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Surface coatings are crucial to understanding and predicting the photoreactivity of TiO,

nanoparticles to form reactive oxygen species (ROS) in the environment. Herein we

oNOYTULT D WN =

investigate the details and effects of environmentally and biologically relevant surface
10 coatings on the photoreactivity of TiO,. Our results show that protein adsorption can
significantly inhibits the generation of ROS. In contrast, natural organic matter partially
15 inhibits ROS. These results extend the understanding of mechanisms at molecular level of
17 how macromolecules impact the photocatalytic properties of TiO, NPs and potential

toxicity of TiO, NPs in environment and biological systems.
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Abstract. Studies have shown that environmentally and biologically relevant coatings on
nanoparticle (NP) surfaces can significantly alter the physicochemical properties (e.g.
dissolution and aggregation) of particles yet there remain some questions on how these
coatings impact reactivity. In this study, we investigated molecular-level details of surface
adsorption and surface reactivity of titanium dioxide (TiO,) NPs using in-situ Attenuated
Total Reflectance—Fourier Transform Infrared spectroscopy (ATR—FTIR) in the presence
of bovine serum albumin (BSA) protein and fulvic acid (FA), which were selected as
representative biologically and environmentally relevant molecules. Our results show that
both BSA and FA adsorb strongly and irreversibly onto TiO, NP surfaces at neutral pH
and these surface coatings impact the photochemical behavior of TiO,. In particular, we
show large differences in the formation of reactive oxygen species (ROS) for coated

compared to uncoated TiO, NPs, as well as differences between the two different coatings.
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In the absence of any coatings, the photooxidation of solution phase sodium benzoate (BA)
to hydroxyl benzoate (major product) is observed. However, this reaction is completely
inhibited when Ti0, is coated with BSA and partially inhibited when TiO, is coated with
FA. Additionally, we found that BSA can strongly scavenge ROS generated upon
irradiation by quenching the formation of electron-hole pairs. In contrast, the behavior of
FA shows photoinduced hydrophilicity of the TiO, coated surface and the generation of
ROS, although less than that of the uncoated TiO, NPs. Overall, these results show that the
formation of ROS from TiO, NPs coated by BSA and FA is reduced. Overall, this study
provides insights into the impacts of environmentally and biologically relevant coatings
and how they may modify the reactivity of the NPs in the environment. Furthoremore, the
implications of this study extend to understanding the potential reduced toxicity and

impacts of TiO, NPs with coatings in natural and human-impacted ecosystems.

Introduction

Due to the abundant use of nanoparticles (NPs) utilized in industry, large quantities
can end up being released into the environment as a pollutant.! Metal oxide NPs have been
used in consumer products on a large scale. Previous research has indicated that released
metal oxide NPs may exhibit some toxicity.? 3 With the increased use of metal oxide NPs,
concerns about the safety and toxicity of nanomaterials have arisen. Titanium dioxide
(TiO;) NPs are one of the most widely used in consumer products* due to their unique
properties,> ¢ high biocompatibility, and high abundance.”!? Yet, there remains questions
about the potential harm of TiO, NPs to both the environment and to biological organisms.

As such, there has been much interest in the fate and reactivity of TiO, NPs.!!-14
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As a chemically stable material, the toxicity of TiO, NPs is primarily caused by
reactive oxygen species (ROS) generated at the surface by photochemical processes.!! 13
However, the reactivity of TiO, NPs can be altered in the presence of surface coatings.'®-
19 For TiO, NPs released in the environment, these NPs can undergo different surface
transformation processes such as adsorption, desorption and displacement.?- 2! For
example, the adsorption of natural organic matter (NOM) onto released TiO, NPs can
impact their physicochemical properties including agglomeration, stability and mobility.?*-
27 Fulvic acid (FA) is a representative molecule for NOM due to its high solubility at all
pH values and its wide distribution in soil, sediments, and water in the environment.?8-3
FA represents a family of natural compounds derived from the decomposition of plants and
animals. Previous studies have shown that the interaction of FA with nanomaterial surfaces
can involve strong chemical bonds, Van der Waals interactions and/or electrostatic
interactions, depending on the nature of the surface, solution phase pH and ionic strength.!
Among the different interaction mechanisms by which NOM adsorbs onto NP surfaces,
the dominant interaction is surface ligand exchange between the NP surface and functional
groups on the surface which can result in irreversible adsorption, leaving a strongly
adsorbed coating on the surface.’? In addition to NOM coatings, biologically relevant
molecules found in the environment can also adsorb onto NP surfaces. These biological
molecules include proteins and peptides.?!> 33 3% Among the numerous types of proteins,
bovine serum albumin (BSA) is used as a model protein for serum albumin.’> Adsorbed
proteins can impact the properties of NPs (including aggregation, dissolution, reactivity
and toxicity).>® Thus, it is clear the role that surface coatings of environmentally and

