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Abstract: In order to understand the adsorption preferences of extracellular polymeric substances
(EPS) components derived from fungus Saccharomyces cerevisiae on sparingly soluble CeO2
nanoparticles (CeNPs), the adsorption experiments of the EPS including organic matter with low
molecular weight have been performed at pH 6.0 at room temperature (25 ± 1 ◦ C). The subsequent
effects of the coating on the dispersibility of CeNPs was systematically measured as a function of
time and ionic strength ranging from 1 to 1000 mmol L−1 . Among the EPS and other components,
orthophosphate and saccharides preferentially adsorb onto CeNPs, and proteins are the only major
N-compounds adsorbing onto the CeNP surfaces. Adsorption of orthophosphate resulted in a
dramatic decrease in ζ potential to −40 mV at pH > 5, whereas the EPS adsorption suppressed the
deviation of ζ potential within a narrow range (−20–+20 mV) at pHs ranging from 3 to 11. Critical
aggregation concentrations (CAC) of an electrolyte (NaCl), inorganic orthophosphate, and EPS
solutions are 0.01, 0.14, and 0.25 mol L−1 , respectively, indicating that the EPS adsorption suppresses
aggregation of CeNPs by the electrostatic repulsive forces derived from the adsorbed orthophosphate
and the steric barrier formed by organic matter on the nanoparticle surfaces. Therefore, the
EPS derived from fungus S. cerevisiae can potentially enhance colloidal dispersibility of CeNPs
at circumneutral pH.
Keywords: EPS; ceria; adsorption; aggregation

