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ABSTRACT: We present here a quantification of the sorption process and
molecular conformation involved in the attachment of bacterial cell wall
lipopolysaccharides (LPSs), extracted from Escherichia coli, to silica (SiO2)
and alumina (Al2O3) particles. We propose that interfacial forces govern the
physicochemical interactions of the bacterial cell wall with minerals in the
natural environment, and the molecular conformation of LPS cell wall
components depends on both the local charge at the point of binding and
hydrogen bonding potential. This has an effect on bacterial adaptation to the
host environment through adhesion, growth, function, and ability to form
biofilms. Photophysical techniques were used to investigate adsorption of
fluorescently labeled LPS onto mineral surfaces as model systems for bacterial attachment. Adsorption of macromolecules in dilute
solutions was studied as a function of pH and ionic strength in the presence of alumina and silica via fluorescence, potentiometric,
and mass spectrometry techniques. The effect of silica and alumina particles on bacterial growth as a function of pH was also
investigated using spectrophotometry. The alumina and silica particles were used to mimic active sites on the surface of clay and soil
particles, which serve as a point of attachment of bacteria in natural systems. It was found that LPS had a high adsorption affinity for
Al2O3 while adsorbing weakly to SiO2 surfaces. Strong adsorption was observed at low pH for both minerals and varied with both pH
and mineral concentration, likely in part due to conformational rearrangement of the LPS macromolecules. Bacterial growth was also
enhanced in the presence of the particles at low pH values. This demonstrates that at a molecular level, bacterial cell wall
components are able to adapt their conformation, depending on the solution pH, in order to maximize attachment to substrates and
guarantee community survival.

■ INTRODUCTION

A lipopolysaccharide (LPS) is an amphiphilic macromolecule
with a hydrophobic lipid unit embedded in the outer
membrane of Gram-negative bacteria.1,2 This biologically
produced anionic polymer plays an important role in bacterial
adhesion,3 as it is the major component of the outer membrane
of Gram-negative bacteria,4,5 the largest group of culturable
cells found in aquatic systems.6 LPS exhibits a dual role,
providing both structural support during adhesion of bacteria
to solid surfaces7 and acting as a bilayer barrier governing the
transport of ions and molecules across the bacteria cell wall.8,9

Harnessing the interaction between LPS and metal surfaces has
led to recent developments of functional nanomaterials and
functional materials designed to target,10 sense,11 or inhibit12

Gram-negative bacteria. It has been reported that LPS plays an
important role in the formation of biofilms;13,14 a process that
is often identified as a key part of bacteria community’s survival
in soil and aquatic systems, medical devices, and water
treatment systems. Bacteria found in a biofilm matrix are less
susceptible to drugs than they are in vitro15 and this is a known
cause of persistence in infections.16

LPS coats the outermost layer of many bacteria cell walls
and is believed to be a major source of metal binding in Gram-
negative bacteria.8,17 Bacterial attachment onto surfaces can be
affected by many factors including the chemical nature of cell
wall components (e.g., LPS, surface proteins, and flagella),
surface charge, and pH.1,18 LPS is known to be primarily
responsible for bacteria attachment to mineral surfaces.6,19 LPS
functional groups such as hydroxyl and carboxyl moieties
[located on keto-deoxyoctulosonate (KDO) residues in the
core oligosaccharide] play a key role in conditioning the LPS-
solid interference.1,3,20 Phosphoryl groups in this macro-
molecule, located on the glucosamine lipid, are possibly the
most important electrostatic binding sites for metal cations.21

Jucker et al. described the hydrogen bonding-driven adsorption
of the O-antigen part of LPS chains for titanium dioxide
(TiO2), aluminum oxide (Al2O3), and silicon dioxide (SiO2)
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surfaces and observed greater adhesion for TiO2 and alumina
compared to the silica surfaces.22

The chances of bacteria attaching to surfaces for the
formation of biofilms depend on the success of creating a
matrix of suitable composition to match the host environment.
This is a dynamic process that, in turn, relies on the availability
of nutrients, the secretion of outer cell polymers, shear stress,
and social collaboration. Our hypothesis is that at a molecular
level, this process also depends on the aqueous pH and ionic
strength because the chemical composition in the solution
controls the conformation of cell wall polymeric components
and hence sorption to the surface.
With the aim of providing a molecular level understanding of

bacterial cell adhesion to mineral surfaces, we examine here the
influence of aqueous chemical composition on the molecular
conformation of LPS and its sorption to alumina and silica
using fluorescence spectroscopy. A novel approach was
developed involving the synthesis of fluorescently labeled
LPS from Escherichia coli, and the use of fluorescence time-
resolved anisotropy measurements (TRAMS) to monitor the
conformational behavior of this biopolymer. This was achieved
using the fluorescent-labeled 4-amino naphthalene-1-sulfonic
acid (AmNS), which was covalently bound to the LPS
backbone. AmNS has previously shown to be a reliable
reporter of polymer conformation in the solution and has been
used to study the adsorption of poly(acrylic acid) onto the
surface of calcite.23 Adsorption of LPS was studied in dilute
ionic solutions as a function of pH and in the presence of
alumina and silica. This approach provides a mechanistic
understanding of binding at the interface of the outer cell wall
of bacteria and minerals, a process vital to bacterial attachment,
growth, and the stability of biofilms.

