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Abstract: In order to understand the adsorption preferences of extracellular polymeric substances
(EPS) components derived from fungus Saccharomyces cerevisinze on sparingly soluble CeO,
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~!. 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 ¢ potential to —40 mV at pH > 5, whereas the EPS adsorption suppressed the
deviation of ( 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™}, 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. cerevisine 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 TiO,
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 CeO, 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 CeO, 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 m? g~! 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™
yeast extract, 20 g L~! peptone, and 20 g L~! 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~! NaCl solution.
The yeast was transferred to 50 mL of 1 mmol L~! NaCl in a polypropylene tube. The cell density in
all exposure solutions was adjusted to 2.0 dry g L. The pH of the exposure solutions was adjusted
to 3.0 + 0.1 by adding 1.0 mol L' HNOj3 solution at the appropriate proportions. The pH was
measured using a tpx-999i pH meter (PCE108CW-5SR) equipped with a PCE108CW-5R electrode. After
72 h, the suspension was filtered through a 0.20 um polytetrafluoroethylene (PTFE) membrane filter
(JO20A047A, 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 pg/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
t0 6.0 & 0.1 from 4.8 + 0.3 by adding 1.0 mol L~! 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~!, and averaged.

2.3. Adsorption of EPS onto CeO, Nanoparticles (CeNPs)

Stock suspension containing 5000 mg L.~! 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);
(if) 1 mM NaCl + 0.16 mM H3POy solution (inorganic H3POy), 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~! 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~'. 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~! 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 !
at pH 6.0. These suspensions were batch (statically) reacted for 24 h, and collected by using a 0.025 um
nitrocellulose membrane filter (VSWP04700, ADVANTEC MEFS, 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 (()
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~!. 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
cm?) in a mono-dispersed suspension due to collisions by Brownian motion can be represented by a

second-order rate law: . .

NE N ket )

where K}, is the rate constant (cm3 s~1). N(t) is the number of particles (particles cm~3) at the reaction
time, t. Ny 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’ as follows:
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The critical aggregation concentration (CAC) was determined for the conditions (i) ~(iii) based on
the K,/ plot as a function of the electrolyte (NaCl) concentration ranging from 1 to 1000 mmol L™! 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~! NaCl after 72 h of incubation
for yeast to release EPS, showing that the EPS is mainly composed of ~70 mg L~! organic carbon,
~0.50 mmol L~! K*, and ~0.16 mmol L ! total phosphorous including ~0.12 mmol L~! 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
S. cerevisiae in 1.0 mmol L~ NaCl for 72 h of incubation. The mass of EPS was determined to be
306 £ 83 mg per liter.

Compound Concentration
Dissolved organic carbon 72+ 20 mg L1
Dissolved nitrogen 42 +11mgL™!
Total phosphate 0.16 & 0.07 mmol L~!
Orthophosphate 0.12 + 0.02 mmol L1
K* 0.49 + 0.03 mmol L~}

Figure 1 shows the ATR-FTIR spectra of EPS prior to contact with CeNPs. The band assignments
are summarized in Table 2, along with supporting references. A large absorption band at 1374 cm !
corresponds to symmetric stretching of COO- groups (vs C-O) that are derived from proteins and
carboxylated polysaccharides [30]. The band at ~1600 cm ™! corresponds to the stretching vibration of
C=0 groups in amide I (amides associated with proteins). The band at ~1514 cm ™! corresponds to the
stretching vibration of C-N groups and deformation vibrations of N-H groups in amide II (-CO-NH-
of proteins) [31]. These bands at 1600 and 1514 cm ™! indicate the presence of proteins in the EPS.
The band at ~1110 cm ! corresponds to ring vibrations of C-O-C in polysaccharides and stretching
vibrations of P=0O bonds in proton dissociated orthophosphate. In addition, the band at ~1044 cm !
corresponds to symmetric stretching vibrations of P=O in the phosphoryl group. It should be noted
that the phosphate bands overlap the band of polysaccharide vibrations and these features are difficult
to separate; nevertheless, it is concluded that polysaccharides and phosphoryl species can be identified
as the EPS constituents released from S. cerevisiae. These species are also contained in the EPS released
from other microorganisms [32-34].

13741336
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1514 1110 824
1217 923

Absorbance

1800 1600 1400 1200 1000 800

Wavenumber (cm!)

Figure 1. ATR-FTIR spectra of pristine EPS at pH 6.0.

