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• The adsorption of EPS by nTiO2 was EPS
source and composition dependent.

• About 95% of E-EPS but b40% of C-EPS
was adsorptively removed by nTiO2.

• Aromatic protein rather than hydro-
philic polysaccharide was selectively re-
moved by nTiO2.

• The EPS adsorption was controlled by
surface area of nTiO2.
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Extracellular polymeric substance (EPS) secreted bymicrobes can interact with nanoparticles (NPs) and thus in-
fluence environmental behavior and toxicity of NPs. The adsorption of EPSs from two species of microbes
(Escherichia coli and Chlorella pyrenoidosa) by four types of titanium dioxide nanoparticles (nTiO2) (5, 10, and
40 nm anatase nTiO2 and 25 nm rutile nTiO2) were therefore specifically investigated. Results show that the ad-
sorption kinetics and thermodynamics were dependent on sources and chemical properties of EPSs. EPS (20 mg
C/L) from Escherichia colimainly composed of protein (86%) with relatively higher molecular weight and aroma-
ticity and more active functional groups (i.e., N\\H and –COOH) was effectively removed (N90%) by adsorption
on nTiO2 (100 mg and more), while much less (b40%) EPS from Chlorella pyrenoidosa with a main component
of polysaccharide (68%) was adsorptively removed. The Fourier transform ion cyclotron resonance mass spec-
trometry analysis revealed the selective adsorption of aromatic components of EPSs by nTiO2. The EPS adsorption
capacity of nTiO2 linearly increased with the specific surface area of the NPs. The rutile nTiO2 with the smallest
specific surface area had the highest EPS adsorption per unit surface area. These findings promote a deeper un-
derstanding of the interaction between EPS and NPs.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide nanoparticles (nTiO2) have been widely produced
and used in sunscreens, catalysts, cosmetics, pharmaceuticals, and anti-
microbial materials due to their special physicochemical properties
(Menard et al., 2011; Weir et al., 2012). They are consequently released
into aquatic environments and potentially threatenmicrobes via gener-
ating intracellular reactive oxygen species (ROS), damaging organelles,
and/or breaking DNA strands (Djurisic et al., 2015; Koivisto et al.,
2017). Extracellular polymeric substance (EPS) secreted bymicroorgan-
isms during their growth and metabolism is comprised of heteroge-
neous organic components, primarily including polysaccharides and
proteins (Sheng et al., 2010). EPS is rich in functional groups (carboxyl,
amide, hydroxyl, and so on), providingmany sites for the adsorption on
NPs (Hessler et al., 2012). Therefore, it is necessary to specifically ad-
dress the interaction between EPS and NPs for a better understanding
of the environmental risk of NPs.

It is known that cell surface bound EPS plays an important role in the
bioaccumulation and toxicity of NPs (Hessler et al., 2012; Gao et al.,
2018). For examples, our previous study found that EPS coating on cell
surfaces increased algal surface association with nTiO2 but limited
algal cell internalization of nTiO2 (Gao et al., 2018); Hessler et al.
(2012) indicated that EPS provided attaching sites for nTiO2 but more
importantly acted as a barrier to cell membrane oxidation from reactive
oxygen species. However, there is still a lack of direct research on the in-
teraction between EPS and NPs, which is the precondition for the bioac-
cumulation and toxicity of NPs to most microbes. Heterogeneous
components of EPS varying inmolecular composition,molecularweight
(MW), and hydrophilicity (Chu et al., 2015) can have different effects on
the aqueous stability of NPs (Adeleye and Keller, 2016; Lin et al., 2017).
For examples, it was revealed that the adsorbed protein-like substances
of bacterial EPS induced long-range steric repulsive force, thereby stabi-
lized nTiO2 more effectively (Lin et al., 2016); the functional groups in
amino acids and phospholipids of algal EPS were responsible for the in-
crease in stability of nTiO2 suspension (Adeleye and Keller, 2016). How-
ever, these researches mainly focused on the effect of various organic
components of EPS on the suspension behavior of NPs. Interaction var-
iations caused by the diverse components of heterogeneous EPS, which
could dominate the different effects on the stability of NPs suspensions,
were less emphasized and insufficiently explained. Therefore, a specific
description on the compositions of EPS interacting with NPs at the mo-
lecular level is very essential.

Microorganism species in the natural environment are diverse and
EPSs from different microbial sources are in possession of different pro-
portions of chemical components (Norman et al., 2015), giving rise to
different interactions with NPs and various effects on the bioavailability
and toxicity of NPs. Moreover, crystal phase and particle size are consid-
ered to be two important properties that control the fate and ecological
effect of nTiO2 (Johnston et al., 2009; Lin et al., 2014). It is generally con-
cluded that the toxicity of smaller sized nTiO2 is greater and anatase
nTiO2 is more toxic than rutile nTiO2 (Jiang et al., 2008; Jin et al.,
2013). These two properties of nTiO2 would make the interactions be-
tween EPS and nTiO2 very complicated. Recognition of the diversity of
EPS sources and nTiO2 properties implies the need for a more compre-
hensive understanding of how the specific components of EPSs fromdif-
ferent microbial sources interacting with different crystal phases and
particle sizes of nTiO2 to influence surface properties and ecological ef-
fects of NPs.