■ EXPERIMENTAL DETAILS
Materials. Deionized double-distilled water (resistivity 18.2 MΩ

cm) was used in all studies. Alumina (Al2O3) was purchased from
Sigma-Aldrich with the following characterization parameters: particle
diameter: 1363 ± 73 nm; surface area: 1.11 m2/g; pH: 8.5 (1 wt % in
water); e.m.f: −94 mV (1 wt % in water); density: 3.97 g/cm3.
Molecular weight: 101.96 g/mol. Colloidal silica (SiO2) from Sigma-
Aldrich was prepared as a 30 wt % suspension in water.
Characterization parameters were found as follows: particle diameter:
34.7 ± 1.4 nm; surface area: 225 m2/g; pH: 9.2 (1 wt % in water);
e.m.f: −123 mV (1 wt % in water); density: 1.21 g/cm3. Molecular
weight: 60.08 g/mol.
Prior to use, AmNS (Aldrich, 97%) was purified by extraction with

warm hexane, the residue was removed and dried under a vacuum
over CaCl2. The product (melting point 300−302 °C) was stored and
refrigerated (5−10 °C) in a dark bottle. The product was isolated
with 90% yield.
LPS from E. coli 0111: B4 (smooth S form, Sigma-Aldrich) was

purified by adding an equal volume of chloroform to aqueous solution
of LPS, then shaking for 10 min. After that, the aqueous layer was
removed, and ethanol was added to precipitate LPS. The LPS was
characterized using 1H NMR (400 MHz D2O): 4.75, 3.8, 3.6, 3.55,
2.98, 1.9, 1.1, and 1.0 ppm. FTIR spectra (solid): 3330 (OH), 2930
(CH), 1650 (CO), 1085 (CN), and 1224 (CC). MN 140,900 g mol−1,
MW 287,800 g mol−1, MV 258,600 g mol−1, and Đ = 2.04. MV
(viscosimetry) 256,800 g mol−1. See the Supporting Information for
full characterization details.
Polymer Characterization Techniques. 1H NMR analysis was

carried out using a Bruker AV-400 instrument at 400 MHz. 1H NMR
diffusion studies were recorded on a Bruker AVANCE III 400 MHz
nuclear magnetic resonance spectrometer (NMR) equipped with a 5
mm SMART Probe, with diffusion studies with 64 gradient intervals.
FTIR analysis was performed using a PerkinElmer Nicolet IS5 FTIR

spectrometer. UV analysis was characterized by a Hitachi U-2010
spectrometer, using 1 cm quartz cuvettes, scanning the range 200−
800 nm with a bandpass of 1 nm. Polymer molecular weight was
determined via gel permeation chromatography (GPC) using 2×
DVB-sulfonated JordiGel columns with a refractive index detector
(HP 1047A). Samples were injected using a Rheodyne 200 μm
injection loop at 1 mL min−1 in aqueous mobile phase. A Beckman
Coulter Optima LE-80K ultracentrifuge set at 5000 rpm was used for
centrifugation of solutions. The viscosity average molecular weights
were determined by measuring the efflux time of polymer solutions in
an Ostwald glass capillary viscometer, thermostated at 30 °C (all
calculations are shown in the Supporting Information).

Synthesis of AmNS-Labeled LPS. LPS was labeled using AmNS
by applying a modified procedure first described by Bergbreiter.24 LPS
(4.14 g) was dissolved in 80 mL of deionized water, cooled to 0 °C,
and reacted with 18 mg of N-(3-dimethylaminopropyl)-N′ethylcar-
bodiimide (Sigma-Aldrich) and 11 mg of N-hydroxy succinimide
(Sigma-Aldrich) for 30 min. AmNS (25 mg) was added and the
resulting mixture was stirred overnight. The product was washed with
dichloromethane (Sigma-Aldrich), and the aqueous layer evaporated
to dryness at a reduced pressure to yield the fluorescently labeled LPS.
Samples were ultrafiltrated to remove any small molar mass material
through a 10 kDa membrane and lyophilized to give a solid polymer
(yield ∼90%). The obtained molecular weights from GPC were: MN
132,700 g mol−1, MW 305,500 g mol−1, MV 270,150 g mol−1, and Đ =
2.30. MV (viscometry) 266,400 g mol−1. The 1H NMR and FTIR
spectra of AmNS-LPS were identical to the unlabeled LPS because of
the low content of fluorophores and high limit of detection of these
techniques. Diffusion-ordered spectroscopy 1H NMR studies of the
original LPS and AmNS-LPS indicate that the diffusion of the
modified polymer did not significantly vary (2 × 10−9 ± 0.2 m2 s−1, n
= 6), indicating there was no change to the polymer hydrodynamic
radii following the labeling process (Figure S20).3 The amount of
fluorescent-labeled AmNS (mol %) was determined from an average
of 3 replicate absorbance measurements as 1.55 mol % (Std. Dev 0.2
mol %) (see the Supporting Information).