Figure 2 shows the XPS spectra of the EPS prior to the adsorption to CeNPs. Based on a peak
assignment proposed by Badireddy and others [37], the C 1s peak (Figure 2A) was resolved into four
component peaks, which were assigned as follows: (i) the peak at 284.8 eV is attributed to C-(C, H)
in lipids, amino acid side chains, or saccharide ring chains; (ii) the peak at 286.2 eV is derived from
C-(O, N) that is associated with alcohol, ester, amine, or amide; (iii) the peak at 287.8 eV is assigned
to C=0 or O-C-O, which is included in carboxylate, carbonyl, amide, or hemiacetal; (iv) the peak at
289.0 eV arises from O=C-OH and O=C-OR, commonly found in carbonyl or ester groups. The O
1s peak (Figure 2B) was decomposed into two peaks: the peak at 531.3 eV is mainly a contribution
from O=C, as in carboxylate, carbonyl, ester, or amide, whereas the peak at 532.7 eV is assigned
to O-(C, H), including hydroxide, acetal, and hemiacetal. Identification of acetal, hemiacetal, and
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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].

Measurement Literature Data Band Assienment 1
Data k (cm™1) k (em™1) &
1600 1660 2 vC=0 of amides associated with proteins (amide I)
15,141 1544 2 dN-H and vC-N in -CO-NH- of proteins (amide II)
14492 8sCHy, and 5C-OH
1374 1403 2 vsC-O of COO™ groups
1217 12422 vasP=0 of phosphodiester backbone of nuclei.c acid; may also be
due to phosphorylated proteins
1110 11272 O-H deformation, vC-O, ringvibrations of polysaccharides
1044 10753 vP=0 of HyPO4~
10782 vsP=0 of phosphodiester backbone. of nucleic acid,
phosphomonoester, phosphorylated proteins, and C-OH stretch
923 9202 Asymmetric ester O-P-O stretching modes from nucleic acids

1 Superscript numbers stands for the references reporting the peak assignments. v: stretching vibration. vas:
asymmetric stretching vibration. vs: symmetric stretching vibration. 8: scissoring vibration. 2 [30,35], % [36].
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Figure 2. XPS spectra of narrow scans over C 1s (A), O 1s (B), N 1s (C), and P 2p (D) peak regions in
the pristine EPS prepared at pH 6.

The N 1s peak was also resolved into two component peaks (Figure 2C). The peak at 399.6 eV can
be assigned to nonprotonated nitrogen, Nnonpr, such as in amines and amides, and the other peak at
401.3 eV is mainly ascribed to protonated amines, N, [37]. Since the EPS specimen for the present XPS
analysis was prepared after adjusting the pH of the EPS solution to 6.0, the amount of nonprotonated
amine groups in the EPS is minimal. Thus, the peak at 399.6 eV is mainly derived from amides.
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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
composed of lipids, proteins, saccharides, amines, and orthophosphate, which is consistent with the
results of FTIR. On the other hand, the functional groups of EPS determined by both methods are not
inconsistent with typical functional groups of the cell surfaces described in previous reports [38,39].

3.2. Adsorption of EPS on CeNPs

Adsorption measurements of DOC and phosphate on CeNPs at pH 6.0 reached apparent
equilibrium within only ten minutes both in the solutions with 10 mg Lt (Figure 3A) and 100 mg L~}
(Figure 3B). The amount of adsorbed species per unit surface area on 10 mg L~! of CeNPs was about
an order of magnitude greater than that on 100 mg L~! of CeNPs. This is because the number of
availabel adsorption sites decreased for CeNPs at 100 mg L~! concentration due to aggregation at this
high particle concentration.

ODOC APhosphorus ODOC APhosphorus
B 100 mg L' CeNP
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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 L1
(A); and 100 mg L1 (B); DOC: dissolved organic carbon.

Figure 4 shows the amount of DOC (Figure 4A) and phosphorus compounds (Figure 4B) adsorbed
onto CeNPs as a function of pH after 1 h of the adsorption experiment. The amount of adsorbed DOC
exhibited maximum content at pH 8 at the level of ~4 mmol/m?. There was no pH 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 higher affinity to Fe complex with
organic matter than to Fe in Fe-oxide [40]. Similarly, adsorption of DOC facilitated the phosphate
adsorption onto the CeNP surfaces in the present experiment as well.
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Figure 4. (A) Adsorption isotherm of DOC derived from EPS onto CeNP surfaces (=10 mg L asa
function of pH after 1 h of adsorption; (B) Adsorption isotherm of inorganic phosphate onto CeNP
surfaces (=10 mg L™') as a function of pH determined by ion chromatography (IC). The plots represent
data of single measurement without standard 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 ~! 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 (umol L—1) The Amount of Adsorption (umol g—1)

ICP-MS IC ICP-MS IC
Before adsorption
EPSsolution 179.39 140.81
After adsorption for 24 h
100 ppm CeNPs_1 155.28 116.15 241.2 246.6
100 ppm CeNPs_2 151.46 113.41 2794 2739
100 ppm CeNPs_3 152.10 113.13 2729 276.8
100 ppm CeNPs_4 149.51 107.84 298.8 329.6
Average 152.09 112.63 273.1 281.7
Standard deviation 2.07 3.01 20.7 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=0O 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
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previous study by Omoike and others reporting that polysaccharide and phosphate groups selectively
adsorb onto amorphous Al(OH); 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); 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.