biologically relevant ligands play are key to understanding NPs in the environment. 37-3°
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The reactivity of TiO, NPs involves the generation ROS including hydroxyl radical
(OH"), superoxide (O,™), and hydrogen peroxide (H,0,).*° Different reactions to form these

species are represented in Reactions 1-8 below:
TiO; + hv—hyh, + e #(1)
hh, + H0—-O0H' + H* #(2)
eyp + 0,-05°#(3)
H,0-H* + OH ™ #(4)
20H*->H,0,#(5)
0; "+ H* >HO#(6)
HO3 + HT -H,0,#(7)
H,0, + e;,—»O0H" + OH ™ #(8)

TiO, NPs first form e/h™ pairs, i.e. the formation of a hole and an electron excited by a
photon with an energy greater than that of the bandgap (1). With a formation of a hole,
water can be oxidized to hydroxyl radicals (2). Hydroxyl radicals can then interact to form
hydrogen peroxide (5). Through a series of steps (3, 4 and 6), oxygen in the system is
reduced to superoxide which can then react with protons, resulting in the generation of
hydrogen peroxide (7). Additionally, hydrogen peroxide can be reduced to a hydroxyl

radical and hydroxide ion (8).

In aqueous systems, even though direct oxidation still occurs on the surface, ROS

are primarily responsible for the photocatalytic properties of TiO, NPs in different
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applications, including dye degradation.*'-4¢ These same reactions can also cause
phototoxcity to organisms in the enviroment.!!-12-47-48 How surface coatings play a crucial
role in the formation of ROS is important to understand. A previous study by Long et al.
suggests that NOM coatings such as humic acid (HA) on TiO, NPs can serve as scavengers
to quench holes, consequently weakening the capability of these NPs for photochemical
degradation of phenol.*’ In addition, a study focused on the denaturation of adsorbed
proteins indicates that, to some degree, the protein corona prevents phototoxicity.33 0
However, these studies have not been able to reveal detailed, molecular-based mechanisms

that occur on the surface.

Biirgi and co-workers have studied photocatalysis of TiO, using in-situ ATR-FTIR
methods, focusing on the photochemical processes involving organic acids, such as oxalic
and malonic acids.>'-3 Their findings provide important insights into how adsorbed ligands
affect the photocatalytic performance of TiO,. Although the adsorption of ligands on
nanomaterials has been extensively studied by ATR-FTIR spectroscopy,?® 3438 there are
few reports about the mechanisms and roles of environmentally and biologically relevant
coatings in reactions and their impact on the photoactivity of TiO, NPs in the environment.
Therefore, in this study we have used two model macromolecules, BSA and FA, that
represent biologically and environmentally relevant molecules. The findings of this work
provide insights about how NPs behave in the environment and the change in potential
toxicity. Herein, we employed the use of mass spectrometry and ATR-FTIR spectroscopy
to further explore photochemical reactions. ATR-FTIR spectroscopy is a technique that
allows for in-situ monitoring of adsorbed species and chemical processes by measuring

changes in the vibrational spectra.
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Experimental Methods

Materials. TiO, NPs were purchased from Aldrich (vendor reported size 21nm, >99.5%).
Solutions of sodium benzoate (BA, >99.5%, Sigma-Aldrich), Suwannee River fulvic acid
(FA, International Humic Substances Society, Minneapolis, MN) and bovine serum
albumin (BSA, > 98%, Sigma-Aldrich) were prepared at pH 7 for all experiments. Sodium
hydroxide (NaOH, 1N; Fisher Scientific) and hydrochloric acid (HCI, 1N; Fisher Scientific)

were used to adjust pH. All the solutions were prepared with Milli-Q water.