1. Introduction
Natural, engineered, and incidental nanoparticles are ubiquitous in all portions of the Earth
system [1–3]. In groundwater, naturally occurring nanoparticles include inorganic, organic substances,
and mixed substances [4,5]. They can also play a key role in the migration of radionuclides [4,6–8].
Groundwater colloid transport, even at the nano-scale, is generally governed by the hydrology and
geochemistry of the subsurface, although very different principals often apply in the nano-scale relative
to larger colloids. The mobility of nano-scale colloids in subsurface environments are often delicately
dependent on their physico-chemical properties such as their size and shape, including surface
topography, as well as surface charge, attached ligands, and aggregation state. In such processes,
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aggregation of nanoparticles as associated substances is the most important process that constrains
the colloid size. It is well known that the aggregation of nanoparticles in simple aqueous systems
is a function of ionic strength and pH of the solution [9–11]. In complex, natural systems, colloidal
behavior is greatly affected by the interaction with natural organic matter such as humic and fulvic
acids, and a vast assortments of other organic compounds [12–15], among many other substances in
natural waters, from dissolved ions and small inorganic complexes, to other inorganic nanomaterials.
In addition to naturally occurring nanoparticles, microorganisms play an important role in the
elemental cycles in the Critical Zone of the Earth. For example, biofilms, cell lysis, and exudates
are important sources of organic compounds in underground environments [16]. In particular,
high molecular weight compounds derived from cell cultures are known as extracellular polymeric
substances (EPS), which mainly consist of polysaccharides, amino sugars, proteins, teichoic acid,
and nucleic acids [17]. A recent study reported that bacterial EPS play a critical role in biosorption,
biomineralisation, redox cycling, trapping and deposition of nanoparticles, mineral dissolution, and
metal solution complexation [18]. Due to ubiquitous and abundant occurrence of nanoparticles and
microorganisms in the surface and subsurface environments, they can readily encounter and interact
with one another in aqueous systems as revealed in a previous study of nanoparticles adsorbing onto
microbial surfaces [19]. In addition, it is well known that microorganisms can stimulate the production
of nanoparticles in a great variety of remarkable ways [20–23].
The effects of EPS on the colloidal stability of engineered nanoparticles have been recently
studied. EPS derived from plankton enhanced the dispersion of Cu-based nanoparticles [24] and TiO2
nanoparticles [25,26] by chemically sorbing to their surfaces. It was also reported that EPS derived
from periphyton stabilizes ceria nanoparticles [27]. In addition, a previous study reported preferential
adsorption of phosphorylated macromolecules in bacterial EPS to micron-sized particle of goethite [28].
Although a suite of experimental data have been collected on EPS adsorption to nanoparticles,
along with the effects of the EPS coating on the colloidal stability of these nanoparticles, there are
limited studies that systematically and quantitatively analyze the preferential adsorption of EPS
components and details of the subsequent effects on their colloidal stability. The aim of this study
was to quantitatively investigate the preferential adsorption of EPS components derived from fungus
S. cerevisiae onto sparingly soluble CeO2 nanoparticles (CeNPs), which was used as a surrogate
for actinide oxide nanoparticles such as uranium and plutonium dioxide, and also as one of the
representative engineered nanomaterials presently being produced. Subsequently the present study
aims to evaluate the role of the preferentially-adsorbed EPS components on the surface property and
aggregation behavior of the CeNPs at circumneutral pHs. In addition, the previous studies investigated
the effects of only polymeric substances in the exudate of microorganisms, excluding the effects of
molecules with low molecular weight. Unlike those previous studies, the present study elucidates the
total effects including the small molecules and inorganic cations in addition to polymeric substances.
2. Materials and Methods
2.1. Characterization of CeO2 Nanoparticles (CeNPs)
Synthetic CeNPs were purchased from Strem Chemicals, Inc., Newburyport, MA, USA, (#58-1400,
~7 nm). Detailed description of these CeNPs can be found in our previous work [29]. Briefly, the
CeNPs are approximately spherical in shape with an average diameter of ~7 nm. The surface area
was measured to be 70.2 m2 g−1 using a BET single point analysis. The measured surface area is
smaller than anticipated for fully disperse spherical nanoparticles of <10 nm, indicating the CeNPs are
aggregated to some extent prior to use in experiments.
2.2. Characterization of the Extracellular Polymeric Substances (EPS)
Saccharomyces cerevisiae X-2180 was grown in 150 mL of sterilized YPD medium containing 10 g L−1
yeast extract, 20 g L−1 peptone, and 20 g L−1 dextrose. The yeast was incubated for 18 h on a rotary
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shaker at 120 revolutions per minute (rpm) at 25 ± 1 ◦ C. The cells were separated from the suspension
by centrifugation for 10 min at 5000 rpm and washed three times with 1 mmol L−1 NaCl solution.
The yeast was transferred to 50 mL of 1 mmol L−1 NaCl in a polypropylene tube. The cell density in
all exposure solutions was adjusted to 2.0 dry g L−1 . The pH of the exposure solutions was adjusted
to 3.0 ± 0.1 by adding 1.0 mol L−1 HNO3 solution at the appropriate proportions. The pH was
measured using a tpx-999i pH meter (PCE108CW-SR) equipped with a PCE108CW-SR electrode. After
72 h, the suspension was filtered through a 0.20 µm polytetrafluoroethylene (PTFE) membrane filter
(J020A047A, ADVANTEC MFS, Inc., Dublin, CA, USA) to remove the cells. The filtrate was labeled as
the EPS solution. The EPS contains organic and inorganic phosphorous; the total P concentration was
determined using an inductively coupled plasma mass spectrometry system (ICP-MS; Agilent 7500c,