This study is therefore aimed to investigate the interaction between
EPSs extracted from Escherichia coli (E.coli) (E-EPS) and Chlorella
pyrenoidosa (C.pyrenoidosa) (C-EPS) and nTiO2 with different particle
sizes and crystal phases. E.coli and C.pyrenoidosa are ubiquitous species
of algae and bacteria, respectively, and are often used asmodelmicroor-
ganisms to evaluate the toxicity of toxicants. Adsorption isothermswere
obtained to determine adsorption capacities of EPSs on nTiO2. Selective
adsorptions were analyzed by the EPS composition (protein and
polysaccharide) measurement, the ultraviolet (UV), three-dimensional
excitation-emission matrix (3D-EEM) fluorescence, and Fourier trans-
form infrared (FTIR) spectroscopies, and the high performance size ex-
clusion chromatography (HPSEC).Moreover, the selective adsorption of
different molecules in EPSs by the different types of nTiO2 was for the
first time investigated by using the Fourier transform ion cyclotron res-
onancemass spectrometry (ESI-FT-ICR-MS) analysis. A combined use of
these tools can get a deep insight into the selective adsorption of EPS on
NPs because individual results are closely linked together and comple-
mentary to each other. The results will advance our understanding of
the interaction between EPS and nTiO2 and increase our knowledge
on the ecological effect of nTiO2.

2. Materials and methods

2.1. Characterization of nTiO2

The reason of the selection of nTiO2 was shown in Supporting Infor-
mation (SI). Anatase nTiO2 with particle sizes measured to be about
5 nm (nTiO2-5A), 10 nm (nTiO2-10A), and 40 nm (nTiO2-40A) and ru-
tile nTiO2 of about 25 nm (nTiO2-25R) were used. nTiO2-5A was from
Wangjing New Material Sci & Tech Co., Zhejiang, China, nTiO2-10A
was from Hongsheng Material Sci & Tech Co., Zhejiang, China, and the
other two nTiO2 were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Morphologies of nTiO2 were observed with a transmission elec-
tron microscope (TEM, JEM-1230, JEOL, Japan) operated at 120 kV and
a high resolution TEM (HRTEM, Tecnai G2 F20 S-TWIN, USA) operated
at 200 kV. Crystal structures were identified by a X-ray step-scanning
powder diffractometer (XRD, X' Pert PRO, Panalytical, Netherlands)
with Cu-Kα radiation (λ = 1.54 Å) operating at 30 kV with a step size
of 0.05°. Purities were analyzed using an X-ray energy dispersion spec-
troscope (EDS, GENESIS 4000, EDAX Inc., USA). Hydrodynamic sizes and
zeta potentials of nTiO2 after ultrasonication (100 W, 40 KHz, 25 °C,
20 min) in 150mMNaCl solution (the background adsorptive solution)
were measured by a zetasizer (Nano ZS90, Malvern, UK). Points of zero
charge (pHpzc) of nTiO2were obtained from the zeta potential versus pH
curves. Specific surface areas were determined using the multi-point
Brunauer-Emmett-Teller (BET) method (Quantachrome NOVA 2000e,
USA). A surface analyzer (OSA200 Optical, Ningbo, China) was used
for the water contact angle (WCA) measurement.

2.2. Extraction and characterization of EPS

E-EPS and C-EPS were extracted by using the cation exchange resin
method (Zhou et al., 2016); a detailed description of this method is pro-
vided in the SI. The contents of polysaccharide and protein in EPSs were
determined by using the anthrone method (Ohemeng-Ntiamoah and
Datta, 2018) and BCA Protein Assay Kit (Rogero et al., 2003) with the
minimum detection limits being 0.028 and 0.072 mg/L, respectively.
UV, 3D-EEM, and FTIR spectra of the extracted EPSs were obtained
with a UV spectroscope (Hitachi F-4600, Japan), a spectrofluorometer
(Hitachi F-4600, Japan), and an infrared spectroscope (Nicolet 6700,
Thermo scientific, USA), respectively (Zhou et al., 2016). The total or-
ganic carbon (TOC) content of EPSs was measured by a TOC analyzer
(Shimadzu TOC-V CPN analyzer, Kyoto, Japan).