ATR-FTIR spectroscopy. ATR-FTIR measurements were made following well-
established protocols from previous studies with some modifications for photochemical
reactions.?% 2. 36 ATR-FTIR spectra were produced by 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
4 cm™! resolution in the AMTIR window range (4000 — 750 cm™"). The TiO, NP thin film
was prepared by drying 1 mL of 1g L~! TiO, in Milli-Q water on the AMTIR crystal in a
dry air flow overnight. A water flow (pH 7) over the TiO, NP film was introduced for at
least 30 min to remove any loose particles on the film prior to collecting the background.
For adsorption, 0.5 g L-' BSA, and 0.1 g L~! fulvic acid solutions were used to fully cover
the TiO, NP surface. The solution of BSA or FA was flowed over the TiO, NP film for 2
hrs at a fixed flow rate (~0.4 mL min!) to cover the TiO, surface. Absorption spectra were
collected at 5 minute intervals. The photochemical studies of BSA and FA on TiO, NPs
followed similar experimental protocols in that BSA or FA solution was introduced into
the aqueous phase over the TiO, NP film prior to light exposure. After flowing water

solutions containing BSA or FA for 2 hrs, surface adsorption reached an equillbrium as

6
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measured by the integrated absorbances of the absorption bands as a function of time. The
flow was halted and then a solar simulator (An LCS—100 solar simulator, model 94011A,
Oriel, Newport, equipped with an AM1.5G filter and water filter) was used for in situ
irradiation of the TiO, nanoparticles through a quartz window. An unncoated TiO, NP film
was also studied, as a control, following similar procedures as described above, but using
water instead of BSA or FA solutions. The ATR-FTIR spectra were collected every 5 min

for 2 hrs. To test for the formation of hydroxyl radicals and subsequent reaction with BA

on uncoated and coated TiO, nanoparticles, the experiments followed three sequential steps:

(1) adsorption of BSA or FA; (2) introduction of BA , 10 mM BA solution was introduced
into the ATR flow cell with the TiO, NP film for two hours to equilibrate in the dark prior
to exposure to light; (3) exposure to broadband irradiation. Spectra were collected at an

interval of every 5 minutes.

Batch reactor photochemical experiments. TiO, NPs were first mixed with 0.1 mg ml-! FA
or 0.5 mg ml~! BSA solution to coat the surface with a loading amount of 2 g L' for 12
hrs. The coated TiO, NPs were then separated from the suspension by centrifuging for 10
mins at 10,000 rpm. The precipitate was washed with water to remove any excess solution
remaining on the surface. The samples were transferred to a vacuum desiccator to dry, then
ca. 20 mg of coated TiO, powder was added to a 20 mL glass vial with 10 mL of 2 mM
BA solution. The vial was covered with foil and transferred into a bath sonicator to sonicate
for 10 mins. The well-mixed suspensions were then exposed to light generated by a solar
simulator with vigorous stirring for 6 hrs. After reaction, the suspensions were transferred

to 15 mL centrifuge tubes and centrifuged for 10 mins at 10,000 rpm. The resulting

Page 8 of 27



Page 9 of 27

oNOYTULT D WN =

Environmental Science: Nano

supernatant was filtered through an MCE membrane (Millex—GS, 0.22 um) and kept
refrigerated for further mass spectrometric analysis.

Mass spectrometry analyses of photooxidation products. The supernatant collected from
the batch reactor was analyzed by a high-resolution hybrid linear ion trap mass
spectrometer equipped with a heated electrospray ionization source (HESI-HRMS,
Thermo Orbitrap Elite) using direct infusion mode. Prior to experiments, the samples were
diluted by a factor of 10 with acetonitrile. Data were collected in negative ionization mode
over the mass range of 50-2000 Da, with the spray voltage set at 2.60 kV, capillary

temperature at 325 °C and S-lens at 60%.
Results and Discussion

ATR—FTIR spectroscopy of BSA and FA adsorption on TiO, NPs. ATR-FTIR spectroscopy
was employed to study ligand adsorption, photochemical reactions of ligands on TiO, NPs,
as well as photochemical oxidation of BA on TiO, NPs with coatings at pH 7. ATR-FTIR
spectra were recorded as a function of time in the presence of BSA (Figure 1a) and FA
(Figure 1b) on a TiO, surface. These spectra were referenced to a water-TiO, film at the
same pH. There is an increase in intensity of several peaks in the spectral range extending
from 900 to 2000 cm! as a function of time. Peak assignments for BSA and FA have been
made previously and are listed in Table 1. For the adsorbed BSA spectra (Figure 1a), the
amide I band appears at 1651 cm™'.>® The N-H bending and C-N stretching of the amide
II band appears at a vibrational frequency around 1545 cm™'. The other two absorption
features at 1453 and 1400 cm™! are due to C—H bending and the amide I1I band, respectively.
For FA adsorption, there are multiple functional groups of FA involved in the interaction

with TiO, including: carbonyls, amides, carboxylates, phenols, polysaccharides, and



oNOYTULT D WN =

Environmental Science: Nano Page 10 of 27

alcohol hydroxyls.?% ¢ In the adsorbed FA spectra (Figure 1b), the dominant absorption

bands correspond to the asymmetric and symmetric carboxylate vibrations appearing at

(a) BSA adsorption on TiO, (b) FA adsorption on TiO,

1570
I 001 15:45 1392
0.005 }

120 min 120 min

5 min

II T ! T T
1600 1400 1200 1000

S |---

R
r T

20|00 1 BIOO 1 SIOO 14:00 1 ZIOO 1 OIOO 2000 180!