Adsorption Experiments. Aqueous LPS solutions were prepared
at pH values ranging from 2 to 11. The solution pH was adjusted as
required using 0.001 M NaOH or HCl. Alumina powder was added
slowly to a stirring solution of LPS (10 mL) in a 20 mL centrifuge
tube. The suspensions were then stirred or shaken for 18 h. For
alumina measurements equilibrated samples were centrifuged at 5000
rpm for 40 min, the supernatant was removed and centrifuged for
another 40 min. Aliquots of the supernatant were removed for further
analysis. For adsorption measurements on silica, equilibrated solutions
were centrifuged for 2 h to fully sediment the solid phase from the
aqueous phase. The supernatant was withdrawn and examined as
detailed below.

Fluorescence Analysis. Fluorescence steady-state analysis was
carried out using a Horiba Fluoromax-4 spectrophotometer. Sample
excitation was performed on fluorescently labeled LPS−mineral
samples both before and after separation by centrifugation to
determine polymer isolation from the supernatant. The amount of
adsorbed LPS was calculated from the difference in the maximum
fluorescence intensity of emission in counts per second; all
measurements were taken on the same day to ensure an equivalent
detector response. Time-correlated single-photon counting fluores-
cence measurements were carried out on fluorescently labeled LPS−
mineral samples using an Edinburgh Instruments 199 fluorescence
spectrometer. Samples were excited at 370 nm (using a pulsed
HORIBA nanoLED) with the monochromator set to detect
fluorescence at 450 nm. A silica prompt (designed to scatter light
at the incident wavelength) was run after each sample to consider
scattered light from the source during fluorescence analysis and the
fluorescence decay reconvoluted to minimize interference in the decay
profile. An additional detection channel using dual polarizers was used
to record TRAMS of the same samples. The instrumentation and
methodology used is the same described in our previous polymeric
research.23,25 In this instance, the time range of the detector was set to
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100 ns following excitation, and at peak emission channels, 20,000
counts were obtained for time-resolved measurements.
Potentiometric Titrations. Potentiometric titrations were

conducted according to a previously published protocol.26 The
titrations of LPS samples were carried out at 25 °C using 0.1 M NaCl
(Sigma-Aldrich) as the background electrolyte. The polymer solution
was prepared by dissolving a known amount of the polymer in
degassed ultrahigh quality (UHQ) water. Solutions of 0.1 M NaOH
(Sigma-Aldrich) and 0.1 M HCl (Sigma-Aldrich) were prepared from
NaOH and HCl using UHQ water, and the exact concentration
determined prior to the titration against Na2B4O7·10H2O as a primary
standard (Sigma-Aldrich). The samples were dissolved in 25 mL of
the NaCl electrolyte (0.1 M), and the solution was purged with N2
(>99.99%) for approximately 1 h to remove CO2 before initiating
titration, yielding a constant pH value. Following the equilibration
procedure, a positive pressure of N2 was maintained by allowing a
gentle flow of N2 into the headspace during the titration. The sample
solutions were acidified to pH ≈ 2 using 0.1 M HCl and then titrated
to pH ≈ 11 using 0.1 M NaOH. A control sample without LPS was
also titrated. To assess reversibility and protonation behavior, a
reverse acidimetric titration was applied following the base titration.
Each experiment was carried out in triplicate. All titrations were
performed in a glass vessel with the lid as a part of a Metrohm 718
STAT-Titrino instrument at 25 °C. Successive addition of an acid or
base was carried out using an auto titrator every 20 s. The electrode
was standardized on a proton concentration scale, [H+], and the slope
deviation from the theoretical Nernst value was always within 1%.
Inductively Coupled Plasma Mass Spectrometry Analysis.

For the inductively coupled plasma mass spectrometry analysis (ICP−
MS), a PerkinElmer ELAN 400 DRC II was used to determine the
amount of unreacted minerals according to the following method: the
equilibrated mineral LPS solution was transferred into an ultra-
filtration cylinder (pore size 1 kDa), and free mineral passed through
a filter and collected in a flask. The eluant was diluted and acidified
(1% v/v HNO3), and ICP−MS analysis was carried out. The
adsorbed mineral amount was calculated by the difference between
the initial concentration and the amount of free mineral in the
solution at the end of the experiment.
Bacterial Growth. E. coli (NCCTC 12923) was grown overnight

on tryptic soya agar (TSA) and subcultured in the tryptic soya broth.
Colony forming units (cfu) mL−1 at a 104 concentration were
transferred into each 96 well plate and prepared to either 0.2 or 2 wt
% silica/alumina concentrations at varying pH (2−10, n = 5 at each
pH value). The absorbance was recorded 24 h later at 570 nm, using a
Thermo Scientific Multiscan FC microplate photometer, and
correlated to bacterial growth via a calibration curve. Bacterial
suspensions were also plated on TSA toward the production of the
calibration curve. Bacterial growth in the presence of silica or alumina
particles was also confirmed through growth on TSA. Bacterial growth
at pH 2 and pH 10, in the presence or absence of particles, was
confirmed through plating on TSA.