2.3. Thermodynamic and selective adsorptions of EPS by nTiO2

All of the adsorption experimentswere conducted in the dark to pre-
vent the potential degradation of EPS by nTiO2. To quantify the EPS-
nTiO2 interaction, adsorption isotherms of EPSs by nTiO2 were obtained
using a batch equilibration technique (Lin et al., 2012). Twenty milli-
grams of nTiO2 were added into 20 mL of EPS solutions with EPS con-
centrations ranging from 2 to 150 mg C/L. A 150 mM NaCl solution
with pH fixed at 7.5 was used as the background adsorptive solution.
The mixtures were shaken (120 rpm, 25 °C) for 12 h to reach the



Table 1
Langmuir model fitted adsorption parameters of E-EPS and C-EPS on nTiO2.

Adsorbent E-EPS C-EPS

Qmax

(mg C/g)
k
(L/mg C)

R2 Qmax-nor

(mg C/m2)
Qmax

(mg C/g)
k
(L/mg C)

R2 Qmax-nor

(mg C/m2)

nTiO2-25R 33.9 ± 0.5 0.05 ± 0.01 0.99 1.24 ± 0.02 5.47 ± 0.35 0.03 ± 0.01 0.97 0.20 ± 0.01
nTiO2-5A 85.8 ± 1.3 0.06 ± 0.01 0.99 0.28 ± 0.01 16.10 ± 0.6 0.03 ± 0.01 0.99 0.05 ± 0.01
nTiO2-10A 43.8 ± 0.6 0.08 ± 0.01 0.93 0.37 ± 0.01 9.33 ± 0.51 0.03 ± 0.01 0.98 0.08 ± 0.01
nTiO2-40A 35.3 ± 0.6 0.07 ± 0.01 0.96 0.46 ± 0.01 6.01 ± 0.33 0.05 ± 0.01 0.96 0.08 ± 0.01
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adsorption equilibrium according to Fig. S1 in SI. The residual EPS was
separated from NPs by centrifugation at 8000g for 15 min and followed
by the filtration through 0.22 μm polyethersulfone fiber membranes.
The TOC content of the residual EPS was measured by the TOC analyzer
to calculate equilibrium adsorption amount (Qe). Langmuir model was
employed to fit adsorption isotherms and determine the maximum ad-
sorption capacity (Qmax). The NP surface area-normalized adsorption
capacity (Qmax-nor) was also calculated. The detailed description is avail-
able in SI.

To study the effect of EPS on the surface property and aggregation
of nTiO2 during the adsorption process, 100 mg/L nTiO2 were mixed
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Fig. 1. Changes in the removal rate and the residual polysaccharide and protein concentrations o
of EPS solutions were 20 mg C/L and 20 mL, respectively.
into different concentrations of EPS solutions (0–25 mg C/L) at an
ionic strength of 150 mM NaCl (pH 7.5). The mixtures were kept
shaking (120 rpm, 25 °C) for 12 h. The suspensions were then col-
lected to measure the hydrodynamic sizes and zeta potentials by
the zetasizer. 100 mg/L but not 1000 mg/L nTiO2 (as in the thermo-
dynamic adsorption experiment) were used because the concentra-
tion of 1000 mg/L was too high to be accurately measured by the
zetasizer.

Two to 200mg of nTiO2 weremixed into 20mL of 20mg C/L EPS so-
lutions. The mixtures (IS = 150 mM NaCl, pH = 7.5) were also shaken
(120 rpm, 25 °C) for 12 h. The residual EPS was collected as above. The
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Fig. 2. The-highest-peak-normalized FTIR spectra of blank nTiO2, EPS-coated nTiO2, and
blank EPS.
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polysaccharide and protein contents of initial and residual EPSs were
determined by the anthronemethod and BCA Protein Assay Kit, respec-
tively. The calculations of the removal rates of EPS and its contained
polysaccharide and protein are conducted by the equation which is
shown in SI.

The selective adsorption behavior of EPS by nTiO2 was further an-
alyzed by mixing different types and doses (0, 50, 100, 250, 375, and
500 mg/L) of nTiO2 with 20 mg C/L EPS in the background adsorptive
solution. The residual EPS was collected by centrifugation (8000g,
15 min) after the 12 h equilibration for below characterizations. UV
spectra of the initial and residual EPS were obtained by the UV–
visible spectrometer. The ratios of the absorbance at 250 nm (E2) to
365 nm (E3) were recorded. EEM spectra of the initial and residual
EPSs were measured by the fluorescence spectrometer. The ranges
of excitation and emission wavelengths were 200–400 nm and
250–550 nm, respectively. The slit width was 10 nm and the scan-
ning speed was 1200 nm/min. The EEM spectrum of EPS was divided
into five parts (Chen et al., 2003), representing five different types of
organic matters as shown in Fig. S2 and Table S1 in SI. Normalized
excitation-emission area volume (Фi,n) representing the relative
content of each type structural organic matter in a specific area
(Shao et al., 2009) was obtained as described in SI. The MW distribu-
tion of EPS was analyzed by HPSEC (LC-20A, Kyoto, Japan) with a SEC
column (BioSep-SEC-S2000, 300 mm × 7.8 mm, Phenomenex) and a
UV detector setting at 254 nm (Zhou et al., 2000). The mobile phase
was 20% acetonitrile in 0.1 M NaCl. The standard curve (Fig. S3) was
determined by using polystyrene sodium sulfonates as standards
(0.2, 5.18, 17, 32, 68.3, and 88.7 kDa, Sigma-Aldrich).

