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Abstract
Engineered nanomaterials (ENMs) would be settled and accumulated in sediments beneath the surface
water. Investigation on the interactions between ENMs and dissolved organic matters (DOM) in
sediments could assist researchers in better understanding the environmental behaviors of ENMs. This
study adopted heating methods to extract DOM from the sediments in a river of Shanghai, China, and
titanium dioxide nanoparticles were used as model ENMs. Three-dimensional �uorescence spectra
revealed that humic-like substances possessed a better binding ability with ENMs than protein-like
substances and fatty acids. Nano-TiO2 could destroy the α-helix structure of proteins. The rapidly
diminishing intensity of α-helix bands suggested that secondary structure of protein was distorted, and
the nano-TiO2 binding site was amino residues in main peptide chain. X-ray photoelectron spectra further
not only demonstrated that protein-like, humic-like substances and fatty acids could adsorb on the
surface of nano-TiO2, but also con�rmed that phosphonate could combine with nano-TiO2 via P-Ti
covalent bond. This study supported comprehensively scienti�c data and assisted in understanding the
environmental behaviors of ENMs, in order to direct the pollution control of river sediments.

1. Introduction
Nanoparticles (NPs) have attracted a great deal of interest because of their unique physicochemical and
electrical properties. Engineered nanomaterials (ENMs) are intentionally produced or manufactured
materials with at least one dimension between 1 and 100nm. At this size, materials behave differently to
their bulk forms, which is of great interest for novel applications (Lewis et al., 2019; Pan and Xing 2012).
For instance, silver nanoparticles are used in clothes and packaging. Titanium dioxide nanoparticles
(nano-TiO2) and zinc oxide nanoparticles (nano-ZnO) are applied in surface treatment and cosmetics.
Graphene oxide and carbon nanotubes have applications in water treatment as new adsorbents
(Suhendra et al., 2020). The increasing production and application of ENMs have resulted in their
increasing release into the environment. It has been estimated that approximately 20,000 t of ENMs are
expected to end up in municipal incineration facilities worldwide on an annual basis (Xu et al., 2019).
Untreated ENMs may undergo a physical, chemical, and biological transformation, posing a serious
threat to the ecological security of surface water and human health due to the inverse functions of target
organs toxicity (Bai and Tang 2020; Welz et al., 2018). Overall, quantitatively characterizing the
occurrence and potential bioavailability of ENMs in sediments is critical to better understand the fate and
risks assessment of ENMs.

ENMs can enter sediments in aquatic environment through wastewater disposal, atmospheric deposition,
or runoff discharge (Tou et al., 2020). Sediments can act as a signi�cant sink for multiple pollutants. As
environmental conditions changes, the pollutants deposited in sediments can release to overlying water,
causing secondary pollution incidents (Li et al., 2016). Dissolved organic matter is heterogeneous class
of water-soluble compounds that contain organic carbon from animals, plants, and microbial
metabolization, including humic acids, protein, carbohydrates, and other organics (Wang et al., 2016;
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Zhang et al., 2011). DOM is a fundamental component of the aquatic active carbon cycle and plays a
major role in the worldwide carbon cycle, nutrient export, and food chain (Lynch et al., 2019). In aquatic
ecosystems, DOM and some hazardous pollutants (like heavy metal ions) can form complexes by the
way of adsorption or complexation. After that, the fundamental characters of DOM would be changed,
including bioavailability, migration, and transformation. Meanwhile, DOM has the potential to alter the
bioavailability of other nutrients (like C, N, and P) as well as other biogeochemical processes (Li et al.,
2014; Li et al., 2016). When ENMs enter sediments, DOM will have a direct impact on the migration and
transformation of ENMs. Thus, it is necessary to investigate the interactions of DOM and ENMs so as to
understand the environmental performances of ENMs (Philippe and Schaumann, 2014).

