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Environmental Significance. Wide spread usage of metal oxide nanoparticles causes
some concern due to their potential risks once they get into the environment. Once
nanoparticles are released in the environment they can undergo different aging and
transformation processes which can significantly influence their surface composition
which will impact other physicochemical properties as well as their interactions with
organisms. Herein we investigate the details of the surface chemistry of humic acid on TiO,
surfaces pre-coated with other environmentally and biologically relevant ligands in order
to better understand how aging and transformation processes occur in the environment. Our
results show that humic acid can displace more weakly bound molecules but for larger
biological molecules such as strongly bound proteins, there is no displacement.
Furthermore, nanoparticle suspensions are found to be stabilized by humic acid regardless

of the original coating.
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Abstract

Coatings on nanoparticle (NP) surfaces play a key role in dictating their behavior in the
environment. For metal oxide NPs, the physicochemical processes of dissolution, aggregation, and
reactivity are all impacted by surface coatings. The current study focuses on adsorption and
displacement reactions of different molecular and biological species representative of different
coatings on TiO2 NP surfaces. These different species include ascorbic acid (AA), citric acid (CA),
humic acid (HA) and bovine serum albumin (BSA) protein. Surface adsorption, desorption, and
displacement reactions of these four species on 20 nm TiO2 NPs were investigated using attenuated
total reflectance—Fourier transform infrared spectroscopy. Further insights of these reactions and
on the behavior of TiO, with these coatings were gained from quartz crystal microbalance with
dissipation measurements, dynamic light scattering and sedimentation studies to investigate
nanoparticle stability. Our results show that HA adsorbs strongly onto TiO2 NP surfaces at neutral
pH. In contrast, smaller acidic molecules such as AA and CA bind more weakly and, as a result,
HA can displace these molecules from the TiO2 surface as determined by two-dimensional
correlation spectroscopy. In the case of BSA, HA does not displace the protein but instead co-
adsorbs on the nanoparticle surface. Our results show that the relative binding affinity to the
surface depends on the ability of different functional groups to interact with the surface and
through non-specific surface interactions that become important for larger species with higher
molar mass. To our knowledge, this is the first time that these types of displacement reactions on
TiO2 NPs have been investigated and probed with in situ techniques. The insights that this work
provide are of relevance in understanding the fate of nanomaterials as ligand displacement
reactions will modify the stability of these nanoparticles during their transport in the environment,

nanoparticle agglomeration and their interactions with biological systems.
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Introduction

Metal oxide nanomaterials and their composites have been extensively studied and developed,
due to their vast potential applications as photocatalysts,’? solar cells,® biosensors,* diagnostic,®
and drug delivery.5’ Because of these developments, it is expected that these nanomaterials will
be released into the environment.® Once in the environment, nanomaterials will undergo a variety
of different aging and transformation processes, involving reactivity, dissolution, and both hetero-
and homo- agglomeration, thus altering the properties of the nanomaterials over time.®* Among
various metal oxide nanomaterials, TiO.-based products are some of the most widely used, due
to their unique photocatalytic properties'®'® and biocompatibility.**-?*> However, modeling studies
have indicated that an increased concentration of nanomaterials in the environment can create
potential risks to various organisms.?*2" Therefore, the fate of TiO, NPs in the environment has
attracted much attention over the past decade. Several factors play a role in the fate of
nanomaterials with the surface being an important one due to surface functionalization and surface

ligand reactions.?®-3!

Natural organic matter (NOM) is expected to adsorb onto TiO> NPs released into the
environment, and impact their agglomeration and stability,®?- thus affecting the mobility of TiO>
NPs.®” Humic acid (HA) is used as a typical model for NOM as it is widely distributed in soil,
sediments, and water in the environment with concentrations that vary from 0.1 to 50 mg/L.%® HA
refers to a category of natural substances derived from the decomposition of plants and animals.
HA is a collection of large macromolecular structures with high aromatic conjugated structures
containing amino, hydroxyl, ketone, phenolic, and carboxylic functional groups.®® Previous studies
of metal-HA interactions show that HA can bind metal ions.*** Among the different interaction

mechanisms by which NOM adsorbs on NPs, surface ligand exchange between NP surface and a

3
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variety of groups of NOM is the dominant interaction.*? This interaction has two main steps:* (1)
the outer-sphere complexation between polar functional groups and surface hydroxyl group, and
(2) the ligand exchange resulting in formation of an inner-sphere complex. The spectroscopic
studies suggest that the adsorption of HA on TiO2 NPs involves various functional groups, such
as phenol and carboxyl groups.***° In addition, the adsorption process is significantly modified by
the pH: the hydroxyl groups on the surface are protonated favoring ligand exchange.? 4
Furthermore, studies have shown that interactions between NOM or HA have significant impacts
on the properties of NPs, such as chemical reactivity,*’ dissolution,*® and toxicity.** HA as a
surface ligand can significantly influence the fate and properties of nanomaterials in the

environment.

Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) spectroscopy allows the
in situ monitoring of adsorbed species by measuring spectral changes during the adsorption of
ligands onto surfaces. Although adsorption of ligands on nanomaterials has been intensively
studied by this technique,* 5% most of these studies focus on the adsorption processes on
hydroxylated TiO> NPs surface. However, TiO, NPs are often coated by ligands because
surfactants and surface ligands are used in the wet chemical synthesis of nanomaterials. As such,
it is expected that the released TiO> NPs in the environment undergo diverse surface ligand
reactions, especially ligand displacement reactions. It is crucial to understand the displacement
reactions that TiO> NPs may undergo in the environment, since surface coatings can significantly
affect the physiochemical properties. Nevertheless, there are few reports about mechanisms of
displacement reactions and the impact of these reactions on the fate of TiO> NPs. Herein, ATR-
FTIR spectroscopy is used to explore the mechanism of displacement reactions between

environmentally and biologically relevant ligands including ascorbic acid (AA), citric acid (CA),
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and bovine serum albumin (BSA) by HA. AA and CA were selected due to their common use as
molecular coatings.®® Moreover, they are also found in various biologically relevant systems with
different concentrations (e.g. 0.1 mM CA in blood plasma® and 40 — 770 mg/kg AA in fruits®).
BSA is used as a model of human serum albumin (typical concentration in blood is 3.5-5 g/dL)%®
and other proteins that NPs interact with in the environment.*® In order to get a better understanding
of the effect of NOM on TiO2 NPs in the environment, HA is chosen as a model to show how

NOM displacement reactions may impact NP surfaces and NP sedimentation behavior.
Experimental Methods

ATR-FTIR Spectroscopy. ATR-FTIR spectra were recorded using a 500 pl horizontal ATR
flow cell with an AMTIR window (Pike Technologies Inc.) in a Nicolet iS 10 FTIR spectrometer
equipped with an MCT-A detector. Spectra were collected with 264 scans at an instrument
resolution of 4 cm™ in the AMTIR window range (750 to 4000 cm™2). In order to control pH, all
solutions were prepared by dissolving the corresponding solutes (e.g. AA, CA, HA, and BSA) in
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Fisher Scientific) buffered

solutions. Unless otherwise indicated, all solutions contain HEPES to maintain a pH of 7.5.

Solution phase spectra were collected for 100 mM citric acid (CA), 100 mM ascorbic acid
(AA), 10 g/L bovine serum albumin (BSA) and 1 g/L humic acid (HA). For these adsorption
studies, the following concentrations were used: 10 mM AA, 10 mM CA, 1 g/L BSA, and 0.05
g/L HA solutions. The adsorption studies were carried out by flowing solutions over TiO2 NP thin
films at a fixed flow rate (~ 0.4 mL/min). The morphology and crystalline phase of TiO2 NPs are
shown in Electronic Supplementary Information Figure S1, indicating that TiO2 NPs have an

average size of 23 £ 8 nm and their crystalline in nature containing mostly anatase with a small
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amount of rutile. The thin film was prepared by drying 1 mL of 1 g/L TiO2 NPs on AMTIR crystal
overnight (Figure S2). After the adsorption study, the HA solution (0.05 g/L) was immediately
introduced to the same TiO2 NP thin film for the displacement reaction. All spectra were recorded
every five minutes to monitor the process. To avoid the interference from the buffer, the range
below 1200 cm* was not included in the analysis as the HEPES buffer showed strong absorptions

in this region.

Analysis of Two-Dimensional Correlation Spectroscopy. Two-dimensional correlation
spectroscopy (2D-COS) is a well-established analytical method used to investigate changes that
occur following an external perturbation e.g. time and pH.* % Furthermore, the sequential order
of functional band intensity changes in the displacement process can be analyzed by synchronous
and asynchronous maps of 2D-COS, thus revealing the mechanism of displacement processes
involving HA on TiO2 NPs first coated with other adsorbates. For the 2D-CQOS, pretreatments of
data (e.g. baseline correction and smoothing) are recommended to avoid artificial peaks in 2D
maps. The baseline correction was carried out by a simple offset and the smoothing function uses
the Savitzky-Golay algorithm. All spectra used for 2D-COS were baseline corrected and smoothed
using the OMNIC 9 software (Thermo Fisher). 2D-COS was performed on a set of dynamic ATR-
FTIR spectra at intervals of 5 min collected during the displacement process. The computation of
2D-COS was performed by Matlab R 2017b (MathWorks Inc.) and 2dshige version 1.3 (Shigeaki
Mortita, Kwansei-Gaukuin University, 2004-2005) following the algorithm developed by Noda.5-
%2 The results in the synchronous (®) and asynchronous (¥) 2D correlation spectral maps can be
interpreted as follows, which is also known as Noda’s rules.®® In the synchronous map, a positive
value of cross peaks indicates the change of corresponding spectral variations either increase or

decrease in the same direction with the applied external perturbation, whereas a negative value
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means the changes in two opposite directions: one increases and the other decreases. The
sequential order between the two bands v4 and v, can be determined by the signs of synchronous
and asynchronous correlation maps: if the signs of & and W are the same, the change of v, band
occurs before the v, band and if the signs are opposite, the change of v; band occurs after the v,

band. A zero value suggests the two bands have no correlation.