10 mg of nTiO2 were mixed into 20 mL of EPS solutions (0 and
20 mg C/L). After shaking for 12 h at 25 °C in darkness, the blank
nTiO2 and EPS-coated nTiO2 were collected by centrifugation
(8000g, 15 min), washed three times with ultrapure water, and
freeze-dried. Blank EPS solution was also freeze-dried. FTIR spectra
of 1 mg of the blank and EPS-coated nTiO2 and solid EPS samples
mixing with 99 mg of KBr were obtained with the infrared
spectroscope.

2.4. ESI-FT-ICR-MS analysis

ESI-FT-ICR-MS measurements were carried out to analyze changes
in the molecular composition of EPSs before and after the adsorption
(Xu et al., 2018). EPSs at a concentration of 20 mg C/L were mixed
with 500 mg/L nTiO2. The residual EPSs after the adsorption were also
obtained by centrifugation as above. A detailed description of pretreat-
ment is shown in SI. All samples were analyzed in positive ionization
mode and negative ionization mode with broadband detection. The
lower mass limit was set to m/z 200 Da, and the upper mass limit was
set tom/z 1000Da (Hao et al., 2018). Themolecular formula assignment
is also provided in SI.

2.5. Statistical analysis

The experimental conditions (doses of NPs and EPS) in each experi-
ment were summarized in Table S2. All of the experiments except for
specifically mentioned ones were performed in triplicate and the data
are presented as mean ± standard deviations. The 3D-EEM spectra
were drawn by MATLABR2017b. The chromatograms showing the
MW distribution of EPS and other figures were generated using Origin
9 software (OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Characteristics of nTiO2 and EPS

The selected physicochemical properties of nTiO2 are given in
Table S3. TEM images and XRD spectra are shown in Figs. S4 and S5,
respectively. The characteristic peaks in the XRD spectra were chosen
to calculate the particle size by using Scherrer's equation (Clement
et al., 2013). The calculated particle sizes were 23.1, 5.75, 10.7, and
35.8 nm for nTiO2-25R, nTiO2-5A, nTiO2-10A, and nTiO2-40A, respec-
tively (Table S3). These sizes were in good agreement with those mea-
sured by TEM (27.4, 4.6, 11.2, and 35.1 nm, respectively). Purities of the
four nTiO2were all higher than 98% (Fig. S6). Themeasured specific sur-
face areas followed the order of nTiO2-5A N nTiO2-10A N nTiO2-40A
N nTiO2-25R. It is understandable that the specific surface area of ana-
tase nTiO2 increases with decreasing particle size (Oberdorster et al.,
2005). However, it is noted that the rutile nTiO2 had extraordinary
lower specific surface area. It is known that anatase nTiO2 is metastable
and can be irreversibly converted to rutile structure at high tempera-
tures (N700 °C) and this conversion is accompanied by a significant de-
crease in specific surface area (Shutilov et al., 2017). WCAs of the four
nTiO2werewithin 11.8°-16.6°. Theoretically, aWCA lower than 90° sug-
gests a hydrophilic surface (Xiao and Wiesner, 2012). The nTiO2-25R
with the lowest WCA was the most hydrophilic, which could account
for its smallest hydrodynamic diameter (Table S3). Besides, with the in-
crement of particle size of anatase nTiO2, the WCA tended to increase,
which could be owing to the less hydrophilic functional groups (i.e., –
OH) on the bigger particles with smaller specific surface areas.