Previous studies mostly aimed at investigating interactions between the DOM of overlying water or a
certain pure matter (like humic acid or fulvic acid) and ENMs. Based on the above studies, the adsorption,
dispersion/aggregation or reduction/oxidation has been brought forward, which was basically
determined by the types of DOM and ENMs (Philippe and Schaumann, 2014). As the most active matter
in surface water, DOM components directly in�uence the substances migration and carbon cycle (Battin
et al., 2009), ultimately causing different environmental performances. The components and
concentrations of DOM in overlying water and in sediments are greatly different, and accordingly their
reactivities are so different (Gueguen et al., 2012). Therefore, the interactions between DOM and ENMs
would be of great reference value. Due to the heterogenous features of DOM, ultraviolet-visible
spectroscopy (UV-VIS), �uorescence spectrum, size exclusion chromatography (SEC), nuclear magnetic
resonance (NMR) and fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR-MS) could be
adopted to characterize the DOM (Chen et al., 2017). Furthermore, the �uorescence spectrum can quickly
and precisely analyze DOM, so as to track the dynamic and geochemical processes of DOM (Fellman et
al., 2010). Especially, three-dimensional excitation-emission matrix spectro�uorimetric(3D-EEM) can
provide much more information about the molecular structure of DOM (Wang et al., 2009).

This study extracted DOM from actual river sediments and adopted nano-TiO2 as the model of ENMs.
Three-dimensional EEM, fourier transform infrared spectroscopy and X-ray technology were introduced to
comprehensively investigate the interaction mechanisms between DOM and ENMs. Furthermore, the
environmental behaviors of ENMs in river sediments could be brought up. This study could provide more
scienti�c results for maintain ecological security of surface water.

2. Materials And Methods

2.1 Sampling and DOM extraction
Sediments were sampled from a river in Shanghai, China. The average sediments depth is 0.73m. The
sediments (0–20 cm) were collected by core sampler, and then brought back to the laboratory in an ice
box for vacuum drying. The DOM was further extracted according to reported method (Li et al., 2016).
Speci�cally, the dried sediments were grinded and passed through a 100 mesh sieve, and 5g sample
powder was then added into 1000 ml of ultra-pure water. Then, the mixture was shaken on the
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thermostatic oscillator for 16 h at a temperature of 25 ℃ and a speed of 220 rpm. After shaking, the
suspension was further centrifuged for 10 min at a speed of 10000 rpm, and then �ltered through a
membrane of 0.45 µm. DOM-contained �ltrate was �nally obtained.

2.2 Interactions between DOM and nano-TiO2

The tests were carried out in brown reaction tubes in order to avoid the interference of photoreactions.
Each reaction volume was set at 8 ml. Firstly, 4 ml of the above-extracted DOM solutions were added into
6 tubes, respectively. Secondly, 4 ml of nano-TiO2 mixtures with the �nal concentrations of 0, 16, 32, 64,
128 mg/L was mixed. After thoroughly mixing, the mixtures reacted for 4 h at 25℃. Three-dimensional
�uorescence spectra was applied to analyze the products. Moreover, the above experiments were
repeated at 15 ℃ and 5 ℃ respectively to investigate the thermodynamic process.

2.3 Fitting of three-dimensional �uorescence spectra
The quenching constants of �uorescent groups can be calculated by Stern-Volmer equation (Eftink and
Ghiron 1981):

F 0/F = 1 + KSVQ=1 + Kqτ0Q (2 − 1)

Where F0 and F are the steady-state �uorescence intensities in the absence and presence of quenchers,
Kq is quenching rate constant of the biological macromolecular, τ0 is the average lifetime without any

quenchers and the �uorescence lifetime of the biomacromolecules is 10− 8 s (Lakowicz and Weber, 1973),
Q is quencher concentration, Ksv is the Stern-Volumer quenching constant.