Q
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e
—
o
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< 1374 1336 1044
1600 110 - o4
(iv)

1800 1600 1400 1200 1000 800
Wavenumber (cm!)
Figure 5. Results of ATR-FTIR analysis. (i) The spectrum of pristine CeNPs; (ii) The spectrum of CeNPs
reacted with EPS for 1 h at pH 6.0; (iii) The difference between pristine CeNPs and CeNPs with the

adsorbed EPS (red), which represents the spectrum derived from the only EPS components adsorbed
onto the CeNPs; (iv) The spectrum of the unreacted EPS (blue) for comparison with (iii).

Figure 6 shows the FTIR spectra of orthophosphate in aqueous solution and orthophosphate
adsorbed onto CeNPs. In aqueous solution, orthophosphate can dissociate to four species depending
on the solution pH through the following reactions:

H;PO4 = H,PO, +HT 3)
H,PO, = HPO?™ +H* (4)
HPO;” = PO +HT (5)

The dissociation constants of the above reactions are K1 = 10722, K;p = 10772, and K,3 = 107123,
respectively [42]. A diagram plotting the speciation of orthophosphate reveals that HPO4 ™ is the
predominant species at solution pH 6 (Figure S1). For the FTIR spectrum of orthophosphate in
aqueous solution, the bands at 1157 and 1078 cm~! can be assigned to the P=O stretching mode
of the HyPO,4~ ion, and the one at 941 cm ™! to the P-O stretching mode of the H,PO,~ ion. The
band at 993 cm ™! can be assigned to the P=0O stretching mode of the HPO,42~ ion [36]. The FTIR
spectrum of orthophosphate adsorbed onto CeNPs revealed the P=0O stretching band of the adsorbed
orthophosphate species at 1070-1250 cm ™! and P-OX stretching mode of adsorbed orthophosphate
(X = H or Ce) at 845-1070 cm~!. Broadness of the bands is attributed to two factors: one is the change
in the P-OX vibration frequency. The electron density of the P-OCe bond is greater than that of the
P-OH bond because of the smaller electronegativity of Ce than that of H. Thus, the frequency of the
P-OCe vibration became greater than that of the P-OH mode. The broadness represents that both P-OH
and P-OCe vibration are present at the CeNPs surface. The other factor is various adsorption forms
such as monodentate or bidentate complexes. The frequency values of the P=O and P-OX vibration are
altered by the adsorption form. Barja and others reported that the adsorption form is constrained by
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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.

—— Inorganic phosphate reacted with CeNPs

— Aqueous inorganic phosphate unreacted with CeNPs

Absorbance

1350 1150 950 750

Wavenumber (cm!)

Figure 6. ATR-FTIR spectra of inorganic orthophosphate in aqueous solution and inorganic
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
performed in a similar manner to the procedure done for Figure 2. The O 1s peak at 529.0 eV was first
assigned to oxygen in CeO,. Compared to the spectrum of pristine EPS (Figure 2), the P/C molar
ratio of the EPS adsorbed onto CeNPs, which was calculated based on the integrated intensity of
the P and C peaks, increased from 0.026 to 0.137 (Table 4), indicating that phosphorus compounds
preferentially adsorbed onto CeNP surfaces. This is consistent with the FTIR results, revealing the
preferential adsorption of phosphate. The peak position of P 2p did not shift after EPS adsorption
(Figures 2D and 7D), because orthophosphate is dominantly present in both cases. Table 5 summarizes
the fraction of the functional groups among each element based on the integrated intensity of each
corresponding peak after peak separation compared with the total intensity of peaks for each element.
Notably, the fraction of C-(C,H) species among total C species increased compared with that of the
pristine EPS, indicating that organic matter containing carbon chains such as lipids, amino acid side
chains, or ring chains of saccharides preferentially adsorbed onto CeNP surfaces compared with
proteins and carboxylates. As for the N 1s peak in the pristine EPS before the adsorption experiments,
the fraction of 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. 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

O/C N/C P/C
Pristine EPS 1.229 0.386 0.026
EPS adsorbed onto CeNPs 2.679 0.235 0.137
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Figure 7. XPS spectra of narrow scans of C 1s (A), O 1s (B), N 1s (C), and P 2p (D) peaks of CeNPs after
reaction with EPS for 1 h.