Agilent, Santa Clara, CA, USA) and the concentration of inorganic orthophosphate was analyzed using
an ion chromatography analyzer (761 Compact IC, Metrohm, Herisau, Switzerland). The detection
limit of P in the ICP-MS analysis is 0.5 ppb. Phosphorus standard solution (Wako, P: 1000 g/L) was
used for calibration. The concentration of dissolved organic carbon (DOC) was measured using a total
organic carbon analyzer (TOC; TOC-VE, Shimadzu, Kyoto, Japan). The detection limit of the TOC
analyzer is 50 µg/L and the reproducibility of the data is within 2%. Identification of the functional
group in the EPS was completed by the following procedure; the pH of the EPS solutions was adjusted
to 6.0 ± 0.1 from 4.8 ± 0.3 by adding 1.0 mol L−1 NaOH solution at the appropriate proportions. The
EPS solutions were subsequently evaporated to dryness at 65 ◦ C, and the precipitate was quickly
dehydrated at 70 ◦ C in a thermostatic oven overnight to avoid degradation by enzyme. Although this
heating treatment can lead to denaturation of polymeric substances, it does not significantly affect
the results in the present study, because we do not discuss the structure of polymers but the relative
abundance between a few different species of N, C, O, and P. The dried EPS was analyzed using
an attenuated total reflectance Fourier transform infrared (ATR-FTIR; JASCO, FT/IR-620) equipped
with a deuterated L-alanine Triglycine Sulphate (DLATGS) detector, a single bounce attenuated total
reflectance attachment, and a ZnSe crystal. Thirty-two scans were performed in total with a spectral
resolution of 4 cm−1 , and averaged.
2.3. Adsorption of EPS onto CeO2 Nanoparticles (CeNPs)
Stock suspension containing 5000 mg L−1 CeNPs was prepared and ultrasonicated (Fine, FU-3H)
for 10 min. For comparison, three kinds of solutions were prepared; (i) 1 mM NaCl solution (Control);
(ii) 1 mM NaCl + 0.16 mM H3 PO4 solution (inorganic H3 PO4 ), of which the P concentration is the
same as that in the EPS solution; and (iii) EPS solution that contains 1 mM NaCl solution due to the
condition during the extraction procedure. The pH of these suspensions was adjusted to 6.0 ± 0.1 by
mixing 1.0 mol L−1 NaOH solution at the appropriate proportion. 30 mL portions of these solutions
were added to an aliquot of CeNPs stock solution in such a way that the concentration of CeNPs
was adjusted to 10 or 100 mg L−1 . The CeNPs concentrations were chosen for measurements using
multi analytical techniques. The 3.0 mL of the supernatants was sampled at 0, 0.16, 0.5, 1, 3, 6,
13, 18, and 24 h. The suspension was filtered through a 10 kDa ultrafiltration unit (Amicon Ultra,
Millipore Ltd., Carrigtwohill, Ireland). Prior to separation, the filter unit was thoroughly washed
with 0.1 mol L−1 NaOH solution and Milli-Q water to remove trace glycerin from the ultrafiltration
unit. The ultrafiltration was completed using an Eppendorf ultracentrifuge system at 13,400 rpm
(maximum rotation speed) that generates 12,100 G, and the filtrate was used for the subsequent
solution analyses. To determine the amount of organic matter and phosphorous that adsorbed on
CeNPs, the concentrations of DOC and total P in the filtrate were measured by the same analytical
methods described in the previous section. For the ATR-FTIR and X-ray photoelectron spectroscopy
(XPS) analyses on the adsorbed EPS, either 200 mL or 2000 mL of three different solutions was added to
aliquots of CeNPs stock solutions in such a way that the concentration of CeNPs was 10 or 100 mg L−1
at pH 6.0. These suspensions were batch (statically) reacted for 24 h, and collected by using a 0.025 µm
nitrocellulose membrane filter (VSWP04700, ADVANTEC MFS, Inc., Dublin, CA, USA). Then, the
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residue was rinsed thoroughly with ultra-pure water, and dehydrated at 70 ◦ C in a thermostatic oven
overnight. The ATR-FTIR measurement of EPS adsorbed on CeNPs was completed using the same
procedure as described in the previous section. The XPS analysis of both EPS and EPS adsorbed onto
CeNPs was performed on a ESCA 5800 (ULVAC-PHI Inc., Chigasaki, Japan) system. The binding
energies of each spectrum were calibrated by shifting the main O 1s peak to 529.0 eV. The zeta (ζ)
potential was measured for the CeNPs suspensions (100 ppm or 10 ppm) in 1 mM NaCl solution using
a Zeta Sizer Nano ZS (Malvern Instruments Inc., Worcestershire, UK). The pH was first adjusted to 6.0
and adjusted to the targeted value by using NaOH or HNO3 .
2.4. Aggregation and Sedimentation
Prior to the aggregation and sedimentation experiments, the stock suspension was sonicated
for 10 min. Three solutions, (i) ~(iii) were added to aliquots of CeNPs stock solution to adjust the
concentration of CeNPs to 100 mg L−1 . The colloidal size was intermittently measured during the
aggregation process using dynamic light scattering (DLS; ELSZ-2PS, Otsuka Electronics Co. Ltd.,
Osaka, Japan). The dynamic aggregation process was monitored using a UV-vis spectrophotometer
(V-530; JASCO, Tokyo, Japan), measuring the back scattering intensity of the CeNPs at 340 nm in the
solutions as a function of time. The absorbance was measured every 5 s for 10 min. The longer period
was not considered in this study to eliminate the effects of deposition processes so that the results
can be simply interpreted as aggregation process based on the Mie theory (see Appendix A). The
scattering intensity depends on the concentration of particles in the solvent and the particle size. In the
present experiment, the effect of particle size on the absorbance is negligibly small according to the
Mie theory as discussed in the Appendix A. Thus, the absorbance changes depend only on the particle
concentration. In general, the time-dependent decrease in the concentration of particles (particles per
cm3 ) in a mono-dispersed suspension due to collisions by Brownian motion can be represented by a
second-order rate law:
1
1
−
= Kp t
(1)
N (t)
N0
where Kp is the rate constant (cm3 s−1 ). N(t) is the number of particles (particles cm−3 ) at the reaction
time, t. N0 is the initial number of particles. Because, in the present experiment, the absorbance is
directly correlated with only the concentration of CeNPs, the term N in Equation (1) can be replaced
by the absorbance, A, with the modified coefficient Kp 0 as follows:
1
1
−
= Kp 0 t
A(t)
A0