For static quenching, the binding constant (Kb) and the numbers of binding site number (n) can be

determined by the following Eq. 21.

lg((F0-F)/F) = lgKb+nlg(Q) (2–2)

The thermodynamic parameters ΔS, ΔH and ΔG can be obtained by the following equation (Klotz and
Urquhart, 1949).

lnKb=(-∆H/RT)+ ∆S/R (2–3)

∆G=∆H-T∆S (2–4)

Where R is the ideal gas constant (8.314 J/(mol·K)), T is the absolute temperature (K), and K is the
distribution coe�cient, the entropy change (∆S) and enthalpy change (∆H) can be determined from the
slope and intercept of a plot of 1/T versus lnKb, and Gibbs free energy (ΔG) can be calculated from ∆H,
∆S and T by Eq. (4).

2.4 Analytical methods
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Functional groups analysis were carried out on Fourier Transform Infrared Spectrometer (FTIR). The
infrared spectra of protein were further analyzed in amide I region (1600–1700 cm− 1) to obtain the
secondary structural information (Hou et al., 2015; Jiang et al., 2010). The excitation and emission
wavelength was 200-550nm. Furthermore, the analytical method of 2D-COS from FTIR was referred to the
literature reported by (Noda, 1989). Elemental analysis of nano-TiO2 surface was carried out via
monochromic AlKαX ray (Wang et al., 2020).

3. Results And Discussion

3.1 Interactions between different components of DOM and
nano-TiO2

Three-dimensional �uorescence spectra of DOM was as shown in Fig. 1. The excitation and emission
wavelength represent different matters (Chen et al., 2003). Two typical �uorescent substances are
respectively protein-like (excitation wavelength at 280 nm, emission wavelength at 342nm) and humic-
like (excitation wavelength at 325 nm, emission wavelength at 412 nm) substances. Protein-like
substances were generally autogenesis, which was derived from residues or metabolites of
phytoplankton and bacteria. Marine humic-acid was originated from degradation or transformation of
aquatic organics (Zhu et al., 2017).

After adding nano-TiO2, quenching of two �uorescent matters of DOM was illustrated in Fig. 2.
Fluorescence intensities of two DOM matters were synchronously decreased with the increasing nano-
TiO2 concentrations. As nano-TiO2 concentration reached 128 mg/L, �uorescent signal strength of
protein-like substances was decreased from 1586.7 to 827.2 (at 15°C), 981.1 (at 25°C) and 1128.7 (at
35°C), respectively. Meanwhile, �uorescent signal strength of humic-like substances was decreased from
404.9 to 331.0 (at 15°C), 351.6 (at 25°C) and 366.2 (at 35°C), respectively.

Fluorescence quenching represented intense interactions between nanoparticles and two predominant
components of DOM. In the absence of nano-TiO2, the maximum emission wavelength of protein-like and
humic-like substances was 342nm and 410nm, respectively. After reacting with nano-TiO2, the maximum
emission wavelength of protein-like substances did not indicate obvious changes, and only about 1nm
redshift was detected when the highest concentration of nano-TiO2 (128mg/L) was added. Protein
quenching was predominantly induced by conformational change or direct �uorescence quenching. The
maximum emission wavelength was intimately in�uenced by the molecular structure and
hydrophilicity/hydrophobicity of ambient micro-environment (Burstein et al., 1973; Quagraine et al.,
2001). Redshift represented hydrophilic enhancement, while blueshift meant to be hydrophobic
enhancement. As direct quenching reactions of two �uorophores (tryptophan and tyrosine) occurred, the
molecular structure of reacted amino acid was accordingly and evidently changed. However, the two
�uorophores (tryptophan and tyrosine) of un-reacted amino acid kept stable, and thus only the
hydrophilicity of micro-environment was slightly increased.
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Furthermore, maximum emission wavelength of humic-like substances was 410nm. After reacting with
nano-TiO2, the blueshift was detected, which could be enhanced with the increasing of nano-TiO2 or the
decreasing temperature. As the concentration of nano-TiO2 reached 128mg/L, maximum wavelength was
400nm, 405nm and 406nm at the temperature of 15°C, 25°C and 35°C, respectively. It is suggested that
the hydrophobicity of �uorophore was strengthened, and moreover the �uorescence intensity was
decreased. It represented that the humic-like substances would be signi�cantly changed.