The extracted E-EPS and C-EPS accounted for 2.6% and 10% of the
dry weight of respective organism. The contents of TOC, protein, and
polysaccharide of E-EPS were 692, 861, and 96 mg/g, respectively,
and those of C-EPS were 469, 270, and 684 mg/g, respectively. FTIR
spectra of the extracted EPSs are given in Fig. 2. The broad and strong
peak around 3409 cm−1 and the peak at 1400 cm−1 were assigned to
–OH vibrations (Guibaud et al., 2003). The peak around 1725 cm−1

(C_O stretching vibration) together with the band (C_C bending)
around 1650 cm−1 for E-EPS and 1635 cm−1 for C-EPS indicated
the presence of aromatic carboxylic acids (Pei et al., 2013). The
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stronger peak of E-EPS at 1650 cm−1 indicated its higher content of
aromatic components than C-EPS. The peaks around 2926, 2853,
and 1451 cm−1 were formed from the fractions containing alkyl
groups (Lin et al., 2007). These three peaks of C-EPS were stronger
than that of E-EPS, indicating more polysaccharide in C-EPS (Diaz-
Salmeron et al., 2018). The peak at 1541 cm−1 was attributed to
N\\H bending (amide group) in amino acids (Guibaud et al., 2005).
The stronger peak of amide group in E-EPS than C-EPS showed the
higher protein content of E-EPS. The above FTIR analysis showed
that E-EPS contained more protein and aromatic components than
C-EPS, but less polysaccharide components.

UV and EEM spectra of the two EPSs (10 mg C/L) are shown in
Figs. S7 and S2, respectively. The absorbance at 254 nm of E-EPS
was higher than that of C-EPS, suggesting the higher aromaticity of
E-EPS. The E2/E3 ratio of E-EPS (4.84) was lower than that of C-EPS
(6.15), indicating the MW and aromatic polymerization degree of
E-EPS was higher than those of C-EPS (Dorado et al., 2003). In EEM
spectra of EPS (Fig. S2), there are two fluorescence peaks: Peak A
(Ex/Em = 220 nm/330 nm) and Peak B (Ex/Em = 280 nm/330 nm)
for E-EPS, and Peak C (Ex/Em = 230 nm/300 nm) and Peak D (Ex/
Em = 260 nm/370 nm) for C-EPS, which represent the aromatic
protein-like components and soluble metabolic by-products, respec-
tively (Chen et al., 2003). The higher peak intensity of E-EPS than C-
EPS further verified the higher content of fluorescent components in
Fig. 3. The change inMWdistributions of E-EPS (A and B) and C-EPS (C and D) against the dose o
change in the average MW.
E-EPS. Especially, there was a strong fluorescence signal in region III
in E-EPS, whereas it was basically absent in C-EPS, which indicates a
higher content of fulvic acid component with abundant phenolic hy-
droxyl and methoxide groups in E-EPS (Her et al., 2003). The two
cultured microbial EPS presented strikingly smaller MW comparing
with other EPS isolated from sludges (0.6–30 kDa) (Lee et al.,
2013), which may be indicative of the lower variability of organic
matter from a single organism community. Moreover, MW of C-EPS
(0.2–4 kDa) was smaller than that of E-EPS (0.2–11 kDa) (Fig. 3),
which could be due to the higher content of protein (with higher
MW than polysaccharide) in E-EPS (Chu et al., 2015).

3.2. Adsorption capacity of EPS on nTiO2

The adsorptions of E-EPS and C-EPS on different types of nTiO2

were well described by the Langmuir model (R2 N 0.93) (Figs. 4 A
and B). The fitted parameters are given in Table 1. The order of
Qmax was nTiO2-5A N nTiO2-10A N nTiO2-40A N nTiO2-25R for both
EPSs, and the E-EPS adsorption was higher than C-EPS. The smaller
anatase nTiO2 had higher Qmax due to its larger specific surface
area, while the smaller sized nTiO2-25R had a lower Qmax than
nTiO2-40Awith larger size. The lower Qmax of nTiO2-25R could be ex-
plained by its smaller specific surface area than nTiO2-40A
(Table S3). The increase of Qmax with increasing specific surface
f nTiO2-5A (A and C) and the type of nTiO2 (B and D); the inserted small figures are for the
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area indicates the specific surface area played a decisive role in the
adsorption capacity of nTiO2 (Wang et al., 2014). After normalization
of Qmax by specific surface area (Figs. 4 C and D), the order of EPS ad-
sorption changed to nTiO2-25R N nTiO2-40A N nTiO2-10A N nTiO2-5A
(Table 1). The more serious aggregation of anatase nTiO2 could limit
the exposure of internal surfaces of aggregates, resulting in a rela-
tively lower adsorption amount per unit area. As for a same type of
nTiO2, the k value, which is an empirical affinity constant related to
the adsorption energy (Fang et al., 2012), of E-EPS was higher than
C-EPS, indicating the higher affinity between E-EPS and nTiO2.