(2)

The critical aggregation concentration (CAC) was determined for the conditions (i) ~(iii) based on
the Kp 0 plot as a function of the electrolyte (NaCl) concentration ranging from 1 to 1000 mmol L−1 to
compare the effects of EPS with that of other substances. In the diagram, the electrolyte concentration
showing the maximum reduction in absorbance was assigned to be the CAC.
3. Results and Discussion
3.1. Characterization of EPS
Table 1 summarizes the composition of the EPS in 1.0 mmol L−1 NaCl after 72 h of incubation
for yeast to release EPS, showing that the EPS is mainly composed of ~70 mg L−1 organic carbon,
~0.50 mmol L−1 K+ , and ~0.16 mmol L−1 total phosphorous including ~0.12 mmol L−1 orthophosphate.
The Na+ concentration does not represent sodium release from the yeast, but the sodium initially
added to the solution to adjust the ionic strength. The fraction of orthophosphate is approximately
80% in the total P concentration and the rest is P associated with organic compounds. Masaki and
others have already reported that the dissolved organic matter in the EPS consists of various species as
determined by HPLC [29].
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Table 1. Major composition of EPS (extracellular polymeric substances) solution extracted from
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mg per liter.
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Concentration
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Dissolved
organic carbon
Dissolved nitrogen
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nitrogen
Total phosphate
Total
phosphate
Orthophosphate
Orthophosphate
K+
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42
± 11 mg L
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hydroxide indicates the presence of carbohydrates, while carboxylate and carboxyl groups most likely
represent the presence of proteins and acidic carbohydrates [37].
Table 2. Band assignment in the FTIR spectrum obtained from the pristine EPS based on the previous
studies [30,35,36].
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Figure2.
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spectra of
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over C
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O 1s
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The N 1s peak was also resolved into two component peaks (Figure 2C). The peak at 399.6 eV
The N 1s peak was also resolved into two component peaks (Figure 2C). The peak at 399.6 eV can
can be assigned to nonprotonated nitrogen, Nnonpr, such as in amines and amides, and the other peak
be assigned to nonprotonated nitrogen, Nnonpr , such as in amines and amides, and the other peak at
at 401.3 eV is mainly ascribed to protonated amines, Npr [37]. Since the EPS specimen for the present
401.3 eV is mainly ascribed to protonated amines, Npr [37]. Since the EPS specimen for the present XPS
XPS analysis was prepared after adjusting the pH of the EPS solution to 6.0, the amount of
analysis was prepared after adjusting the pH of the EPS solution to 6.0, the amount of nonprotonated
nonprotonated amine groups in the EPS is minimal. Thus, the peak at 399.6 eV is mainly derived
amine groups in the EPS is minimal. Thus, the peak at 399.6 eV is mainly derived from amides.
from amides.
It was difficult to resolve the P 2p peak due to low intensity (Figure 2D). However, two peaks
typically appear at 133.2 eV and 134.2 eV, which are derived from orthophosphate and phosphoryl
group such as adenosine monophosphate, respectively. The peak assigned to phosphoryl group was
not observed in this analysis because most of the phosphorus compounds in the EPS is
orthophosphate (Table 1). The concentration of phosphoryl group in the EPS was too low to further
analyze the peak in detail. Consequently, the results of XPS analyses suggest that the EPS released

Environments 2017, 4, 48

7 of 18

It was difficult to resolve the P 2p peak due to low intensity (Figure 2D). However, two peaks
typically appear at 133.2 eV and 134.2 eV, which are derived from orthophosphate and phosphoryl
group such as adenosine monophosphate, respectively. The peak assigned to phosphoryl group was
not observed in this analysis because most of the phosphorus compounds in the EPS is orthophosphate
(Table 1). The concentration of phosphoryl group in the EPS was too low to further analyze the peak
in
detail. Consequently,
the results of XPS analyses suggest that the EPS released from S. cerevisiae
is
Environments
2017, 4, 48
7 of 18
composed of lipids, proteins, saccharides, amines, and orthophosphate, which is consistent with the
results
of FTIR.are
On not
the other
hand, the
functional
groups of EPS
determined
by surfaces
both methods
are not
both methods
inconsistent
with
typical functional
groups
of the cell
described
in
inconsistent
with [38,39].
typical functional groups of the cell surfaces described in previous reports [38,39].
previous reports
3.2.
Adsorption of
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3B). The
The amount
amount of
of adsorbed
adsorbed species
speciesper
perunit
unitsurface
surfacearea
areaon
on10
10mg
mgLL−1 of
CeNPs was about
−
1
an
order
of
magnitude
greater
than
that
on
100
mg
L
of
CeNPs.
This
is
because
the number
−1
an order of magnitude greater than that on 100 mg L of CeNPs. This is because the
number of
of
−1 concentration due to aggregation at this
availabel
adsorption
sites
decreased
for
CeNPs
at
100
mg
L
−1
available adsorption sites decreased for CeNPs at 100 mg L concentration due to aggregation at this
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concentration.