■ RESULTS AND DISCUSSION

Biologically sourced LPS (S form) was labeled using AmNS via
the reaction shown in Scheme 1. The obtained AmNS-LPS
exhibited a slightly broader, larger molar mass distribution than
the raw LPS polymer because of the addition of AmNS
moieties. Functionalization was targeted at <1% weight %, to

reduce self-quenching and minimize dye interference in
polymer properties, but large enough so that after purification
(removing residual AmNS groups) the modified polymer
exhibited absorbance and luminescence following excitation at
370 nm. The presence of the AmNS label could not be
confirmed via 1H NMR or FTIR analysis because of
inadequate instrument sensitivity.
The photophysical behavior observed during TRAMS is a

result of the mobility of the AmNS label attached to the
polymer backbone, rotating with the speed of the macro-
molecule in solution. When the polymer adopts a coil
conformation the rotation of the label is restricted, resulting
in longer values of correlation time (τc). Shorter values of τc
are associated with an expanded flexible polymeric chain.
Therefore, τc reflects the segmental mobility of the dye on the
LPS backbone, and can be interpreted as the ratio and strength
of polymer adsorption to surfaces compared to dilute solution
diffusion.27 The τc vales were determined by applying single
exponential fits (eq 1), fixing B (r∞) to zero.

r t r( ) exp t
0

/ c= τ−
(1)

where, τc is the correlation time in nanoseconds, which
measures the molecular motion within the fluorophore
population, and r0 is a constant (the limiting anisotropy of
the chromophore in the absence of diffusion). For the samples
with a high concentration of silica or alumina (10 % wt), the
results would show scattering because of the high concen-
tration of the solids. This causes variation on r0 values and Chi
square goodness of fit. In this study, r0 was limited to a
maximum value of 0.2 (Table S2) and the data were fitted to
single and dual exponential models. There were no differences
between the quality of fit using single or dual exponential
equations (Figures S20−S22) even considering the scattering
interferences and therefore single exponential fittings are
reported here. TRAMS are a powerful tool used to disclose
macromolecular conformation, and have previously been used
to disclose polymer solution rearrangement25,28 and bind-
ing.23,29

Studies of TRAMS show that the polymer undergoes a
conformational change between pH 2 and 6, as shown in
Figure 1 (further details shown in Figures S8−S12).
The longer τc values at pH 2−3 are indicative of a collapsed

slow-moving globular structure and the shorter values obtained
at a pH higher than 6 represent the behavior of expanded
polymeric chains. Similar behavior has been observed in other
pH responsive polymers,23,30 where the adoption of a small
globular polymer chain conformation or micelles is preferred
over aggregation because of repulsion between polymer chains
because of excess protonation. The presence of excess protons
in the surface of globes generate a local positive charge that
hinders aggregation.30

LPS contains phosphate and carboxylate groups within the
internal oligosaccharide polymer backbone that are sensitive to

Scheme 1. Functionalization of 2-Keto-3-deoxy Octanoic Acid (KDO) Functional Groups on the LPS Backbone Using AmNS
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changes in the pH of the solution.31,32 As the pH of the
solution changes, the LPS undergoes a conformational
rearrangement because of the deprotonation of acid sensitive
groups in the LPS. This results in a gradual expansion of the
backbone via chain to chain interactions as the pH approaches
neutral values. At pH values higher than 6, the correlation time
becomes short because of free rotation of the fluorescent label
as a result of adoption of a polymer extended conformation.
The changes in polymer conformation from globular to
partially collapsed and finally extended chain as a function of
increasing pH induce the exposure of otherwise masked
functional groups that could influence sorption potential to
different chemical moieties at different pH values. As a result,
at low pH, proton or van der Waals forces, including hydrogen
bonding, may control the sorption to surfaces, while at high
pH values, attraction or repulsion due to ionic interactions
with phosphate or carboxylate groups may be more dominant.
Therefore, the polymer conformation depends on the local
aqueous pH, indicating a degree of control over the sorption of
LPS to surfaces.
Table 1 lists the pKa values of nonlabeled and labeled LPS,

estimated from the first derivative of the titration curves. The

results obtained for the LPS samples correspond well with
previous values reported for functional groups in bacteria:26

phosphate (2.50), hydroxyl and/or amine groups (9.50), and
carboxyl groups (4.96). The pKa values of labeled and
unlabeled LPS are comparable, indicating that fluorescently
labeled LPS behaves like nonlabeled LPS when external stimuli
such as pH changes. The results also demonstrate that the
AmNS label has no effect on the physical and chemical
behavior of the macromolecule. The functionalization of LPS
with AmNS is then ideal; the label can be used to track the
motion of the LPS molecule without altering the behavior of
the macromolecule. The presence of the different acid−base
reactive functional groups confirms the amphoteric character
of LPS. At low pH, phosphate groups may control the sorption
behavior of the molecule. At the most common environmental
pH values between 4.5 and 6.5, carboxyl or carboxylate groups
will be predominantly reactive, and at higher pH values,
nitrogen-containing groups may be the major contributors to

the sorption process. The environmental pH is, therefore,
critical to the sorption properties of LPS and may be a key
control of the mechanism of adhesion of bacterial cell wall
components.
Table 1 also shows the point of zero charges (pHpzc) for