The adsorption of EPS altered surface property and aggregation
status of nTiO2, as shown by the variations in zeta potential and hy-
drodynamic size of nTiO2 with EPS concentration in Fig. 5. The influ-
ences of E-EPS on the zeta potential and hydrodynamic diameter of
nTiO2 were obviously greater than that of C-EPS, which could be
due to the more adsorption of E-EPS. With the addition of EPS, the
electronegativity of nTiO2 first increased and then leveled off at
about 20 mg C/L EPS, while the hydrodynamic diameter of nTiO2

first decreased at 2 mg C/L EPS and then kept increasing at higher
concentrations of EPS. The enhanced dispersion (smaller hydrody-
namic size) of nTiO2 at 2 mg C/L EPS could be due to the increased
electrosteric repulsion by the adsorbed EPS (Masaki et al., 2017;
Nakano et al., 2018); however, the presence of higher concentrations
of EPS could increase the aggregation of nTiO2 through the bridge in-
teraction (Lin et al., 2017).
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Fig. 4. Adsorption isotherms of E-EPS (A and C) and C-EPS (B and D) on nTiO2 witho
3.3. Selective adsorption related to the source of EPS

The removal rates of E-EPS and C-EPS increased sharply at first and
then leveled off with the addition of NPs (Fig. 1). About 95% of E-EPS
could be removed by each type of nTiO2, while b40% of C-EPS was re-
moved. The significant difference in the removal rate suggests the ad-
sorption between EPS and nTiO2 was strongly dependent on the
source of EPS. EPS is a mixture of different compositions that can have
different adsorption capacities. For example, the protein in EPS could
be selectively adsorbed by soil clay mineral and goethite (Cao et al.,
2011); polysaccharides in EPS played a smaller role than protein-like
substances in the stabilization of NPs (Lin et al., 2016), indicating poly-
saccharides could have a lower affinity to NPs. The maximum removal
rate of E-EPS showed no significant difference among different nTiO2

(p N 0.05). However, maximal 38% of C-EPS was removed by nTiO2-5A,
and less (16%–30%) was removed by other nTiO2. The difference in the
maximum removal rate of C-EPS by various nTiO2 could be due to the
different interactions between various polysaccharide components
and the different types of nTiO2, because protein only made up a small
percentage of C-EPS. The approximately maximum removal rates of E-
EPS by the four nTiO2 could be owing to the small proportion of polysac-
charides in E-EPS. The changes in the contents of polysaccharide and
protein of EPS after adsorption are also shown in Fig. 1. The polysaccha-
ride content basically remained unchanged when the dose of nTiO2

reached 10 mg and higher, while the protein content continuously
dropped to about zero. Proteins in the extracellular organic matter
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were mostly found in the higher MW and hydrophobic fractions and
polysaccharideswere generally distributed in the lowerMWandhydro-
philic fractions (Chu et al., 2015). It is known that protein can strongly
interact with NPs and form “protein corona” on NPs, and the “protein
corona” formation is mediated by hydrophobic interaction, hydrogen
bonding, electrostatic interaction, and van der Waals force (Vasti et al.,
2018). The relatively lower adsorption/affinity of polysaccharides
could be mainly regulated by the lower MW with more hydrophilic
functional groups (Ateia et al., 2017). It is therefore deduced that the re-
sidual fraction of EPS after the adsorption was mainly hydrophilic poly-
saccharides; the selectivity in adsorption of polysaccharides could be
amplified by the higher content of polysaccharides in C-EPS, resulting
in the different removal rates of C-EPS by the different sizes or crystal
phases of nTiO2. Anatase nTiO2 had significantly (p b 0.05) higher max-
imum removal rates of C-EPS than rutile nTiO2, suggesting more poly-
saccharides interacted with anatase nTiO2 than rutile nTiO2. Besides,
the concentration of EPS protein decreased more in the presence of
nTiO2-5A than the other three types of nTiO2 (Fig. 1), which further in-
dicated that specific surface area determined the removal rate of protein
at the same dose of nTiO2.

3.4. The changes in UV and 3D-EEM spectra

The E2/E3 ratio, which is inversely related to the aromaticity and rel-
ative MWof EPS (Weishaar et al., 2003; Fan et al., 2012), increasedwith
the addition of nTiO2 (Figs. 6A and B). This indicates that the aromatic
components and higher MW factions of EPSs were mainly involved in
the adsorption, which was further validated by the following HPSEC
analysis. The increase in E2/E3 ratio of the two EPSs after the adsorption
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was positively correlated with the specific surface area of nTiO2. The
greatest increase in the E2/E3 ratio was observed for the treatment
with nTiO2-5A, suggesting that nTiO2-5A among the four types of
nTiO2 had the highest capability of adsorptive removal of the aromatic
components and higher MW factions from the EPSs.

The components with fluorescence can be detected by EEM. The
EEM peak locations of EPS exhibited slight blue shift and the inten-
sity decreased with the addition of nTiO2 (Fig. 7), indicating that
nTiO2 affected the composition and conformation of EPS. Quantita-
tive research on the normalized integral volume removal rates of
the peaks by different doses and types of nTiO2 are shown in
Fig. 7. With the addition of nTiO2, the normalized integral volume
removal rates of the aromatic protein and the soluble metabolic
by-products increased continuously. The normalized integral vol-
ume removal rates of the E-EPS fluorescent components were
much higher than that of C-EPS by the same type and dose of
nTiO2, indicating much more fluorescent components were re-
moved from E-EPS than C-EPS; the normalized integral volume re-
moval rates of the fluorescent components of EPSs increased with
increasing specific surface area of nTiO2, in agreement with the var-
iation trend of adsorption.