Wavenumber (cm™) Wavenumber (cm™)

Figure 1. ATR-FTIR spectra of the molecular adsorption on TiO, NP film, (a) 0.5 mg/ml
BSA, (b) 0.1 mg/ml FA, respectively, as a function of time. The adsorption spectra shown
were collected at 5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green).

1570 and 1392 cm™!, respectively. In addition to the strong asymmetric and symmetric
vibrations of carboxylate, the absorption band at 1292 cm™! is assigned to the bending of
the —.COO-Ti groups.?% 2! These vibrational bands indicate that FA primarily binds to the
TiO, NP surface via the carboxylate group. Other characteristic absorption bands include
C=0 stretching at 1753 and 1707 cm™!. By flowing the solution over the TiO, film for 2
hrs, the intensity of the spectra has reached a maximum, indicating the surface has been
fully covered by BSA or FA (see in Electronic Supplemental Information (ESI), Figure

S1).

Table 1. Assignment of the vibrational frequencies of BSA, FA and BA.

Adsorbed Species [this [ jterature (cm™) 2129 56.

Biological and/or Vibrational Mode
Chemical Species work (cm™)] 61-66

amide | 1651 1695 1630
BSA

amide 11 1545 1550
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4 (C-H) 1453 1500-1400
amide III and/or v (C-
1400 1400 1000
0)/ v (C-0-C)/ v (C-C)
v (C=0) 1753,1707 1720, 1640
U, om (CO0) 1570 1590 1550
8 (C-H) 1451 1450
FA Usym(COO-)/OH def 1392 1350
8 (0-C=0) 1292 1292
v (phenol C-OH) 1271 1270
v (C-C, C-O) 1153, 1090, 1041, 942 1200 1000
v (C=C) 1600, 1557, 1497 1660 1450
Usym(COO-)/OH def 1391 1400 1391
BA 8 (C-H) 1434 1450
6 (CO-H) 1309,1320 1320, 1338
v (C-OH) 1268 1297,1274, 1269,1245

ATR—FTIR spectra monitoring of photochemical processes on TiO, NPs. Figure 2 shows
ATR-FTIR spectra of pure water irraradiated on a TiO, NP film as a function of time. The
water bending mode can be seen at 1636 cm™! and the increase of this peak suggests water
adsorption upon irradiation, indicating photoinduced superhydrophilicity of TiO, NPs.67 It
should be noted that the region below 1200 cm™! also grows with irradiation. The prominent
peaks located at 1100 and 1084 cm™' are attributed to adsorbed superoxide on the surface.5®
70 Another peak at 980 cm™! is possibly due to a terminal Ti = O that is believed to be an
intermediate state in photocatalytic processes.”! As reported as previous studies, it is likely

that H,O,, which exhibits an IR vibrational frequency around 870 cm™!, forms in addition

10
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to superoxide.”> 7> However, the peak at 870 cm™' possibly merged into this broader
absorption feature. Thus, TiO, has a surface that is very reactive to the generation of ROS

in water including H,O, and superoxide radicals.

10'02 1636

120 min

9
{
l
)

5 min

' 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 2. ATR-FTIR spectra following broadband irradiation of pure water on TiO, NPs.
The spectra shown were collected at 5 min (black), 30 min (red), 60 min (blue), 90 min
(magenta), 120 min (green) and are referenced to an initial dark spectrum of the H,O--TiO,
film.