LPS and AmNS-LPS as estimated from the titration. The point
of zero charge is known as the pH value at which the molecule
surface charge is equal to zero.33 Therefore, when the pH value
is lower than the value of pHpzc, the surface of the
macromolecule exhibits an overall positive charge because of
the protonation of functional groups. In contrast, when the pH
value is higher than the pHpzc value, the polymer backbone
acquires a negative charge because of the deprotonating of
chemical moieties. For example, the protonation−deprotona-
tion behavior of phosphate is proposed to occur as represented
in eq 2.

pH pHpzc pH pHpzc pH pHpzc

LPS H PO LPS H PO LPS HPO3 4 2 4 4F F

< = >

− − −+ −

(2)

The value of pHpzc of labeled and nonlabeled LPS is
comparable, indicating that changes in the LPS chain are
because of changes in solution pH and not because of the
introduction of AmNS as a label. The surface charge of silica
and alumina was also quantified over a range of pH values
using potentiometric titrations. The variation in relative charge
density of silica and alumina solutions in the absence and
presence of adsorbed LPS is shown in Figure 2. The data

indicate that the adsorption of the multi-ionizable LPS chain
decreases the alumina positive charge considerably and lowers
the pHpzc of the alumina from ∼9 to ∼8.5. No considerable
effect on the relative charge behavior of silica suspension is
noted because the pHpzc of the silica remains unchanged at
approximately 3 after the addition of LPS. These results
suggest that electrostatic interactions are mainly responsible for
the adsorption of LPS on Al2O3 particles. The adsorption of
LPS on the silica suspension could be attributed to the
nonelectrostatic forces which occur between LPS and the silica
surface or van der Waals forces including hydrogen bonding
interactions.
Figure 3A,B shows the fluorescence steady-state spectra of

control samples of 10−5 M AmNS in 1 wt % silica or 1 wt %
alumina before and after the separation of the solid
components by centrifugation at pH 2. In both cases, it was
found that the fluorescence intensity values before and after
separation were indistinguishable indicating that the free
AmNS remains dispersed in the bulk solution and does not

Figure 1. (A) Correlation time (τc) of AmNS-LPS in aqueous
solution plotted between pH 1 and 12. (B) Fluorescence anisotropy
decays at pH 2 and 12, respectively.

Table 1. pKa Constants and pHpzc of Labeled and
Unlabeled LPS as Determined by Titration Curves

system pKa(H2PO4) pKa(COOH) pKa(C−NH2) or (H2PO4) pHpzc

LPS 2.50 4.96 9.50 2.39
AmNS-LPS 2.78 5.02 9.50 2.40

Figure 2. Relative surface charge vs pH for silica (⧫), LPS in silica
(blue ●), alumina (◊), and LPS in alumina (green □).
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interact with the silica and alumina particles. Figure 3C shows
the fluorescence emission spectra for samples of 10−2 wt %
AmNS-LPS at pH 2 in 1 wt % silica and Figure 3D shows the
results for 1 wt % alumina. The spectra were recorded before
and after centrifuging, as described in the adsorption
experiment. In the presence of silica, the supernatant shows
a 10% reduction in fluorescence intensity after centrifugation,
and approximately 25% reduction for the alumina experiment
due to sorption of LPS to particulates of either silica or
alumina. The difference in fluorescence reduction between
silica and alumina indicates that more LPS is sorbed to alumina
than silica (however a limiting factor of this technique is the
light scattering evident in Figure 3D). From these results, it is
evident that the vast majority of the macromolecule remains in
the bulk solution and does not adsorb to the particle’s surface.
Figure 4 shows the percentage of adsorbed LPS on silica (a)

and alumina (b) as a function of pH at increasing mineral
concentration. The amount of AmNS-LPS adsorbed on the
solid surfaces was quantified by the peak fluorescence intensity
values at 425 nm. The percentage value (% Ads) was
calculated from the fluorescence intensity of the supernatant
solution (Isup), separated by centrifugation, and the fluo-
rescence intensity of the equilibrated AmNS-LPS/solid (Ieq). It
was assumed that any AmNS-LPS remaining in the super-
natant solution was representative of the LPS not adsorbed to
the solid surfaces. By mass balance, the sorbed AmNS-LPS was
calculated as the difference between free AmNS-LPS in the
supernatant solution compared to the total initial concen-
tration of AmNS-LPS in solution as shown in eq 3.

I I

I
% Ads 100sup eq

eq
=

−
×

(3)

The amount of adsorbed AmNS-LPS decreases when the
pH was increased from 2 to 11. This pH dependence can be
explained in terms of the value of pHpzc for AmNS-LPS and
silica. The pHpzc of AmNS-LPS is 2.4, whereas it is
approximately 3 for silica, indicating that the relative charges
of SiO2 and AmNS-LPS are both negative from pH 3−11,
causing electrostatic repulsion between LPS chains and the
mineral particle. Increasing the pH values gives rise to the

overall negative charge of the molecule and the mineral surface,
making sorption less favorable.34 Similar results have
previously been observed for the adsorption of E. coli on
zeolites containing SiO2 and Al2O3 particles,35 where higher
adsorption was observed at acidic conditions favoring electro-
static attraction and adsorption was reduced at basic
conditions with increased electrostatic repulsion.
Increasing the amount of silica led to greater amounts of