3.5. The change in MW distribution of EPS

MW distributions of the initial and residual EPS after the ad-
sorption are shown in Fig. 3, which can be largely divided into
two parts, the relatively higher MW of 0.7–7 kDa for E-EPS and
0.7–2 kDa for C-EPS (red parts) and the lower MW of b0.7 kDa for
both EPSs (green parts). The change in MW distribution was clearly
0 5 10 15 20 25
-40

-35

-30

-25

-20

-15

Z
et

a 
po

te
nt

ia
l (

m
V

)

C-EPS initial conc. (mg C/L)

 nTiO2-25R

 nTiO2-5A

 nTiO2-10A

 nTiO2-40A

0 5 10 15 20 25
0

100

200

300

400

800

1200

1600

2000

H
yd

ro
dy

na
m

ic
 d

ia
m

et
er

 (
nm

)

C-EPS initial conc. (mg C/L)

 nTiO2-25R

nTiO2-5A

nTiO2-10A

nTiO2-40A

B

D

in the experiment condition (pH ≈ 7.5; Ionic strength≈150 mM NaCl) with different



0 100 200 300 400 500
4

5

6

7

8

9

E
2/

E
3 

of
 E

-E
P

S

nTiO2 concentration (mg/L)

 E-EPS+ nTiO
2
-5A

 E-EPS+ nTiO
2
-10A 

 E-EPS+ nTiO2-40A 

 E-EPS+ nTiO
2
-25R

0 100 200 300 400 500
6

7

8

9

10

 C-EPS+ nTiO
2
-5A

 C-EPS+ nTiO
2
-10A 

 C-EPS+ nTiO
2
-40A 

 C-EPS+ nTiO
2
-25R

E
2/

E
3 

of
 C

-E
P

S

nTiO2 concentration (mg/L)

A

B

Fig. 6. The change in E2/E3 of the residual E-EPS (A) and C-EPS (B) after the adsorption
against the added concentration of nTiO2.

8 X. Gao et al. / Science of the Total Environment 694 (2019) 133778
reflected by the variation in average MW of the residual fractions
(Fig. 3). With the addition of nTiO2-5A, the average MW of E-EPS
or C-EPS largely decreased, suggesting a preferential removal of
the higher MW fractions, which also have been demonstrated by
the increase of E2/E3 value. This is consistent with previous reports
that the higher MW fractions of polymers would be selectively
adsorbed by nonporous adsorbents (Li et al., 2018). It can also be
seen that the adsorption of higher MW components was positively
correlated with the specific surface area of nTiO2 while the excep-
tional change in the average MW of E-EPS after adsorbed by
nTiO2-40A might be due to the nonuniform removal of MW. The
lower MW components of E-EPS and C-EPS (green parts) were
poorly removed by all nTiO2. Together with the above selective ad-
sorption of polysaccharide and protein, it is inferred that the resid-
ual EPS after the adsorption could be hydrophilic polysaccharides
with relative lower MW.

3.6. FTIR analysis

FTIR spectra of blank and EPS-coated nTiO2 and blank EPS are shown
in Fig. 2. The characteristic peaks of different types of nTiO2 coated by
the same type of EPS were almost the same. The appearance of N\\H
bending (1541 cm−1) in the spectrum of nTiO2 coated E-EPS showed
more protein involved in the interaction between nTiO2 and E-EPS.
New peaks around 2926, 2853, and 1457 cm−1 appeared on the EPS-
coated nTiO2, indicating the involvement of aliphatic components in
the adsorption (Guibaud et al., 2003; Lin et al., 2007). The bands around
1640 cm−1 for nTiO2 coated E-EPS and 1630 cm−1 for nTiO2 coated C-
EPS indicate the introduction of EPS aromatic components
(1650 cm−1 for E-EPS and 1635 cm−1 for C-EPS) on the NPs. The shifts
of the bands might be relative with the characteristic peak of nTiO2

(around 1625 cm−1) (Samsudin et al., 2016). The 1725 cm−1 peak
(C_O stretching vibration in carboxylic acids) was only present on
the nTiO2 coated by E-EPS but not by C-EPS. Together with the shifted
1640 cm−1 peak, it is deduced that aromatic carboxylic acids in E-EPS
could play a significant role in the E-EPS-NPs interaction. New peak
emergence indicates the involvement of specific functional groups in
the adsorption (Adeleye and Keller, 2016). Specifically, the surface hy-
droxyl groups of nTiO2 could interact with N\\H and –COOH in protein
by hydrogen bonding and complexation, respectively, enhancing the in-
teraction between protein and nTiO2.