Figure 3. Time-course of the amount of DOC (circle) and phosphorus compounds (cross) adsorbed
Figure 3. Time-course of the amount of DOC (circle) and phosphorus compounds (cross) adsorbed
onto CeNP surfaces from EPS solutions at pH of 6.0. The CeNP concentrations were set to 10 mg L−1
onto CeNP surfaces from EPS solutions at pH of 6.0. The CeNP concentrations were set to 10 mg L−1
(A); and 100 mg L−1 (B); DOC: dissolved organic carbon.
(A); and 100 mg L−1 (B); DOC: dissolved organic carbon.
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dependence for the adsorption of inorganic phosphate; however, adsorption of phosphorus species
derived from the EPS revealed similar pH dependency to that of DOC (Figure 4), despite that the
majority of phosphorus compounds adsorbed onto the CeNP surfaces was identified to be
orthophosphate (Table 3). Gerke found a similar phenomenon, in which phosphorous exhibited
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Fe complex with organic matter than to Fe in Fe-oxide [40]. Similarly, adsorption
DOC facilitated the phosphate adsorption onto the CeNP surfaces in the present experiment as well.
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Figure 4.
4. (A)
(A) Adsorption
Adsorption isotherm
isotherm of
of DOC
DOCderived
derivedfrom
fromEPS
EPSonto
ontoCeNP
CeNPsurfaces
surfaces(=10
(=10mg
mgLL−−11) as a
function of pH after 11 hh of
of adsorption;
adsorption; (B)
(B) Adsorption
Adsorption isotherm
isotherm of
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onto CeNP
CeNP
−11
surfaces
functionofofpH
pHdetermined
determinedby
byion
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(IC). The plots represent
surfaces (=10
(=10 mg L−
) )asasaafunction
data of single
single measurement
measurement without
without standard
standard deviation.
deviation. The open circle represents the amount of
adsorbed orthophosphate contained in EPS. The open triangle stands for the amount of the adsorbed
inorganic phosphate.
Table 3. Summary of phosphorus compounds analyzed by an inductively coupled plasma mass
spectrometry system (ICP-MS) and ion chromatography (IC). Phosphorus concentration before or
after 1 h or adsorption experiment at pH of 6 is tabulated. The adsorption experiments of phosphorus
compounds onto 100 mg L−1 CeNPs were repeated four times to gain better statistics. The results from
ICP-MS analysis represent total phosphorus concentration in EPS solution, while IC measures only the
orthophosphate concentration. Data from both analytical methods display almost same values within
the standard deviation. The amount of adsorption was calculated based on the difference between
before and after adsorption experiment followed by normalization to the unit mass of CeNPs.
Concentration (µmol L−1 )
ICP-MS

IC

Before adsorption
EPSsolution

179.39

140.81

After adsorption for 24 h
100 ppm CeNPs_1
100 ppm CeNPs_2
100 ppm CeNPs_3
100 ppm CeNPs_4

155.28
151.46
152.10
149.51

Average
Standard deviation

152.09
2.07

The Amount of Adsorption (µmol g−1 )
ICP-MS

IC

116.15
113.41
113.13
107.84

241.2
279.4
272.9
298.8

246.6
273.9
276.8
329.6

112.63
3.01

273.1
20.7

281.7
30.1

Figure 5 shows the results of the FTIR spectra of pristine CeNPs (i) and CeNPs adsorbing EPS
(ii); and the difference between these two spectra (red line (iii)); which corresponds to the spectrum
of only the adsorbed EPS components. The band assignments are summarized in Table 2. The FTIR
spectrum explicitly revealed the significant difference in the relative intensity of the band between
the adsorbed EPS (red line (iii)) and that of unreacted EPS (blue line (iv)); suggesting the preferential
adsorption of particular EPS components onto the CeNPs; phosphoryl group and saccharides were
preferentially adsorbed, while the relative intensity of the bands assigned to amide I, amide II and
carboxyl group were suppressed after adsorption. In particular, the relative intensity of the amide II
band was suppressed more than that of the amide I band. Because the amide I absorbance band is
derived from the vibration of C=O in the amide I and carboxylate, the relative decrease of amide I
band indicates that protein adsorption was not a dominant process. These results are consistent with a

Environments 2017, 4, 48

9 of 18

previous study by Omoike and others reporting that polysaccharide and phosphate groups selectively
adsorb onto amorphous Al(OH)3 surfaces [35], whereas less protein was adsorbed. It is already
known that the adsorption of phosphate groups is configured by inner-sphere surface complexes
between phosphoryl-containing compound such as phospholipids, and Fe-oxide minerals (goethite and
hematite) [41], while sugar acids adsorb on the amorphous Al(OH)3 surface by weaker electrostatic
interactions [32]. One can expect that the adsorption onto CeNP surfaces may be controlled by
inner-sphere
coordination
and weaker electrostatic interaction.
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Figure 5. Results of ATR-FTIR analysis. (i) The spectrum of pristine CeNPs; (ii) The spectrum of

Figure 5. Results of ATR-FTIR analysis. (i) The spectrum of pristine CeNPs; (ii) The spectrum of CeNPs
CeNPs reacted with EPS for 1 h at pH 6.0; (iii) The difference between pristine CeNPs and CeNPs
reacted with EPS for 1 h at pH 6.0; (iii) The difference between pristine CeNPs and CeNPs with the
with the adsorbed EPS (red), which represents the spectrum derived from the only EPS components
adsorbed EPS (red), which represents the spectrum derived from the only EPS components adsorbed
adsorbed onto the CeNPs; (iv) The spectrum of the unreacted EPS (blue) for comparison with (iii).
onto the CeNPs; (iv) The spectrum of the unreacted EPS (blue) for comparison with (iii).
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surface complex under both conditions with and without organic matter in the present experiment.
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the adsorption density, where bridging bidentate complexes can transform to protonated monodentate
complexes with increasing the adsorption density [43]. Similarly, the broadening of the bands should
be partly ascribed to the multiple adsorption forms at the CeNPs surface in the present experiments.
Thus, orthophosphate adsorbs onto CeNPs as an inner-sphere surface complex under both conditions
with and without organic matter in the present experiment.
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orthophosphate adsorbed onto CeNPs at pH 6.0.