3.2 Binding characters and process

3.2.1 Dynamic and static quenching
Excited-state reactions, energy transfer and ground-state complex formation lead to the decrease in
�uorescence intensity of a �uorophore, including dynamic quenching and static quenching. As shown in
Fig. 3 and table S1, the quenching rate constant Kq of Sten-volmer equation was calculated. The Ksv of

protein-like substances at 15°C, 25°C and 35°C was respectively 5.58×1010 L/mol·s, 3.74×1010 L/mol·s
and 2.48×1010 L/mol·s, which was higher than the maximum rate constant of dynamic quenching
(2×1010 L/mol·s) (Ware, 1962). It was suggested that the static quenching was attributed to the
complexation of protein-like substances and nano-TiO2, while protein-like composites (tryptophan-like
and tyrosine-like �uorophores) resulted in the decrease of �uorescence intensity (Bai et al., 2017). The Ksv

of humic-like substances at 15°C, 25°C and 35°C was respectively 1.37×1010 L/mol·s, 0.98×1010 L/mol·s
and 0.68×1010 L/mol·s. The Ksv values were lower than maximum rate constant of dynamic quenching.
Higher temperature might enhance the rate of molecular motion, which further resulted in higher
quenching rate. However, the Ksv value in this study was decreased with the increasing temperature,
which was belong to the static quenching (Zhou et al., 2008). Hence, static quenching was ascribed to the
complexation of humic-like substances and nano-TiO2. Previous studies also approved that the
interaction between nano-TiO2 and anthraquinone substances could initiate static quenching (Pushpam
et al., 2014). Phenolic group could cause the attachment of humic-acid substances, and smaller carboxyl
groups also could set off complexation with nano-TiO2 (Philippe and Schaumann, 2014).

3.2.2 Binding sites and binding properties
As to static quenching of protein-like and humic-like substances, binding site number and constant were
illustrated in Fig. 4 and Table S2. Binding site number (n) was 0.8–0.9 for protein-like substances for
nano-TiO2. Consistent with this, the value of n was less than one in human serum albumin (HAS) for
nano-TiO2 (Ali et al., 2018). However, binding site number for humic-like substances was higher than one.
The results suggested that lager binding ability and higher binding stability were prominent in the
interaction of humic-like substance and nano-TiO2. Binding constant (Kb) of protein-like and humic-like
substances for nano-TiO2 decreased from 213.65, 331.81 to 128.32, 244.12 with the decreasing
temperature, respectively. It illustrated that low temperature could maintain the complex stability.
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Thermodynamical parameters, including gibbs free energy change (ΔG), enthalpy change (ΔH) and
entropy change (ΔS), were calculated according to van’Hoff equation (Eq. 2–3 and Eq. 2–4). These
constants could assist in understanding the binding mechanisms of biomacromolecules and nano-TiO2.
The ΔG value of the interactive process of nano-TiO2 and protein-like substance was − 12.74 KJ/mol,
while − 14.40 KJ/mol for nano-TiO2 and humic-like substance. Negative ΔG suggested good
thermodynamic feasibility, which further represented the combination with nano-TiO2 was spontaneous.
The ΔH value of the interactive process of nano-TiO2 and protein-like substance was − 18.69 KJ/mol,
while − 11.64 KJ/mol for nano-TiO2 and humic-like substance. Negative ΔH suggested that the reactions
are exothermic. Therefore, decreasing temperature is bene�cial for keeping the complex stability, which is
accordance with Fig. 3. The ΔS value of the interactive process of nano-TiO2 and protein-like substance
was − 19.97 J/mol·K, while 9.27 J/mol·K for nano-TiO2 and humic-like substance. When ΔH and ΔS are
both lower than zero, the intermolecular forces are hydrogen bond and van der Waals force. When
negative ΔH and positive ΔS are simultaneously presented, the predominant intermolecular force is
controlled by electrostatic forces (Ma et al., 2016; Tunc et al., 2013). Based on these above, hydrogen
bond and van der Waals force determined the combination of protein-like substances and nano-TiO2 at
25°C. Previous study once found out that the combination of trypsin and nano-TiO2 was determined by
hydrogen bond and van der Waal force ((Momeni et al., 2017). Electrostatic forces controlled the
combination of humic-like substances and nano-TiO2. Considering the complexity of biomacromolecule’s
structure, protein and humic acid both possessed aromatic, hydrophilic, hydrophobic groups and binding
cavities, which might exhibit noncovalent interaction (Gu et al., 2015). It also has been proved that the
stable combination of lysozyme and nano-TiO2 was not only dependent on hydrogen bonds but also
controlled by noncovalent interaction (Xu et al., 2010).

