, most intense component it was
here evident the presence of traces of a chemically different nickel(Il) species as inferred from the
weak but well resolved Ni2ps,, peak signal at 854.21 eV coupled with Ni2p,/, at 873.64 eV[93].
The specific Ni2p;, BE (856.5 eV), combined with a different Ni2p signal shape and the absence
of CI- counter ions, agrees with the occurrence of specific nickel ion chemical interactions with
negative functional groups lying on the bacterial cell, mostly carboxylates, following displacement

of electrostatically bound potassium cations [96].
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Figure 5. Ni2p regions of XPS HR spectra and relevant curve fitting for Nil.2 cells (a) and for the standard
compound NiCl, (b)

4. CONCLUSIONS

Nickel(II) uptake measurements, conducted with intact non-growing cells of R. sphaeroides,
demonstrated that the cell envelope of this Gram-negative bacterium behaves as an ideal adsorbent
surface, showing non interacting and chemically equivalent binding sites, which get half-saturated
at an equilibrium concentration of 34 uM and can load up to 17.6 mg of nickel per gram of dried
biomass.

The XPS analysis of nickel-saturated dry biomass outlined a quantitative displacement of K* ions
by Ni?". The absence of any XPS signal arising from cytosol marker constituents, such as sodium
and chloride, demonstrated that the biomass, suitably washed with distilled water and dried at

ambient temperature and pressure, does not undergo cell lysis during analysis under high vacuum.
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Curve fitting of HR signals allowed assessing that a clear modification of the cell surface is induced
by Ni?" binding in terms of distribution of main chemical components. Specifically, peptide and
choline lipid content proved to increase, while functional groups associated to saccharide
components decreased. The relative content of Ca?* and Mg?* decreased only slightly as well as
phosphates, suggesting that these divalent cations remain tightly bound to phosphate groups of
lipid A and inner-core saccharide, thus ensuring LPS stability. Functional group distribution and
charge balance allowed assessing that Ni*" does not interact with phosphates, being instead mostly
coordinated by carboxylate groups, with only a minor role played by the interaction with
sulphonates. Although investigations with further techniques are needed for assessing actual
morphological and structural changes occurring at the level of the outer membrane, our data
strongly suggest chemical arrangement modifications induced by Ni?* inner-sphere interactions
with carboxylate moieties, resulting likely in stacking and/or packing of saccharide chains of LPS.
The major involvement of carboxylate functional groups in nickel extracellular uptake by R.
sphaeroides agrees with previous FTIR data[23] and with the successful modelling by the
Langmuir equation.

These results further outlined the potential of XPS technique for the quantitative assessment of
cation exchange processes occurring at the surface of a complex biosystem, such as the microbial
cell, delivering valuable information not only on the functional groups involved in the binding, but
also on the influence of metal ions on the supramolecular organization of the bacterial envelope.
In this context XPS technique proved to be a powerful technique for investigating possible heavy

metal stress/toxicity mechanisms involving the surface of aquatic (micro)organisms.
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HIGHLIGHTS
e Ni?" extracellular uptake by Rhodobacter sphaeroides follows the Langmuir model.
e Ni?" fully displace alkali metal ions while Ca?* and Mg?* remain bound to the surface.
e Single component XPS analysis enables assessing Ni**-induced surface modifications.

e Ni?" binding causes stacking and/or packing of lipopolysaccharide moieties.
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