LPS adsorption. There is more LPS sorbed at pH 2 and 3 in
solutions containing 10−4 to 10−2 wt % SiO2, while little
adsorption was recorded at pH levels 5, 7, 9, and 11 (Figure 4).
When the concentration of the added SiO2 was increased to 1
and 10 wt %, the adsorbed amount reached its maximum
(approximately 10% of LPS adsorption), indicating that the
sorption process is also limited by the amount of the mineral
surface available. The reduction of LPS adsorbed by SiO2
(despite its significantly increased surface area) could be

Figure 3. Fluorescence emission scan following fixed excitation (λex = 320 nm) for AmNS (10−5 M) (A,B) and AmNS-LPS (10−2 wt %) (C,D) in 1
wt % silica (A,C)/alumina (B,D), both before (solid black line) and after separation (red dotted line).

Figure 4. Percentage of adsorbed 10−2 wt % AmNS-labeled LPS on
silica (a) and alumina (b) at various pH.
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because of repulsion forces at pH values higher than the
pHpzc, and the amount of chemical moieties available to take
part in the sorption process and steric effect of O-antigen
chains.36 Compared to small organic acid chains,23 for
example, LPS showed low adsorption on silica under similar
environmental conditions. This is because of the size and
conformation of the LPS macromolecule which may block
surface sites preventing sorption on the surface of the mineral
particle. This finding highlights the importance of under-
standing molecular conformation in solution to explain
adsorption.
Similarly, the amount of the adsorbed biopolymer on

alumina decreased when the pH value increased from 2 to 11.
The pH dependence of the adsorption is attributed to both the
polymer- and mineral proton-sensitive sites. The Al2O3 pHpzc
value was 9, resulting in a net positive charge for the surface of
alumina up to pH 9, while the LPS is negatively charged in the
pH range from 3 to 11. The adsorption of LPS also increased
as a function of alumina concentration, from 10−4 to 10 wt %.
A further rise was observed at pH 2 and 3, as the percentage of
adsorbed LPS reaches the maximum value (∼24%) compared
to the small increase in the adsorbed LPS at pH values of 5−
11. As a result, the electrostatic attraction between LPS and
alumina particles are favored between pH 3−9, and an increase
in polymer adsorption is due to strong electrostatic attraction
of the COO− and/or PO4

− groups in LPS with the positively
charged alumina group. This adsorption is still weaker than an
equivalent smaller polymer molecule [i.e., poly(acrylic acid)],
which can be nearly entirely removed from the solution under
equivalent conditions.23

Comparison of the fluorescence anisotropy decays of
AmNS-LPS in water (both in the absence and presence of
minerals) and shows that the anisotropy decays rapidly to zero
in the absence of mineral particles (Figure 5). In the presence
of minerals, the anisotropy does not decay to zero and an
anisotropic component that outlasted the lifetime of the
excited state measurement was observed.

The effect of the solution composition on the dynamic
motion of fluorescently labeled LPS samples on silica and
alumina, respectively, was also investigated (Figures S16−S18).
The τc, values, derived from the anisotropy decays of AmNS-
LPS (10−2 wt %) measured over a wide range of pH conditions
and varying concentration of mineral, are shown in Figure 6. At
low concentrations of mineral (i.e., 10−4 wt %), LPS-AmNS

exists in a solvated homogenous environment, with τc values
indicative of solvated, isolated single LPS chains in a dilute
solution undergoing independent macromolecular motion.37

As the concentration of the mineral is increased up to 10 wt %,
LPS-AmNS attaches itself to the mineral surface, moving from
the bulk solution onto the solid surface resulting in a general
increase in the value of τc. As the labeled macromolecule
adsorbs to the suspended, solid particles, the motion of LPS-
AmNS is restricted resulting in increased τc values.

38

The data in Figure 6 corroborate the experiments
summarized in Figure 4, where the sorption of LPS-AmNS
to silica and alumina was studied by the separation of the solid
and liquid phases by centrifugation. The amount in percentage
of adsorbed LPS-AmNS, as shown in Figure 4, reveals that the
fluorescently labeled LPS adsorbs onto the mineral surface, and
a reduced amount of fluorescent materials is left in the
supernatant following centrifugation. These experiments reveal
(by analyses of the supernatant) that aggregation of the LPS-
AmNS chains in the aqueous phase cannot occur because there
is a general decrease in fluorescence intensity values (which
reflects a decrease in labeled LPS concentration) with an
increase in the amount of colloidal particles. The increase in τc
can, therefore, only reflect the adsorption of LPS-AmNS onto
the colloidal surface.
The model that we propose, based on the τc data (in Figure

6) in conjunction with the sorption study data (Figure 4), is
one in which by increasing the mineral concentration a general
increase in τc occurs because of the attachment of LPS-AmNS
on the surface.
The results for both silica and alumina (Figure 6A,B) show

that at low pH (pH 2−5), the value of τc increases with the
concentration of minerals in solution (Figure 6), where a
higher increase of τc values can be observed for the alumina
results. At pH values higher than 7, no significant changes of τc
values were observed with changes in pH when in the presence
of silica. The response indicates adsorption between LPS
polymer chains and alumina particles restricting the motion of
the molecule and hence increasing the value of τc. In the case

Figure 5. Fluorescence time-resolved anisotropy data of AmNS-
labeled LPS solution (10−2 wt %) in the absence of the mineral, at a
silica concentration of 10 wt % and at an alumina concentration of 10
wt %. All samples recorded at pH 9, λex = 370 nm and λem = 450 nm.