Quartz Crystal Microbalance with Dissipation (QCM-D). The adsorption behavior was
also interrogated by a quartz crystal microbalance with dissipation (QSense Pro, Biolin Scientific)
using a commercial TiO2 coated 5 MHz AT-cut quartz sensors (Biolin Scientific, QSX 999). The
TiO, sensors were custom made by Biolin Scientific and the provided characterization is shown
in Figure S3. X-ray photoelectron spectroscopy confirms a Ti (IV) oxide. The presence of a
shoulder at a binding energy around 532eV in Figure S3b indicates that the TiO> surface on the
sensor is hydroxylated.®* Frequency and energy dissipation changes were monitored as a function
of time. The TiO2 sensors were reused several times for different measurements. Between each
measurement, the crystal sensors were cleaned by soaking in 2% sodium dodecyl sulfate solution
(SDS, Sigma Aldrich), dried with N2, and then treated in a UV-0zone chamber for 20 min. The
baseline was collected with Milli-Q water. A gentle flow of each solution was maintained over the
TiO, surface at a flow rate of 50 puL/min for 60 min. Following this, the flow was stopped, and
the solution was kept over the surface for 30 min for equilibration. Reviakine et al. proposed a
very strict criteria that the ratio of the change in dissipation to the change in frequency should be
less than 4x 1077 Hz for a laterally homogeneous film in order to apply the Sauerbrey equation
shown in Eq. 1.%° The mass gain can still be calculated based on the Sauerbrey equation for the

surface when there are small changes in dissipation less than 2 ppm,®¢

__ CXAF
n

Am Eq.1,¢

Page 8 of 40
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where Am is the mass gained per unit area (ng-cm2), AF is frequency shift (Hz "), C is a constant
value of 17.7 ng-cm™ -Hz* for a 5 MHz AT-cut QCM sensor, and n the overtone number.
Overtones 5, 7, 9 and 11 were monitored for all measurements. The QCM-D plots shown herein

have all been normalized by the overtone number.

Sedimentation and Dynamic Light Scattering. The solutions for sedimentation and dynamic
light scattering (DLS) studies were prepared by dispersing TiO2 NP powder in 10 mM AA, 10 mM
CA, and 1 g/L BSA solutions, respectively. The pH and ionic strength were kept at 7.5 and 0.03
M (87.6 mg NaCl in 50 mL). TiO2 NP suspensions were sonicated for 10 min for mixing prior to
placing on a Cole—Parmer rotator overnight. The concentrations of TiO, NP suspensions for
sedimentation and DLS are 0.5 g/L and 0.1 g/L, respectively. An aliquot was used for the
sedimentation and DLS analysis of pre-coated TiO2 NPs. Then, for the displaced coating samples,
15 mL aliquots were transferred to 15 mL centrifuge tubes and then centrifuged at 10000 rpm for
20 min. After carefully removing the supernatant, 15 mL of 0.05g/L HA solution at same pH and
ionic strength was added to the centrifuge tubes. The suspensions were sonicated for 10 min and
mixed overnight. The samples were then used for the sedimentation and DLS analysis. The
sedimentation experiments were performed using a UV-Vis spectrometer (Lambda 35,
PerkinElmer), by monitoring the light intensity at a wavelength of 550 nm over time. The DLS

measurement was conducted with a Delsa Nano C instrument (Beckman Coulter Inc.).
Results and Discussion

Adsorption of AA, CA, HA and BSA on TiO2 NP Surfaces. Table 1 shows both molecular
and representative structures of the relevant species under study, ascorbic acid (AA), citric acid

(CA), humic acid (HA) and bovine serum albumin (BSA), along with information about the pH
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dependent behavior, including pKa values and the pH—dependent conformations in the case of BSA.

The functional groups within each molecule are relevant for the adsorption on TiO2 NPs, since the
adsorption process often involves exchange reactions between molecules and the surface hydroxyl
groups and or hydrogen bonding interactions. 4> ¢1-6268 The ATR-FTIR spectra shown in Figure 1
provide the details of the adsorption of AA, CA, HA and BSA onto TiO> surfaces by monitoring
the vibrational frequencies and intensity of the functional groups. In addition, the solution phase

spectra of these are also shown.

AA is the smallest molecular species amongst the four and its structure is composed of a
primary OH, a secondary OH, and an enediol in a lactone. At pH 7.5, one of the enols in AA is
deprotonated, and the deprotonation improves the conjugation enediol group and C=0. As seen
in Figure la, the conjugation of the enediolate with the C=0O bond causes a shift of the C=C
stretching frequency to 1581 cm in solution. However, when AA binds to the TiO; surface, there

is a blue shift to 1590 cm™. The binding mode of AA on TiO; surface has been reported

Page 10 of 40
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Table 1. Representation of different molecules used in this study and their different pH dependent
properties (protonation and secondary conformation).

AA CA HA BSA

oNOYTULT D WN =

15 pK,=4.2 pK,=3.1

17 - i it

H,AsC 2 HAsc H.Cit = H.JCit Normal
| (N)
Phenolic Form

groups

20 pK,=11.8 pK,=4.76

Fast

24 HAsC 2 Asc H,Cit 2 Hcit” (F) form

26 Carboxylic
27 groups

28 pK =5.8 Extended
,.=5.