3.7. The change in molecular composition of EPSs induced by adsorption

Allmolecules in a same samplewere detected in positive or negative
ionization mode and were displayed in one van Krevelen diagram. Due
to the limit of ESI ion source, these results were only referred to the less
m/z components of EPS because the upper mass limit was set to m/z
1000 Da. As shown in Figs. 8A and B, the points representing formulas
in E-EPS and C-EPS, respectively, are located in five regions as described
in the Supporting Information. The major components of E-EPS and C-
EPS were highly saturated organic matter (group 1, 58% for E-EPS, 63%
for C-EPS) and lignins (a kind of aromatic polymer) (group 3, 20% for
E-EPS, 26% for C-EPS). There were small proportions of condensed hy-
drocarbons (group 2, 7% for E-EPS, 8% for C-EPS), tannins (group 4, 8%
for E-EPS, 1% for C-EPS), and condensed aromatic structures (group 5,
7% for E-EPS, 2% for C-EPS). The van Krevelen diagrams of the residual
EPS after the nTiO2-adsorption are shown in Fig. S8; the relative per-
centages of total components and components in each group after the
nTiO2-adsorption as compared to the initial E-EPS and C-EPS are
shown in Figs. 8C and D, respectively. The affinity of nTiO2 to different
groups of components was positively correlated with the surface area
according to the variation trend of relative percentages of total compo-
nents. Differences in the changes inmolecular formulas between groups
after adsorption were attributed to the different affinities of molecules
to nTiO2. In detail, the decreased percentages of components in groups
2, 3, 4, and 5 (the percentage of decrease were larger) and the obvious
increment in the compounds in group 1 (the percentage of decrease
was the smallest) indicated aromatic compounds (mainly in groups 3
and 5) were preferentially adsorbed on nTiO2. This observation is con-
sistent with the increased E2/E3 value of EPSs after the adsorption by
nTiO2 (Lv et al., 2017). Double bond equivalence (DBE) represents the
number of double bonds and rings in a molecule and is directly related
to the saturation level of a compound (Bae et al., 2011). The content of
oxygen atom and unsaturation level of components are important pa-
rameters governing their adsorption behavior (Lv et al., 2016). Graphics
of the number of O atoms versus DBE values in the molecular formulas
of EPSs before and after adsorption on different types of nTiO2 were
therefore investigated in detail. As shown in Fig. S9,most of the oxygen-
ated compounds in the original E-EPS contained 1–15 oxygen atoms
with DBE values in the range 1–24, while original C-EPS containing
1–22 oxygen atoms with DBE values in the range 1–26. Both EPSs
with DBE values above 14 were almost completely removed by anatase
nTiO2 (Figs. S9A1-C1 and A2-C2). In the case of rutile nTiO2, the disap-
peared components with higher DBE values in E-EPS or C-EPS were
less (Figs. S9D1 and D2) than that of anatase nTiO2. The decrease in the
DBE value of residual EPS indicated the preferential adsorption of unsat-
urated components by nTiO2. Together with the increase in E2/E3 and
the decrease in the MW distribution, it can be concluded that the
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aromatic compounds with higher MW played an important role in the
adsorption by nTiO2.

4. Conclusions

The EPS adsorption on nTiO2wasmainly attributed to the hydropho-
bic interaction between nTiO2 and hydrophobic fractions (mainly com-
posed of aromatic compounds with higher MW) of EPS. The hydrogen
bonding or complexation interaction between surface hydroxyl groups
of nTiO2 and N\\Hor –COOH in EPS could also contribute to the adsorp-
tion. The significant difference in the adsorption of the two sources of
EPSs on nTiO2 was due to the difference in EPS composition. E-EPS
wasmainly composed of proteinwith relatively higherMWand aroma-
ticity, and more active functional groups, which was thus effectively re-
moved by the adsorption on nTiO2. However, about 68% of C-EPS was
polysaccharides with lower MW and more hydrophilic fractions, and
thus its adsorption by nTiO2 was limited. The adsorption of EPS in-
creased with increasing specific surface area of nTiO2, while the rutile
nTiO2 with the smallest specific surface area had the highest adsorption
per unit area. These findings will increase our understanding of the
mechanism underlying the EPS-NPs interaction.
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Fig. 8.Molecular composition of E-EPS (A) and C-EPS (B) in van Krevelendiagrams. (●: detected in negative ionizationmode;○: detected inpositive ionizationmode; color bar represents
the relative intensity of peakwith % unit). The relative percentages of total components and components in each group of E-EPS (C) and C-EPS (D) after the nTiO2-adsorption as compared
to the initial ones.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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