Table 5. Summary of XPS analysis of the speciation of C, O, N, and P in pristine EPS and EPS adsorbed
onto CeNPs reacted with EPS. After deconvolution, the intensity of each peak was integrated and
normalized to the total integration of each element. * N.D. represents “not detected”.

Fraction of Chemical Species among Each Element

Carbon Oxygen
284.8eV  286.2 eV 287.8 eV 289.0eVO=C- 529.0eV  531.3eV 532.7 eV HO-
C-(C,H) C-(O,N) C=00-C-O OHO=C-OR CeO, O=C O=P CC-O-C
Pristine EPS 0.625 0.185 0.140 0.051 - 0.650 0.350
EPS adsorbed 0.780 0.186 0.026 0.029 0.639 0.361 0.000
onto CeNPs
Fraction of Chemical Species among Each Element
Nitrogen Phosphorus
134.2 eV
399.6 eV Nnonpr 401.3 eV Npr 133.5 eV phosphate Phosphoryl group
Pristine EPS 0.259 0.741 1.000 *N.D.
EPS adsorbed *
onto CeNDs 1.000 N.D. 1.000 N.D.

3.3. Effects of EPS on Zeta Potential of the CeNPs

The { potential of 10 or 100 mg L~! CeNPs in 1 mM NaCl solution is plotted as a function of
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 ¢ potential decreased dramatically, and the iep decreased to ~2.0.
Regardless of the CeNP concentration, the reduction of ¢ potential remained unchanged. At pH > 1,
H,PO,~ and/or HPO4%~, can be present in the solution and the C potential decreased due to the
adsorption of anionic species on CeNP surfaces (Figure 8B). A similar mechanism was recognized in
case of the phosphate adsorption onto goethite [36]. In contrast, the adsorption of EPS neutralized the
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¢ potential regardless of the CeNPs concentration (Figure 8C). Slight difference in the pH dependence
of ¢ 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 { potential appeared to be
neutralized and unaffected by the phosphate adsorption. It is known that low molecular weight
organic matter such as citric acids can modify the surface charge by adsorption, which typically lower
the ¢ potential. Thus, the neutralizing effect of EPS on the ¢ potentials cannot be fully explained by the
adsorption of organic matter with low molecular weight [12,45]. In general, the ¢ potential reflects
the potential difference between the shear plane and the bulk phase, and the shear plane potential is
affected by charge of the outermost surface. In case of the EPS adsorption, saccharides and proteins are
likely present at the outermost surface because the molecular size is much larger than the molecular
size of orthophosphate. Thus, the effects of phosphate adsorption on the  potential was suppressed
by adsorption of these large molecules in the EPS solution.

30 CeNPs 10 50 ACeNPs 10 ppm 50 CeNPs 10
_ 40 1A @ g | OTEUPMI L 40 1B e _40C OCeNPs 10 ppm
< 30 - ® .C}eNPleOppm S 30 A o A CeNPs 100ppm S>30 ©CeNPs 100ppm
E20 g.:ip g/zo-‘p £ 20 %,
I '8 ] % g 18 PV s 0] ’Wsm
5-10 5-10 1 4p 5-10 + W
2 k3 7'y k3
%-20 ° 5-20 oA 3-20 A *
530 By 530 L 530 A

-40 A -40 ANGA A AA -40 4

-50 —_— 50 — -50 —

1 3 5 .7 9 11 1 3 5 .7 9 11
1 3 5 oH 7 9 11 pH oH

Figure 8. The ( 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 shown:
10 mg L1 (open) and 100 mg L1 (closed).

3.4. Effects of EPS on Aggregation and Sedimentation

In the present experiments, the optical absorbance was measured using UV-Vis to analyze the
turbidity of solution in three different conditions: control solution, inorganic orthophosphate solution,
and EPS solution with 100 mg L~1 CeNP concentration. Then, the absorbance was converted to the
number of particle based on theoretical considerations, which are described in detail in the Appendix A.
The aggregation rate constant, K},’, was calculated based on Equation (2) as described in the materials
and methods section, and the results were summarized in Table 6.