(E) form

33 previously.®® AA binds to Ti (V) sites through the enediols. One enolate binds to Ti (1V) directly,
36 and the other enol group assists in chelating to a Ti (IV) ion which then forms a five membered
38 ring structure with Ti (IV) ion. This is supported by the shift in the vibration of C-O from 1356 to
40 1345 cm during the adsorption. A charge transfer occurs between adsorbed AA and Ti (IV) ion.°

In this structure, the lactone ring in AA is positively charged,’® " possibly resulting in a blue shift

58 10
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of carbonyl vibration mode into from 1721 cm~ and 1773 cm™. Besides, AA can also bind to Ti

(1V) through only one enediolate, thus carbonyl vibration shifts from 1721 to 1711 cm

For CA, the structure consists of a tertiary alcohol OH and three carboxylic groups that are all
deprotonated at pH 7.5.52 The spectra for the free solution phase and adsorbed molecules are shown
1

in Figure 1b. The asymmetric stretching vibration of the carboxylate groups is around 1570 cm~

in both adsorption and solution spectra, but the symmetric vibration shifts from 1390 cm™ in

(a) AA (b) CA
To.o1 —_— On TiO, To.o1 1570 On TiO,
1345 '
1356 1,
X '

o 1773 T ®

9 ' <

= L =

“ 1 1 1 1 1 o
£ et b £

s | [oo2 In solution g
=2 1581 =
« . <
I 1411
T - T : b T T T T i —
1800 1600 1400 1200 1900 1800 1700 1600 1500 1400 1300 1200
Wavenumbers (cm™) Wavenumbers (cm™)
(¢ HA (d) BSA
On TiO
10,05 1545 2

I~ F L ]

-E T ll T ! T T . l‘ i a e

s | Jom In solution $

= = '

- 9 - | 1400

L1511 1457 1384 | ' o 1313
— Voo ! ! : E
T I I‘ T g : T : T : T T T . T I T : T ‘l -
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Figure 1. ATR-FTIR spectra of target species adsorbed onto TiO, and in solution phases. (a)

Spectra of adsorbed 10 mM and in solution 100 mM AA,; (b) spectra of adsorbed 10 mM and in
solution 100 mM CA,; (c) spectra of adsorbed 0.05 g/L and in solution 1 g/L HA; (d) spectra of
adsorbed 1 g/L on and in solution 10 g/L BSA. The adsorption spectra shown were collected at 5
min (black), 30 min (red), 60 min (green), 90 (blue), 120 min (magenta).

11
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Table 2. Assignments for the vibrational frequencies (cm™) of the main functional groups in the
studied molecules.

R -1
this work (cm ; -1, 44,52,
molecule vibrational mode (em ) "terat“gge}g?;g‘ )
solution adsorbed '
v (C=0) 1721 1773, 1711 1780, 1725, 1702
v (C=C) 1581 1590 1604, 1595,1594
AA v (enediolate, C-OH) 1411 1416 1415, 1345
8 (C-OH) / 8 (C-H) 1356 1396,1359,1369
v (enediolate, C-OH) * 1345 1345
V,qym (COO) 1570 1570 1580-1569
CA Vg, (COO-)/OH def 1390 1396, 1435 1436, 1400-1391
3(0=C-0-) 1278 1293, 1260 1292-1260
v (C=0) 1737, 1697 1748,1696 1720, 1640
V,qym (COO) 1566 1570 1590-1550
v (C=C) 1511 1524 1525
HA
6 (C-H) 1457 1451 1450
Vg, (COO-)/OH def 1384 1387 1350
v (phenol C-OH) 1264 1270
ide I =0 jor +v_(C-N
amide [v, (¢=0) major + v, (C-N) 1652 1651 1695-1630
minor
. N 48 (N
amide ITv_(C-N) +6 (N-H) out of 1547 1545 1550
phase
BSA
3 (C-H) 1446 1451 1500-1400

amide III or v (C-O)/ v (C-O-C)/ v 1400, 1313,

(C-C) 1249 1400,1313 1400-1000

* the vibration frequency of enediolate forming a 5-membered ring.

solution to 1396 cm™ when adsorbed on the TiO, NP surface and a shoulder appears at 1435 cm™
1. The splitting of carboxylate vibration between asymmetric and symmetric vibrations indicates
that some carboxylates interact with surface through a bidentate bridging mode. It is worth noting
that the band of the deformation O=C-O at 1278 cm™ in solution phase shifts to higher

wavenumbers at ~1293 cm™ for adsorbed species on TiO2 NPs. This is caused by a specific

12
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interaction between COO™ and Ti (IV), suggestive of monodentate bonding. Park et al. propose
that citrate binds on surface through bidentate bridging via the central carboxylate ion and

monodentate via one of terminal carboxylates."

HA has multiple functional groups that can participate in the interaction with TiO3, including
carbonyl, amide, carboxylate, phenol, polysaccharide, and alcohol hydroxyl.*+*° In the spectra for
adsorbed HA on TiO2 NPs (Figure 1c), the dominant absorption bands appear at 1570 and 1387
cmt, which correspond to the asymmetric and symmetric carboxylate vibrations, respectively.
Importantly, these characteristic frequencies shift from 1566 cm~* and 1384 cm™ in solution phase
to 1570 cm and 1386 cm™ for adsorbed species, respectively. This indicates that HA binds to
TiO2 NP surface via carboxylate as suggested by others.** Other characteristic absorption bands
including 1748 cm for the C=0 stretching of protonated carboxylic acid group, 1451 cm™ for
the C—H bending mode, and 1298 cm™ for -COO-Ti groups are seen. In addition, an absorption
at 1264 cm* possibly comes from the binding mode phenolic C-O—Ti, which is not present in

solution phase.”