Figure 7A–D show the XPS spectra of CeNPs reacted with EPS for 1 h. Deconvolution was
Figure 7A–D show the XPS spectra of CeNPs reacted with EPS for 1 h. Deconvolution was
performed in a similar manner to the procedure done for Figure 2. The O 1s peak at 529.0 eV was first
performed
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to the procedure
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Figure
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adsorbed
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is
proteins and carboxylates. As for the N 1s peak in the pristine EPS before the adsorption experiments,
less than that of the protonated amine group (Figure 2C, Table 5). In contrast, the N compounds
the fraction of amides (non-protonated) that are generally characterized as adenosine, nucleic acid,
adsorbed onto CeNPs were protonated amine groups, indicating the presence of only proteins among
and amino acid is less than that of the protonated amine group (Figure 2C, Table 5). In contrast,
the N compounds. As a consequence, XPS analysis revealed that the lipids, saccharides, and phosphates
the N compounds adsorbed onto CeNPs were protonated amine groups, indicating the presence of
preferentially adsorbed onto CeNP surfaces, while only a small amount of proteins adsorbed. These
only proteins among the N compounds. As a consequence, XPS analysis revealed that the lipids,
results are consistent with that of FTIR analysis.
saccharides, and phosphates preferentially adsorbed onto CeNP surfaces, while only a small amount
of proteins adsorbed. These results are consistent with that of FTIR analysis.
Table 4. Summary of the XPS analysis of major constituents in pristine EPS and EPS adsorbing onto
CeNPs. The molar ratio was semi-quantitatively calculated by integrating the peak of each constituent
and normalized by that of total C.
Molar Ratio of the EPS Constituent to the Total Carbon
Pristine EPS
EPS adsorbed onto CeNPs

O/C
1.229
2.679

N/C
0.386
0.235

P/C
0.026
0.137

amides (non-protonated) that are generally characterized as adenosine, nucleic acid, and amino acid is
less than that of the protonated amine group (Figure 2C, Table 5). In contrast, the N compounds
adsorbed onto CeNPs were protonated amine groups, indicating the presence of only proteins among
the N compounds. As a consequence, XPS analysis revealed that the lipids, saccharides, and phosphates
preferentially
adsorbed onto CeNP surfaces, while only a small amount of proteins adsorbed.
Environments
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results are consistent with that of FTIR analysis.
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3.3. Effects of EPS on Zeta Potential of the CeNPs
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The ζ potential of 10 or 100 mg L−1 CeNPs in 1 mM NaCl solution is plotted as a function 134.2
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401.3pristine
eV Npr CeNP surface
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solution pH in Figure 8. The
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to be group
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EPS
adsorbed
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N.D.
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* N.D.
CeNPs
Regardless of the CeNP concentration, the reduction of ζ potential remained unchanged. At pH > 1,
H2 PO4 − and/or HPO4 2− , can be present in the solution and the ζ potential decreased due to the
3.3.
Effects of EPS on Zeta Potential of the CeNPs
adsorption of anionic species on CeNP surfaces (Figure 8B). A similar mechanism was recognized in
case The
of theζ phosphate
onto
goethite
[36]. Inincontrast,
adsorption
EPS
neutralized
the
potential adsorption
of 10 or 100
mg
L−1 CeNPs
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solutionofis
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solution pH in Figure 8. The isoelectric point (iep) of the pristine CeNP surface was estimated to be
7.5 (Figure 8A), which is in good agreement with the value previously reported; 6.6 and 8.0 [9,44]. In
the presence of phosphate, the ζ potential decreased dramatically, and the iep decreased to ~2.0.
Regardless of the CeNP concentration, the reduction of ζ potential remained unchanged. At pH > 1,
H2PO4− and/or HPO42−, can be present in the solution and the ζ potential decreased due to the
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ζ potential regardless of the CeNPs concentration (Figure 8C). Slight difference in the pH dependence
of ζ potential between the two different CeNP concentrations may be ascribed to the different coverage
of adsorbed EPS compounds over the CeNP surfaces. In the experiment of EPS adsorption, phosphate
also adsorbed onto CeNP surfaces as described in the previous section, and the amount of adsorbed
phosphate is greater than that in the adsorption experiment of inorganic P (Figure 3). Despite the
fact that a greater amount of P is adsorbed onto the CeNP surfaces, the ζ potential appeared to be
neutralized and unaffected by the phosphate adsorption. It is known that low molecular weight
Environments
4, 48
12 of 18 lower
organic
matter2017,
such
as citric acids can modify the surface charge by adsorption, which typically
the ζ potential. Thus, the neutralizing effect of EPS on the ζ potentials cannot be fully explained by the
which typically lower the ζ potential. Thus, the neutralizing effect of EPS on the ζ potentials cannot
adsorption of organic matter with low molecular weight [12,45]. In general, the ζ potential reflects
be fully explained by the adsorption of organic matter with low molecular weight [12,45]. In general,
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Figure 8. The ζ potential curves of CeNPs under three different conditions: (A) control solution; (B)