Figure 6. Correlation times for AmNS-LPS (10−2 wt %) as a function
of the concentration of silica (A) and alumina (B) as a function of pH.
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of alumina, a dependency of τc values on pH is evident up to
pH 9. The influence of pH and mineral concentration on τc
demonstrates that there is a stronger sorption process
occurring between LPS and alumina compared to silica. The
sorption process in the presence of alumina is favorably at a
wider range of pH, where attraction forces increase because of
opposite surface charge. The availability of surface-sensitive
groups also controls the adsorption, and higher adsorption was
observed with increasing concentration of mineral, especially in
the case of alumina.
Evidence of LPS absorption was further obtained by

quantifying the amount of minerals attached to LPS by
ICP−MS (Figure S1). The amount of alumina adsorbed to
LPS was higher at pH 2−9, indicating favorable adsorption
over a wide range of pH values. The pattern is similar to that
obtained for the quantification of LPS using fluorescence
(Figure 6) confirming that the sorption process occurs and is
controlled by attraction forces at the surface. It is interesting to
note that there is little difference between the values of alumina
adsorbed at different pH (Supporting Information 1)
compared to the trend and variation on the amount of LPS
adsorbed (Figure 4B), indicating changes in the stoichiometry
of the reaction as a function of pH. The motion of the
biopolymer chain is restricted as a function of the amount of
the mineral present. There are similarities in the pattern of
variation of τc values for alumina and silica (Figure 6)
compared to the amount of mineral adsorbed (Figure S1).
This is evidence of the interactions taking place between LPS
and mineral particles and the influence of solution pH on the
adsorption process.
Interestingly, the LPS chain can adsorb on alumina, as well

as the silica surfaces over the entire studied pH range, even at
pH, where both LPS and solids have repulsive charges. This
could be attributed to the fact that nonelectrostatic forces, such
as van der Waals attraction dominates over the electrostatic
repulsion between adsorbed polyelectrolyte coils and similarly
charged surfaces.39 Otherwise, the adsorption of an ionizable
LPS chain on the negatively charged mineral surface would not
be favorable.
Adsorption isotherms were constructed for silica and

alumina at pH 2−11 at 10−2 wt % LPS solutions, as shown
in Figure S2. The Supporting Information shows an example of
the isotherm studies at pH 7, where it can be observed that the
amount of alumina adsorbed on LPS increased with higher
concentrations of alumina.
The isotherms showed a similar trend to previous results,

where there is a low amount of LPS sorbed to silica compared
to alumina. The obtained isotherms were fitted to a linear
adsorption model according to eq 4. These linear depend-
encies enabled the calculation of the distribution constant
(KDsee Supporting Information) of minerals adsorption
from the slope of the Henry’s equation (Kh).

KSolid Solidadsorbed h added[ ] = [ ] (4)

where, [Solid] adsorbed is the concentration of the adsorbed
mineral in mol/kg, [Solid] added is the concentration of added
mineral in M, and Kh is the Henry or affinity constant because
a large Kh means that the mineral is strongly adsorbed on the
polymer, and vice versa.
The obtained Kh and goodness of fit (R2) values are given in

Table 2. Considering the values of R2 the Henry model is
suitable for describing these isotherms. The Kh of the Henry

model represents a measure of adsorption affinity, where a
large Kh reflects stronger adsorption.
Higher values of Kh were obtained for the isotherms at pH 2

and 3 for both silica and alumina, and the values for alumina
are significantly higher in the pH range 2−7. Overall, the
sorption between LPS and silica was shown to be weak and
likely a result of van der Waals attractions, as well as hydrogen
bonding. Strong adsorption was observed between LPS and
alumina most likely due to electrostatic attractions.
This adsorption behavior is similar to that seen in previous

studies into polyelectrolyte adsorption,40 indicating that
electrostatic forces play a large role on mineral surface binding.
The formation of ion pairs explains the binding of positively
charged molecules to negatively charged surfaces. Near or
below the pHpzc, polymeric molecules are bound to surfaces
through hydrogen interactions and van der Waals forces.41