For BSA, the spectra (Figure 1d) show an amide | band at near 1650 cm™, which mainly
consists of stretching vibration C=0 of amide.”* The other intense band in the spectra is due to the
amide 11 band around 1550 cm™ caused by the bending of N—H and C—N. In previous studies, we
have observed information about the small changes in the secondary structures which include o—
helixes, extended chains and turns during the adsorption of BSA onto TiO2 NPs.%% 7577 A summary
of these peak assignments are listed in Table 2, including comparison to the values reported in the

literatures. 4 52 69, 78-86

13
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The adsorption-desorption process was also investigated by ATR-FTIR, shown in Figure 2.
The desorption behavior of the adsorbed molecules when washing with a buffer solution reveals
the nature of the interaction with the surface. This is observed when the maximum intensity
reached during the adsorption process for AA and CA decreases upon the desorption process. In
addition, Figure 2 shows that AA has a slower adsorption and desorption kinetics compared to CA.
This discrepancy relates to the binding modes to TiO> surface. AA tends to form a 5-membered
ring with Ti (IV) while CA binds via a simpler bidentate bridging mode. For BSA and HA, the
intensity of adsorption spectra approaches the maximum values and its intensity does not change

when buffer is introduced suggesting irreversible adsorption and little loss of BSA or HA from the

() AA (b) CA
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Figure 2. The adsorption and desorption processes of (a) 10 mM AA, (b) 10 mM CA, (¢) 0.05 g/L
HA and (d) 1 g/L BSA. The intensity was normalized using the absorbance at 1385 cm™* for AA,
1570 cm™ for CA, 1570 cm~* for HA, and 1545 cm™ for BSA, respectively.
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surface. In contrast to AA and CA, macromolecules such as BSA and HA, prefer to adsorb on

surface by forming monolayer e.g. BSA® and HA .’

Following these ATR-FTIR experiments, QCM-D was used to investigate adsorption and
desorption processes of these four species by measuring the adsorbed mass and assessing
conformation changes of the molecules by monitoring changes in frequency (AF) and dissipation
(AD), respectively. Although the QCM experiment uses a deposited TiO surface but not NPs, it

is expected that these measurements can provide additional insights into the interactions of these

a b ;
(a) A (b) CA
30 4 30 4
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Z 104 . g S o104 0 f "
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Figure 3. Shifts in frequency and dissipation, normalized by overtone number, for the adsorption
of ascorbic acid (a), citric acid (b), humic acid (¢) and bovine serum albumin (d) onto a TiO, coated

surface with QCM-D. Blue and red lines represents changes in frequency and dissipation,
respectively. Data are shown for overtones 5, 7, 9, and 11 in a color gradient, in which the darker
colors are for smaller overtones.
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Table 3. Summary of the surface coverage assuming a rigid layer.

AA CA BSA HA
Adsorbed Adsorbed Adsorbed Adsorbed
Initial molecules Initial molecules Initial molecules Initial molecules
concentration,  (St. D?;/.), concentration,  (St. D‘i;’-)i concentration,  (St. D(i;/-), concentration,  (St. D?;/.),
mM x10 mM x10 g/L x10 g/L x10
2 2 2 2
molecules/cm molecules/cm molecules/cm molecules/cm
21.3 25.4 0.32 157
* % * *
0.10 (2.06) 0.10 (1.99) 0.01 (0.01) 0.01 (0.06)
215 25.1 0.34 171
0.50 (1.96) 0.50 2.27) 0.05 (0.01) 0.02 0.08)
21.8 24.3 0.35 181
1.00 (2.03) 1.00 (2.41) 0.10 (0.01) 0.05 (0.09)
24.8 28.9 0.37 1.95
5.00 (2.26) 5.00 (2.58) 0.50 (0.01) 0.10 (0.10)
27.0 33.0 0.39 2.07
10.0 (2.59) 10.0 (3.78) 1.00 (0.01) 0.20 (0.11)

* At this concentration, the adsorbed mass includes a contribution from HEPES

molecules with TiO2 surfaces and thus complementing the ATR-FTIR measurements. It is
important to note that the QCM will not consider the curvature effect on the adsorption onto NPs
but can verify in a quantitative manner the qualitative observations from the ATR-FTIR. In
particular, it will show if the surface is fully covered with the adsorbate at the concentration used
in the ATR-FTIR experiments. The sensors are first exposed to the buffer solution, and a small
amount of HEPES is adsorbed. Then, the corresponding adsorbate is introduced. Solutions with 5
increasing concentrations were introduced to calculate the surface coverage (Table 3,
molecules/cm?). However, due to the similarity in the molar mass, the displacement between
HEPES and AA or CA on surface do not exhibit a discernible frequency shift at low concentrations.
Thus, AA (Figure 3a) and CA (Figure 3b) gained mass, can be only associated to the adsorbate
when concentrations are higher than 5 mM. As shown in Table 3, for the small molecules AA and
CA with relatively weak interaction with the surface, the number of adsorbed molecules is not

greatly affected at low solution concentrations (smaller than 5 mM), indicating at such
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concentrations the small molecules form a stable interface like a monolayer. In contrast, a
noticeable gain is observed at higher concentrations (larger than 5 mM), which is associated with
an increase in dissipation. AA and CA have relatively weak interaction with the surface so that
they are reversibly or partially reversibly adsorbed on the surface. However, this increase in mass
and dissipation is diminished when the surface is washed with buffer solution. The removal of the
loosely bonded molecules when flowing the buffer solution, is in good agreement with adsorption-
desorption study by ATR-FTIR (Figure 2). In contrast, larger macromolecular species such as HA
(Figure 3c) and a protein such as BSA (Figure 3d) show a significant decrease in AF at low
concentrations that is far larger than that observed for the HEPES buffer solution. The surface
coverage (molecules/cm?) observed for the different concentrations of the analyzed solutions are

summarized in Table 3.