Figure 8. The ζ potential curves of CeNPs under three different conditions: (A) control solution; (B)
inorganic orthophosphate solution; and (C) EPS solution. Data for two CeNP concentrations are
inorganic
orthophosphate
andL−1(C)
EPS solution. Data for two CeNP concentrations are shown:
shown:
10 mg L−1 (open)solution;
and 100 mg
(closed).
10 mg L−1 (open) and 100 mg L−1 (closed).
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In the present experiments, the optical absorbance was measured using UV-Vis to analyze the
turbidity
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in three the
different
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control
solution, inorganic
orthophosphate
In the present
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the number of particle based−1on theoretical considerations, which are described in detail in the
and to
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solution with 100 mg L CeNP concentration. Then, the absorbance was converted to the
appendix. The aggregation rate constant, Kp′, was calculated based on Equation (2) as described in
number of particle based on theoretical considerations, which are described in detail in the Appendix A.
the materials and methods section,
0 and the results were summarized in Table 6.

The aggregation rate constant, Kp , was calculated based on Equation (2) as described in the materials
and methods Table
section,
and theofresults
were summarized
inbased
Tableon6.the slope of Equation (2).
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(S5) in aSupplementary
Materials).
Onionic
the other
strengths in the three solutions: 0.01 mol L−1 for control, 0.14 mol L−1 for inorganic phosphate, and
0.25 mol L−1 for EPS solution, which corresponds to the critical aggregation concentration, CAC.
Obviously, the CACs in the inorganic phosphate and EPS solutions are greater than that in the control
solution at pH of 6, indicating that the adsorption of phosphate and saccharides increased the
dispersibility. The enhanced dispersibility was also confirmed by the DLS analysis (Figure S2). It is
noted that the CAC in the EPS solution is slightly higher than that in the inorganic phosphate
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hand, in the EPS solution, the dispersibility of CeNPs was also enhanced despite the ζ potential being
~0 mV at pH 6, indicating that the dispersibility was not enhanced only by electrostatic interaction
and there is additional mechanism constraining the ζ potential in EPS. In particular, the adsorbed
organic matter of EPS, predominantly saccharides and proteins, might play a role on enhancing the
dispersibility in the EPS solution. Indeed, Safinajafabadi and others also reported that the colloidal
stability was enhanced by the adsorption of saccharides including glucose, maltose, and dextrin [46].
Protein (bovine serum albumin) adsorption can also enhance the dispersibility of SiO2 nanoparticles
near the isoelectric point [47]. In general, the adsorption of organic matter forms a steric barrier
over the particles, leading to the colloidal stabilization. The steric barrier can occur even with the
molecular weight as low as ~650 and becomes more significant with increasing molecular weight [48].
Hence, it is plausible that the adsorption of saccharides enhanced the colloidal stability by forming the
steric barrier over CeNPs in the EPS solution in the present experiment. Although the difference in
Environments 2017, 4, 48
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CAC between EPS solution and inorganic phosphate solution was small as revealed in Figure 9, the
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stabilization
is relatively
(−40 mV) compared with that in the control solution (+23 mV) at pH 6 (Figure 8). It is known
the effectnegative
of ionic
strength compared with the electrostatic stabilization.
that the electrostatic repulsive force is effective between the particles with negative charge, because
the energetic barrier appears over ±20 mV according to the DLVO theory (Figure S3). In case of the
Table 6. Summary of the aggregation rates calculated based on the slope of Equation (2).
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Apparently natural sub-surface environment is a more complex system than the present
experimental setting, because there are EPS derived from numerous kinds of microorganisms and a
variety of nanoparticle phases along with many other molecular species in solution. Nevertheless,
the present study at least demonstrates that EPS derived from microorganisms can adsorb to metal
oxide nanoparticles with specific organic species preferentially adsorbed, modified the surface
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Apparently natural sub-surface environment is a more complex system than the present
experimental setting, because there are EPS derived from numerous kinds of microorganisms and a
variety of nanoparticle phases along with many other molecular species in solution. Nevertheless, the
present study at least demonstrates that EPS derived from microorganisms can adsorb to metal oxide
nanoparticles with specific organic species preferentially adsorbed, modified the surface properties,
and changed their stability through the steric barrier derived from organic compounds as well as
the electrostatic repulsive forces of the adsorbed ionic species in EPS. In the present experiments, the
EPS was released after the incubation in YPD media that contains high P content and thus, the P
concentration in the EPS is most likely higher than the one released from microorganisms in subsurface
environments except for the microorganisms colonized adjacent to apatite [49]. In typical shallow
groundwater with the ionic strength of the order of 10−2 mol L−1 [14]. Hence, the adsorption of
microbial EPS can potentially modify stability and transport of these colloids in groundwater.
4. Conclusions
Adsorption of EPS onto the surface of CeNPs and the effects on their aggregation were investigated
to understand the role of microorganisms on the colloidal stability of low solubility cerium oxide
nanoparticles as a surrogate of actinide oxide nanoparticles. The EPS derived from S. cerevisiae
was composed of orthophosphate, organic phosphorous compounds, and various types of organic
matter including polysaccharides and proteins. Among the EPS constituents, polysaccharides
and orthophosphate preferentially adsorbed onto CeNPs. Aggregation of CeNPs was suppressed
by the adsorption of EPS because of the electrostatic repulsive forces derived from the adsorbed
orthophosphate and the steric barrier formed by the organic matter on the surface of CeNPs. The
present study suggests that the specific EPS components adsorbed to metal oxide nanoparticles during
the interaction between microorganisms and nanoparticles can cause colloidal stabilization depending
on the pH conditions in the environment, which may facilitate colloid transport.
Supplementary Materials: The following are availabel online at www.mdpi.com/2076-3298/4/3/48/s1,
Figure S1: Fraction of phosphate species in solution as a function of pH, Figure S2: Time-dependent variation in
the average size of CeNP aggregates at 100 mg L−1 CeNP concentration monitored by dynamic light scattering
(DLS): (#) control solution, (4) inorganic orthophosphate solution, and (♦) EPS solution, Figure S3: Net energy of
interaction for particles with various surface potentials at the constant ionic strength associated with the short
description of the theory on which the calculation is based.
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Appendix A
Effect of Particle Size on Back-Scattering Light Intensity
Although the size of single CeO2 nanoparticle is 5 nm on average, the hydrodynamic diameter of
aggregate was measured to be ~400 nm by DLS analysis. The real size of aggregates can be estimated
to be several hundred nanometers. Because the wavelength of light used in measurement is 340 nm,
which is similar to the size of aggregate, the Mie theory can be applied to simulate the effect of particle
size on the back-scattering intensity in the present study. Assuming the shape of the aggregate as a
sphere, the relationship of incident light intensity and scattered light intensity to the size of aggregate
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can be formulated based on the Mie theory. The scattering cross section σSCA can be calculated as
follows [50]:
σSCA = QSCA × πa2
(A1)