Scheme 2 shows the possible mechanisms of sorption between
the sugar moieties on the LPS and minerals, both above and
below the mineral pHpzc. From these results, a general model
for sorption of LPS from extra-polymeric substances (EPSs)
exudated by bacteria during biofilm formation can be drawn.
At low pH, attraction between LPS and alumina surfaces will
occur because of electrostatic interactions. The sorption
process is particularly favorable at acidic pH, where LPS
exhibits an open-chain conformation that induces binding via
carboxylate or phosphate groups. High pH values (>9) impede
attraction because of repulsive forces and hence reduce the
possibility of a sorption process occurring. In the case of silica,
sorption is reduced at most pH values, expect for the limited
range between pH 2 and 4.6 where carboxylate groups are
protonated, enabling sorption due to proton interactions and
van der Waals forces, particularly at pH 2.42 In the case of
silica, binding occurs via hydrogen interactions at low pH but
requires significantly high concentration of LPS. The sorption
process is favored over a wide range of pH for both silica and
alumina; however, over most environmental near-to-neutral
pH values, repulsion occurs, limiting the possibilities of
sorption.
The findings from this study indicate that bacteria may need

to regulate the composition of LPS as a response to its
surroundings to increase the chances of adhesion to mineral
surfaces prior to biofilm formation. The results give us an
insight into the mechanism of bacteria adaptation to their
external environment because the behavior of LPS in solution
can be compared to that of the bacteria biofilm.35,43 The
composition of EPS may then be a response to the mineral
surface and pH of the aqueous environment and therefore
producing EPS with the appropriate chemical characteristics
maximizes adsorption and guarantee biofilm formation.
To demonstrate the biological relevance and implications of

this work, an investigatory study was carried out on E. coli

Table 2. Henry (Affinity) Constants (Kh) of Alumina and
Silica Adsorbed on LPS and the Goodness of Fit Values (R2)
at Different pH Values

pH Kh (L/kg) (alumina) R2 (alumina) Kh (L/kg)(silica) R2 (silica)

2 0.57 0.9999 0.09 0.9571
3 0.59 0.9998 0.09 0.9613
5 0.29 0.9977 0.06 0.9601
7 0.29 0.9977 9 × 10−4 0.9967
9 2.7 × 10−3 0.9999 1 × 10−3 0.9969
11 4.1 × 10−3 0.9993 1.1 × 10−3 0.9968
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cultured in the presence of 2 & 0.2 wt % alumina or silica
particles at pH values between 2 and 10. The results showed
increased bacterial growth at low pH in the presence of mineral
particles compared to control solutions (Figure 7 and Tables
S3−S6 and Figure S25).
The findings show that the presence of silica and alumina

enhanced the growth of E. coli in the presence of a higher
concentration of inorganic particles at pH 2. This could be
explained by the favorable proton or electrostatic interactions
at low pH values in comparison to higher ones. In particular,
the relative charge of silica are positive at pH 2 (Figure 2)
causing attraction between the negatively charged bacteria44

and the positively charged silica particles at this pH value. In
the case of alumina, the mineral particles are positively charged
between pH 2 and 9 (Figure 2), with the positive charge
declining with the increase of pH. The attractive electrostatic
interactions between the negatively charged bacteria and the
positively charged alumina particles can therefore explain the
increase in bacterial growth in the presence of both silica and
alumina at low pH values. Increase in the pH values increases
the overall negative charge of the bacteria and the mineral
surfaces, impeding the sorption and therefore bacterial
growth34 which in the presence of silica dropped sharply
compared to an equivalent solution at pH 5, while in the case
of alumina it saw a much smaller decrease at pH 5, only
diminishing to equal the lower concentration at neutral and
higher pH. Although there are other effects and interactions in
these biological systems, these results indicate that the
interaction of the bacterial extracellular matrix to inorganic

surfaces is highly pH dependent, as the pH affects both
electrostatic interactions and hydrogen-bonding poten-
tial.1,18,22,44

The results support our hypothesis that the aqueous
composition influences the binding of bacterial cell wall
components to mineral surfaces because the growth of E. coli
increased at solution conditions favorable for the presence of
electrostatic, proton, or hydrogen bonding interactions.

■ CONCLUSIONS

This study has examined the solution conformation of E. coli
0111: B4 extruded LPS (S form), which plays a key part in the
biofilm formation process. These polymers interact with the
particulate solid matter within the solution, although electro-
static or proton interactions governing the adsorption process
make them particularly sensitive to pH. Polymers were isolated
by centrifugation, characterized, and their adhesion to mineral
surfaces measured via both fluorescence tagging and direct
adsorption methods.
For the first time, studies of TRAMS have shown the change

in conformational behavior of this biologically produced
substance. Polymer mobility becomes increasingly restricted
when exposed to solid surfaces, with the reduction in polymer
rotation and diffusion matching data gathered from direct
adsorption measurements. It was observed that more LPS is
adsorbed to the surface of alumina than silica. We suggest that,
in neutral conditions, electrostatic interactions are predom-
inantly responsible for the adsorption of LPS on alumina

Scheme 2. Schematic Representation of the LPS-Alumina/Silica Sorption Mechanism Around pHpzc Transitions
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particles, whereas weak forces, such as van der Waals, control
the interaction between LPS and silica suspensions.
Interestingly, the ratio of adsorption of LPS onto alumina

appears independent of whether the polymer is expanded or
collapsed in the solution. Stronger adsorption was observed at
low pH for both minerals than at high pH because of the
changing conformation of the polymer. A combination of
electrostatic and hydrogen bonding interactions is possible
between LPS and mineral surfaces which depend on the
conformation of the molecule and hence exposure to
functional groups. Further molecular modeling work of
LPS−mineral interactions may provide insights on the
attraction and repulsion processes driving sorption.
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