For AA, CA, and BSA, the adsorption process at each condition would reach the equilibrium
very quickly revealing that AD and AF quickly level off and become constant values. However,
HA never exhibits a plateau phase in the AD plot which is different from other molecules,
suggesting that HA alters its conformation in order to adsorb onto the TiO> surface. In addition,
the shifts in dissipation provide insights into the viscoelasticity of the adhered layers.®> 8- The
change in dissipation (AD) relates to how much the added layer deforms (soft surface) and how
much the added layer resists deformation (rigid surface) when the crystal shears.®® A rigid surface,
such as monolayer of adsorbed molecules, typically has a value of AD less than 1 ppm (10°), while
values larger than 1 ppm imply a soft surface.®* The discrepancy on the dissipation plots of the
different overtones supports the formation of a softer film,% 8 which in the case of HA, suggests

the changes on conformation is caused by intermolecular interactions and by the different
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adsorption modes generated for the multiple functional groups in the macromolecule, which is in

a good agreement with the ATR-FTIR results.

oOoNOULDh WN =

Displacement Reactions. In these experiments, the displacement process was recorded by
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49 Figure 4. ATR-FTIR of the displacement reactions of AA-(a), CA-(b), and BSA-(c) pre-coated
50 TiO, NPs by HA. The initial coating spectra are on the left, the time dependent displacement

52 spectra are in the middle, and the difference spectra are on the right. The displacement spectra were
53 collected at 5 min (black), 30 min (red), 60 min (green), 90 (blue), 120 min (magenta). The
54 difference spectra were obtained by subtracting the initial spectra from displacement spectra.

56 introducing 0.05 g/L HA solution on the TiO2 NP film that was pre-coated with AA, CA, and BSA
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in the adsorption process, respectively. As seen in Figure 4a, the profile of the AA-coated TiO>
NP spectra significantly changes during the displacement process. The main adsorption band shifts
from 1590 to 1580 cm*when introducing HA to the TiO; film, and the other main adsorption band
at 1385 cm increases during the displacement process (Figure 4a middle). In addition, the band
shifts from 1711 cm to 1696 cm™ which is assigned to carbonyl vibration from HA. To confirm
the presence of HA on the surface, the initial spectrum was subtracted from the displacement
spectra, shown in Figure 4a right. The progressive decrease in time for the bands at 1773 and 1711
cm™t from carbonyl vibrations due to adsorbed AA, indicates HA displaces AA. Also, two new
peaks appear at 1551 and 1385 cm™, which correspond to the -COO~ vibrations of HA. In addition,
the asymmetric vibration of -COO~ of HA appears to be shifted to 1551 cm instead of 1570 cm~
! due to a negative contribution of the peak at 1590 cm™ caused by the displacement. The
absorption at 1285 cm™! comes mainly from the deformation of -COO-Ti moiety when binding
on the surface. All these changes indicate that HA displaces AA from the surface. Due to the
reversible nature of the AA adsorption onto the TiO- surface, we hypothesize that HA displaces
most of the AA as shown in the scheme in Figure 5a. However, it is not possible to rule out that

some AA molecules are still attached on the surface.

During the displacement of CA, the similarity between carboxylate vibrations are the
characteristic IR bands of CA (Figure 4b left), and these IR features are very similar to the
vibrations observed for HA on TiO- surface (Figure 1d), which makes it difficult to discern the
displacement process. However, during the displacement reaction (Figure 4b middle), it is seen
that the symmetric stretching of COO- band at around 1396 cm has around a 5 cm™ red shift,
changing from 1396 to 1391 cm™. In addition, the growing band above 1700 cm™ is from the C=0

of carboxylic acid group in HA. Furthermore, the difference spectra (Figure 4b right) corroborates
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the displacement on TiO2 NPs as it displays the main features of adsorbed HA onto TiO> NPs,
such as carbonyl vibration from HA at 1698 cm. Additionally, the main bands of CA at 1570 and
1395 cm ! display growing negative values with time in the difference spectra, suggesting the loss
of CA from the surface followed by a time dependent HA adsorption. Therefore, we infer that CA
is partially displaced by HA as shown in Figure 5b. As suggested in the displacement process,
when TiO2 NPs fully coated with small molecules e.g. AA and CA are exposed to HA solution,
HA tends to displace the pre-coatings. In the case of CA, it is possible that a partial displacement
occurs as shown in Figure 5b, where HA displaces more weakly bonded CA molecules while co-
adsorbing with CA which may be on edge and/or corner sites leading to more strongly bonded CA

molecules on the surface of TiO2 NPs.