The Kp' plot as a function of ionic strength revealed a drastic increase at the different ionic
strengths in the three solutions: 0.01 mol L~! for control, 0.14 mol L~! for inorganic phosphate, and
0.25 mol L~! 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 solution,
which may be attributed to the presence of organic molecules such as saccharides and proteins in the
EPS solution. In the inorganic phosphate solution, the surface charge is strongly negative (—40 mV)
compared with that in the control solution (+23 mV) at pH 6 (Figure 8). It is known 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 inorganic phosphate
solution, the enhanced dispersibility was simply attributed to electrostatic repulsion. The aggregation
rate constant dramatically increased above the CAC, because the thickness of the diffuse double layer
collapses with increasing ionic strength (Equation (S5) in Supplementary Materials). On the other
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hand, in the EPS solution, the dispersibility of CeNPs was also enhanced despite the { potential being
~0mV at pH 6, indicating that the dispersibility was not enhanced only by electrostatic interaction
and there is additional mechanism constraining the ¢ 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 SiO, 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
CAC between EPS solution and inorganic phosphate solution was small as revealed in Figure 9, the
increment of the aggregation rate constant near CAC in the EPS solution is slightly more moderate than
that in the inorganic phosphate solution, implying that the steric stabilization is relatively resistant to
the effect of ionic strength compared with the electrostatic stabilization.

Table 6. Summary of the aggregation rates calculated based on the slope of Equation (2).

Ionic Strength Control Condition Phosphate Condition EPS Condition
(mM) Ky 2 Ky’ P2 Ky’ 2
1 2.76 x 1072 0.933 2.60 x 1072 0.928 3.19 x 107° 0.945
25 448x 107° 0.927
5 408 x 107> 0.874
75 242 x 107* 0.998
10 261 x 1074 0.996 3.67 x 107° 0.938 1.84 x 1075 0.873
100 2.71 x 1074 0.999 418 x 107° 0.978 543 x 107° 0.982
110 1.23 x 1074 0.968
120 1.88 x 1074 0.990
130 2.06 x 1074 0.990
140 2.98x 1074 0.994
150 2.81 x 107* 0.999 1.54 x 10~4 0.994
200 290 x 1074 0.999 221 x 1074 0.996
250 2.63 x 1074 0.992 271 x 1074 0.998
500 292 x 1074 0.997 2.70 x 10~4 0.999
750 259 x 10~4 0.999 2.58 x 10~4 0.999
1000 2.83 x 107* 0.993 2.80 x 10~* 0.999 257 x 107% 0.998
CAC of CAC of CAC of
control phosphate EPS
3.5 :
OControl !
—; 3.0 4 APhosphate ‘iﬁé A a
(o]
- XEPS é o X Xao
S O
_% 20 A Ax
=~ A
S 15 K
X N
= 1.0 1
hY
1 goos % pH 6
0 T T T
0.0001 0.001  0.01 0.1 1 10

Tonic strength (mol L)

Figure 9. Aggregation rate constant of CeNPs calculated by Equation (2) for the reciprocal plot of
absorbance in three different condition suspending 100 mg L~! CeNPs; control condition (circle), (B)
phosphate condition (triangle), and EPS condition (cross).
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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 1072 mol L~! [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~! CeNP concentration monitored by dynamic light scattering
(DLS): (O) control solution, (A) 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 CeO, 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 osca can be calculated as

follows [50]:
osca = Qsca x ma?

Osca = 5 L 1) (a4 )
o [Dalm)/m+ 1/ 300 (3) = w1 (3)
" D)t /3080 (6) — En (3]
by X D) /51 () = 2 (3
" ok Do) 13080 (6) — B (3)
_dng() _ )
Pl =g =40 P =5 T D vz

At adequate order, D, (x) =0

Qsca: Efficiency factor

n: Particles of order in light path

x: Size parameter (=2ma/A)

a: Particle radius (nm)

A: Wavelength (nm)

m: Reflectance ratio of particle (In case of CeO,, m =2.2 at A = 550 nm)

Hence, ¥ and ¢ is called Riccati-Bessel function, and they are described as follows.

2n+1

Yt (x) = Yn(x) = Pn1(x)

Ph(x) = P (x) = S (x)
P_1(x) = cosx, Pp(x) = sinx
G () = 220 () — Gy ()

(%) = G (x) — 2 ()
¢ 1(x) =expix, Co(x) = —i X expix

(A)

(A2)

(A3)

(A4)

(A5)

(A6)
(A7)
(A8)
(A9)

(A10)

(A11)

Figures Al 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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Figure A1. Efficiency factor of light scattering as a function of the size parameter calculated based on
the Mie theory.
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Figure A2. A diagram enlarged along the axis of size parameter x focusing on the range from 0 to 5.
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