3.3 Variations of functional moieties
FITR spectra of nano-TiO2-DOM complex obtained under 25°C is shown in Fig. 5. Obvious variations of

DOM structure were detected after nano-TiO2 adsorption. The bands at ~ 2920 2850 cm− 1 represent the
emergence of asymmetric/symmetric C-H stretching of –CH2 and –CH3 (Wang et al., 2020). It
demonstrated that fatty acids of DOM (in the absence of �uorophores) was react with nano-TiO2. The

bands at 1700 cm− 1 and 1380 cm− 1 were respectively assigned to the protonated carboxyl groups of
DOM, which was speculated to be huimic-like substance. The band disappearance should be due to the
complexation of -COOH and nano-TiO2. The bands at 1600–1700 cm− 1 was preferentially ascribed to the
amid I that represented the secondary structure of protein. The secondary structure of protein with and
without 128mg/L nano-TiO2 was respectively shown in Fig. 5b and Fig. 5c. The DOM extracted from river
sediment included aggregated strands, β-Sheet, α-Helix and 3-Turn helix with the content of 1.65%,
29.89%, 63.37% and 5.08. After the complexation with 128mg/L nano-TiO2, the intensity of spectra bands
decreased about on tenth, suggesting that the secondary structure of protein was distorted and amide I
was severely damaged by nano-TiO2 (Ranjan et al., 2016). Meanwhile, the content of each four primary
secondary structure of protein respectively varied to 4.59%, 14.49%, 29.89% and 52.01%. Previous study
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also reported that nano-TiO2 could not only in�uence the content β-Sheet and α-Helix protein but also
alleviate the transformation of these two protein (Ali et al., 2018; Momeni et al., 2017). The substantial
reduction of α-Helix in DOM suggested that the nano-TiO2 combined with the amino residues in primary
peptide chain, and thus in�uence the content of α-Helix protein (Thakur et al., 2017).

2D-COS (Fig. 5d and Fig. 5e)could provide valuable information to untangle the complex reaction
behaviors and to explain the associated mechanisms (Lee and Hur, 2016). As shown in synchronized
spectrum (Fig. 5d), two diagonal bands at 2920 cm− 1 and 2850 cm− 1 represented fatty acids. The
carboxyl groups of humic-like substances were claimed to be the bands at 1300cm− 1 and 1700cm− 1.
Amide I of protein-like substances was assigned to be the bands at 1600cm− 1 and 1700cm− 1. The
density of all the above-mentioned bands were positive and became stronger with the increase of Nano-
TiO2 concentration. In the synchronized spectrum, the cross peaks out of the diagonal represent that two
different spectrum variables (x and y axis) are simultaneously changed. Positive and negative signals
respectively represent the variations on same and opposite directions. At the same time, response order
of functional groups could be speculated via asynchronous spectrum. If the cross peaks are both positive
or negative in synchronized and asynchronous spectrum, the spectral change of one variable was earlier
than another one (Noda, 1989). Therefore, the response order was as following: carboxyl groups of
humic-like substances(1300 cm− 1 and 1700cm− 1) > fatty acids(2920 cm− 1 and 2850 cm− 1) > amide I of
protein-like substances(1600cm− 1 and 1700cm− 1).