In the case of BSA, the displacement process in Figure 4c (middle panel) shows no significant
alteration of vibrational frequency, but an increase of intensity after introducing HA. The
difference spectra (Figure 4c right) confirm that HA is adsorbing on the surface. A possible
explanation is that HA mainly co—adsorbs with BSA rather than displaces it. At neutral pH, due to

negative charges on both BSA and HA, electrostatic repulsion is expected, it is therefore concluded
a) AA b) CA ¢) BSA

e

HA

e

“ L Rkl ,,m‘l‘l.l q’u!nll aﬁ»

Displacement Co-adsorption Co-adsorption
with displacement without displacement

Figure 5. A schematic representation of displacement reactions and co-adsorption by HA on pre-
coated TiO, surfaces with AA (a), CA (b), and BSA (c), respectively. HA is represented here as a

macromolecular structure.
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that non-specific hydrophobic interactions are the driving force for the co-adsorption of HA and
BSA.%% As Zhao et al. report,®2 HA can overlap on the top of BSA ring-like aggregates. Figure
5¢ shows both adsorption modes whereby HA stacks on top of the adsorbed BSA. In addition to
ATR-FTIR study, the process of displacement of BSA by HA was also studied by QCM-D (Figure
S4). Compared to BSA, HA has much lower molecular mass, therefore, if BSA was completely
displaced by HA, the mass should decrease. However, the QCM-D result shows that the mass
increases when introducing HA and the dissipation quickly reaches a value above two. This all
supports that HA is not able to displace BSA but instead co-adsorb on the surface forming a second

layer interacting with mainly adsorbed BSA molecules.

To corroborate the proposed displacement modes in Figure 5, the reverse processes were also
investigated. In these experiments, NP surfaces were coated first with HA, then AA, CA or BSA
was introduced and finally the buffer was flowed over the film after the displacement process. The
spectra for each step are shown in Figure S5. The results agree with the expectation that AA weakly
binds to the surface and no big change was observed after flowing buffer, therefore AA does not
change or displace the HA-coating on the surface. CA is partially able to displace HA as reflected
in the shift of the carboxylate symmetric vibration from 1385 to 1395 cm™ corroborating that CA
and HA are co-adsorbed. Most interesting is that BSA fully displaces HA from surface due to its

strong binding ability. The summary of these processes is represented in Figure S6.

Due to the overlap of some IR bands in the one-dimensional spectra, 2D-COS was employed
to investigate the details of the displacement of these initial molecular and protein coatings by HA.
In addition, the synchronous (®) and asynchronous (W) 2D correlation spectral maps are helpful

in discerning the role of the functional groups in these displacement reactions. The synchronous
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(left) and asynchronous (right) 2D correlation maps shown in Figure 6 are for the displacement by

HA of NP surface pre-coated by AA (a), CA (b), and BSA (c), respectively.

When HA is introduced to the AA-coated TiO2 NP film, three predominant autopeaks show
up on the diagonal in synchronous 2D correlation spectra map (Figure 6a left) at near 1560, 1451
and 1386 cm™, which agree with the main bands in the HA spectra (Figure 1c), the positive values
of the peaks indicate that the band intensity changes in the same direction. There is also a weak
autopeak showing at 1277 cm™2, which is assigned to §(O=C-0-) when binding to TiO2 surface.*
Interestingly, there are a few barely noticeable small negative cross peaks appearing at (1560,
1775), (1560,1721), (1451, 1775), (1451, 1721), (1386, 1775), (1386, 1721). The negative peaks
indicate that these band intensity changes are in opposite direction. During the displacement
process, AA is displaced by HA, and HA adsorbs on surface, which results in a decrease of
carbonyl from AA (1775 and 1721 cm™) and increase of carboxylate absorptions from HA (1560
and 1451 cm™). These data agree with the full surface displacement reaction proposed in Figure
5a. The asynchronous map (Figure 6a right) provides useful information of the sequential order of
functional group changes in the adsorption. A series of cross peaks correlated to 1650 cm™
assigned to C=0 (ketone, amide) is observed, which merged into the peak of 1590 cm™ in the 1D
IR spectra. The relevant cross peaks in asynchronous map are positive, such as (1650, 1560), (1650,
1389), (1650, 1291), (1743, 1560), (1743, 1389), (1560, 1291) (1560, 1269). According to Noda’s
rules,® the main bands changes shown in the asynchronous map follow such order: 1743, 1650
cm~ bands are prior to 1560 and 1389 cm™. This is followed by 1291 and 1269 cm It indicates
changes are in the sequence C=0 (carboxylic) and C=0 (ketone, amide) are earlier than COO",

which is followed by COO-Ti (monodentate) and C—O—Ti (phenolic).
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In the case of the CA-coated TiO> NP surface, when introducing HA, the synchronous map

(left panel in Figure 6b) displays similar autopeaks to AA-coated surface at 1560, 1457 and 1372

oNOYTULT D WN =

cm-L. In addition, two weak autopeaks were observed at 1696 and 1274 cm™*, which are carbonyl
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vibration and deformation of carboxylate from HA, respectively. The lack of negative peaks

suggest that co-adsorption is the main process during the time-dependent reaction as proposed in
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Figure 5b. The relevant cross peaks in asynchronous map are positive, such as (1638, 1560), (1638,

1390), (1638, 1460), (1696, 1560), (1696, 1460), (1330, 1560), (1330, 1390), (1460, 1560) (1330,

1264). This asynchronous map (Figure 6b right) exhibits a slightly different order: 1696, 1638
— 1460, 1330 —»1560, 1390, 1264 cm™. The structural changes implied in asynchronous map
follow such a sequence: C=0 (carboxylic) and C=0 (amide, ketone) are earlier than COO and C—

O-Ti (phenol).