∞
2
QSCA = 2 ∑ (2n + 1) | an |2 + |bn |2
(A2)
x n =1
an =
bn =
Dn ( x ) =

[ Dn (mx )/m + n/x ]ψn ( x ) − ψn−1 ( x )
[ Dn (mx )/m + n/x ]ξ n ( x ) − ξ n−1 ( x )

(A3)

[m × Dn (mx ) + n/x ]ψn ( x ) − ψn−1 ( x )
[m × Dn (mx ) + n/x ]ξ n ( x ) − ξ n−1 ( x )

(A4)

d ln ψ( x )
ψ0 ( x )
n
1
=
Dn ( x ) = −
dx
ψ( x )
x
Dn ( x ) +

n
x

(A5)

At adequate order, Dn ( x ) = 0
QSCA : Efficiency factor
n: Particles of order in light path
x: Size parameter (=2πa/λ)
a: Particle radius (nm)
λ: Wavelength (nm)
m: Reflectance ratio of particle (In case of CeO2 , m = 2.2 at λ = 550 nm)
Hence, Ψ and ξ is called Riccati-Bessel function, and they are described as follows.
ψn+1 ( x ) =

2n + 1
ψn ( x ) − ψn−1 ( x )
x

ψn0 ( x ) = ψn−1 ( x ) −

n
ψn ( x )
x

ψ−1 ( x ) = cos x, ψ0 ( x ) = sin x
2n + 1
ξ n ( x ) − ξ n −1 ( x )
x
n
ξ n0 ( x ) = ξ n−1 ( x ) − ξ n ( x )
x

ξ n +1 ( x ) =

ξ −1 ( x ) = exp ix, ξ 0 ( x ) = −i × exp ix

(A6)
(A7)
(A8)
(A9)
(A10)
(A11)

Figures A1 and A2 show the result of calculating Equation (A2) for the size parameter, x. It is
obvious that the efficiency factor of scattering did not change significantly for x > 2. Considering that the
wavelength of light used in measurement is 340 nm and the hydrodynamic diameter of aggregate was
~400 nm, the size parameter can be estimated greater than 3.7 in the present study. Thus, the scattering
intensity remains unaffected by the change in particle size in the present experimental conditions.
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