3.4 XPS spectra
The XPS spectra of complex of nano-TiO2 (128mg/L) and DOM at 25°C was shown in Fig. 6a. Comparing
on the NIST database (http://srdata.nist.gov/xps/selEnergyType.aspx), the binding energy peaks at
133.52, 285.87, 401.35 and 531.88 eV were assigned to P2p, C1s, N1s, Ti2p and O1s. In the XPS
spectrum of Ti2p, two components were presented in the Ti2p spectrum: Ti2p1/2 (465.06, 464.97 and

464.88eV) and Ti2p2/3 (459.58, 459.32 and 459.44 eV), indicating that Ti existed in the form of Ti4+ (Yin
et al., 2020). Two components were presented in P2p spectrum, indicating that phosphonate in DOM
existed in the form of P-Ti. The peaks located at ∼283.8 eV, ∼284.2 eV, ∼285.3 eV, and ∼287.2 eV are
assigned to C=C, C–C, C–O, and C O, respectively (Wang et al., 2020). Abundant C-C and C-O were
detected, suggesting that aliphatic compounds were heavily adsorbed on the surface of nano-TiO2, also
approving the results in Fig. 5. In XPS spectrum of P2p, two components were presented: aromatic N (~ 
399.0eV) and peptide N (~ 400.4 eV) (Hua et al., 2018), suggesting that the chemical reaction of protein
was �rstly happened before adsorption on nano-TiO2. Two components were presented in XPS spectrum
of O1: C-O (∼532.43 eV) and Ti-O (~ 529.63eV), which was in agreement with previous study (Yin et al.,
2020). Generally, XPS spectra not only demonstrated that protein-like, humic-like substances and fatty
acids could adsorb on the surface of nano-TiO2, but also con�rmed that phosphonate could combine
with nano-TiO2 via P-Ti covalent bond.

3.5 Mechanisms speculation
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Increasing nanoparticles were discharged into aquatic ecosystem, the adsorption, complexation and
transformation of nanoparticles have been aroused wide concern. Besides, the environmental behavior of
nanoparticle is highly relied on the dissolved organic ligands (Xu et al., 2016). Diverse DOM in river
sediment would deduce variable environmental response of nano-TiO2. As shown in Fig. 6, the DOM in
river sediment primarily contains fatty acids, protein-like and humic-like substances, which all could react
with nano-TiO2 and then adsorb on the surface of nanoparticles. The response order was as follow:
humic-like substances > fatty acids > protein-like substances. The protein-like substances was mainly
depended by hydrogen bond and van der Waals' forces, while the humic-like substances was primarily
determined by electrostatic forces. The phosphonate was combined with nano-TiO2 via P-Ti covalent
bond. Tou et al., (2021) found that Ti-containing nanoparticles in estuary sediments were non-
bioavailable, but these ENMs could be easily transformed into bioavailable form with the aid of DOM.
Due to the DOM identi�ed as the potential incentive, the results of this study promulgated the interactions
between DOM and nano-TiO2, which could alleviate the comprehension of Nano-TiO2 environmental
behaviors and direct the ecological risks control of nano-TiO2.

4. Conclusion
Three primary DOMs in river sediment, including protein-like substances, humic-like substances and fatty
acids, could react with nano-TiO2. Furthermore, the humic-like substances revealed the strongest biding
ability than the other DOMs. XPS spectra proved that the secondary structure of protein-like substances
was damaged due to nano-TiO2 addition. Hydrogen bond and van der Waals’ forces dominated the
combination of protein-like substances and nano-TiO2. Electrostatic forces controlled the combination of
humic-like substances and ENMs. Meanwhile, phosphonate was combined with nano-TiO2 via P-Ti
covalent bond.
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Figure 1

Three-dimensional �uorescence spectra of DOM.
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Figure 2

Fluorescence intensities of protein-like and humic-like substances.
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Figure 3

Fitted results of �uorescence spectra via SV formula.
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Figure 4

Double log plot for the quenching of protein-like and humic-like substances by nano-TiO2
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Figure 5

Fourier transform infrared spectra of complex of nano-TiO2 and DOM.
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Figure 6

XPS spectra of complex of DOM and nano-TiO2.
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Figure 7

Schematic for the reaction mechanisms of sediments and nano-TiO2.
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