In comparison to the small molecules coated NPs, BSA-coated NPs has two main autopeaks
(Figure 6c¢ left) on the diagonal at 1572 and 1385 cm™ representing the adsorption of HA. The lack
of negative peaks supports the proposed co-adsorption scheme in Figure 5c. The relevant cross
peaks in asynchronous map are positive, such as (1610, 1505), (1610,1250), (1570,1696), ((1570,
1505), (1570, 1284), (1505,1250). Based on the interpretation of the asynchronous 2D correlation
map (Figure 6c¢ right), the changes observed on the peaks during sorption follow the order 1570—
1696, 1610 — 1505— 1284, 1250 cm™. According to the sequence, the structural changes occur
in this sequence: COO™ — C=0 (amide, ketone) » C=C— COO" (bending), C-OH (phenol).
Therefore, HA approaches BSA-coated TiO; surface through intermolecular interaction of H-
bonding between these dangling functional groups (COO™ and C=0). As already noted, in the
displacement reaction HA co-adsorbs on the surface mainly through interacting with BSA instead
of displacing BSA. It has been reported that HA tends to interact with BSA ring-like aggregates
by hydrophobic interaction,® thus resulting in the change of C=C vibration. The changes in the
bending of carboxylate (1284 cm™) and the phenol vibration (1250 cm™) that show up after the
changes in the C=C vibration also suggest that HA keeps changing conformation when adsorbing
onto the BSA-coated TiOg, this agrees with the changes on dissipation observed with QCM-D
(Figure S4).
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Chen et al. demonstrate that functional groups changes of HA while adsorbing onto bare TiO>
follow the trend: carboxylate — C—O (phenol or tertiary) — C=0 (ketone, amide) at pH 7.% In our
study, the surface is pre-coated by other adsorbates and it is observed that HA shows a different
adsorption pathway for each case compared to adsorption onto the hydroxylated surface. Therefore,
we demonstrated that surface coatings on NP surfaces can modify the behavior of exactly how

NPs interact with NOM in the environment.

Sedimentation and Agglomeration. In order to evaluate the effect of these coatings and
displacement reactions on NP agglomeration with HA, the agglomeration was assessed by
following the changes in the hydrodynamic size of the agglomerates and their sedimentation
behavior. Figure 7 shows sedimentation curves of the TiO2 NP suspensions before and after ligand
displacement. Any impact would be of great significance for the transport and fate of NPs in the
environment.®°" Adsorbates on TiO, NPs such as AA and CA result in steric repulsion, thus
inhibiting the agglomeration of TiO2 suspensions.®® 8 72 Therefore, the stability of TiO2 NPs
coated by AA or CA shows an increase compared to bare hydroxylated TiO2 NPs in HEPES buffer

(Figure 7a,b). In comparison to AA and CA, HA carries more polar functional groups such as
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phenol and carboxylate and has stronger steric hindrance.** % As expected, the sedimentation rates
of the samples after displaced by HA became much slower than those capped with only small
molecules. Besides, the hydrodynamic diameters of the agglomerates are reduced in the presence
of HA with agglomerate size decreasing from 350 to 250 nm. However, BSA has a strong
interaction with TiO> NPs and enhance the electrostatic repulsion of TiO2 NPs, resulting in the
high stability of TiO2 suspension, shown in Figure 7c. Although the stability stays the same for
BSA-coated NPs, the addition of HA causes an increase in the hydrodynamic diameters from ca.
275 to 600 nm. At pH 7.5, the ligands on the surface are negatively charged. Therefore, the
repulsive force in between each particle promotes the stability of these NPs in aqueous

suspensions,*4 52 71,83
Conclusions

The adsorption of different environmentally and biologically relevant molecules onto TiO2> NP
surfaces has been systematically investigated. The ATR-FTIR measurements show that different

functional group such as phenol, carboxylate, and enediol are involved in the adsorption process.
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Figure 7. The effects of displacement reactions on sedimentation behavior of TiO,NPs. The
displacement reactions on the AA— (a), CA— (b) coated TiO, NPs with HA make the particles more

stable (top) and smaller (bottom). However, HA is not able to displace BSA— (c) and it is shown
not to affect the stability of the nanoparticle solution.
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The desorption data suggest that under the conditions used in this study, AA and CA are able to
reversibly and partially reversibly adsorb on TiO> surface, respectively. In contrast, BSA and HA
mostly adsorb on the surface in an irreversible process monolayer, which is supported by the results
from QCM-D. An interesting observation is that HA changes its conformation during adsorption
process, reflected in the continuous increase of the dissipation. The properties of TiO2 NPs are
expected to be changed by NOM in the environment. Therefore, we focused on the displacement
of different coatings on TiO> NPs with HA as it is a model for NOM found in the environment.
Based on our study, the interaction between the small molecules and the surfaces of nanomaterials
is reversible and HA can easily displace these molecules either fully or partially. However, the
protein coated NPs shows no displacement but instead co-adsorbs with HA. Along with different
coated TiO2 NPs, 2D-COS provides relevant insights on the mechanism for the displacement
reactions. In general, HA interacts with coated molecules first by weak interaction e.g. H-bonding
and displaces these molecules by forming strong bonds with phenol and carboxylate groups. The
effects of displacement reactions on sedimentation and agglomeration were studied. The results
show that TiO2 NPs with different coatings displayed a slower sedimentation rate in presence of
HA. The hydrodynamic diameters of TiO2> NPs were also modified by HA. These all imply that
NOM can stabilize released NPs and influence the fate of NPs in the environment. The study
shows not only the effect of NOM on sedimentation and agglomeration of coated NPs but also

provides a first look on how displacement reactions may occur in the environment.
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