ATR—-FTIR spectra monitoring of photochemical processes with coating molecules on TiO,
NPs. The photocatalytic behavior of TiO, coated by BSA and FA was investigated in-situ
by ATR-FTIR. During this process, the corresponding solution remained above the film
when irradiated with light. No vibrational frequency shifts are seen for the major peaks of
BSA (Figure 3a). Interestingly, a new peak at 1761 cm™! appears to grow at later irradiation
times. Although this peak has not been reported in previous work,33 3% it is likely that it
comes from the photooxidation of BSA on the TiO; surface. It is also worth noting that the
intensity of the amide I band at 1651 cm™! increases significantly with irradiation time. In
previous studies, it has been suggested that this was caused by changes in secondary

11
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structure upon irradiation.’3 As shown previously,?! BSA has a strong binding affinity for
the TiO,; surface; therefore, generated ROS or excited holes from TiO, may first react with
adsorbed BSA molecules. This causes spectral changes of BSA induced by irradiation. The
resulting IR spectra are shown in Figure 3. The intensity of each spectrum increased with
irradiation time due to a higher background induced by irradiation.”® 7> Additionally, more

BSA molecules may be adsorbed on the surface upon irradiation, resulting in an intensity

Increase.
(a) BSA photochemistry on TiO, (b) FA photochemistry on TiO,
1546 1102
1651 ! 1636 .
{ 0.05 {0.02 :
120 min 120 min
5 min 5 min
Dark e PRI Dark
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 3. ATR-FTIR spectra of the photochemical process of coated TiO, NPs, (a) BSA-
coated TiO,, (b) FA-coated TiO,. The spectra shown were collected at 5 min (black), 30
min (red), 60 min (blue), 90 (magenta), 120 min (green), and the dashed orange line
represents a dark control.

Adsorbed FA is also able to quench the generation of trapped holes so that the
production of hydroxyl radicals is inhibited but to a much lesser extent.3%37-76.77 In addition,
the displacement between FA and surface hydroxyl group upon FA adsorption on TiO,
surfaces can also reduce the amount of surface hydroxyl groups which will then reduce the
amount of hydroxyl radicals formed. In contrast to BSA-coated TiO, NPs, the spectra of
adsorbed FA upon irradiation changes with time (Figure 3b). The first spectrum, collected

at t = 5 min after irradiation, shows characteristic vibrations of adsorbed FA on TiO, NPs

12
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which include the asymmetric and symmetric vibrations of COO~ groups at 1572 and 1388
cm!, respectively. As irradiation time increases, the symmetric peak shifts to 1411 cm™!
after 30 min, while the asymmetric peak does not change vibrational frequency but instead
merges with a peak at 1636 cm™! (adsorbed water on the TiO, surface). Biirgi et al. proposed
that directly bonded organic molecules can be oxidized by excited holes and the newly
oxidized species would then bind to the surface through other binding modes.>!: 33
Therefore, it is plausible that these FA can change their binding modes upon irradiation
due to TiO, surface changes’ and photodegradation.”- 8 This process may decrease the
FA surface coverage, which leads to more water molecules adsorbed to the surface leading
to, as shown in Reaction 4, oxidation of adsorbed water as a source of ROS. It is worth
noting that three new peaks in the low vibrational frequency range below 1200 cm-! (1102,
980, and 874 cm ') are likely from surface ROS intermediates generated by irradiation.
The peak at 874 cm! is assigned to hydrogen peroxide (reported IR frequency for hydrogen
peroxide is 877 cm™").”> The other two peaks at 1102 and 980 cm™! are possibly from an
adsorbed superoxide intermediate with Ti** and Ti = O, respectively.”® 7! Therefore, these
peaks provide aevidence for the formation of ROS on the FA-coated TiO, surface. FA also
has a high degree of conjugation in its structure with the presence of aromatics and olefinic
groups. This can enable an electron transfer pathway, which helps to enhance oxygen
reduction.?! The photoinduced surface change affects the binding mode of FA on the TiO,
surface and can give rise to surface regions whereby water can adsorb on the surface. This
can be seen in the IR spectra, where photoinduced water adsorption and oxygen reduction
products such as superoxide and hydrogen peroxide were observed. A large amount of

ROS are generated with irradiation time, therefore, adsorbed FA can be rapidly oxidized

13
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making it more difficult to observe any increase in peak intensities due to enhanced

adsorption as found for BSA.

ATR—FTIR spectra monitoring of photochemical oxidation of BA on TiO, NPs. Hydroxyl
groups are hard to detect in solution and here we used BA as a probe molecule, since BA
can react with hydroxyl radicals to produce a series of product compounds. BA in solution
was introduced into the ATR cell over coated and uncoated TiO, films in the dark. The

photochemical reaction for BA solution on bare TiO, NPs

CO-H bending mode

1857 1391 1509 ROS
Jo.0s 1600 1 1434

1645 ,;1f97::

—— 5 min
| dark

2000 1800 1600 1400 1200 1000

Wavenumber (cm™)

Figure 4. ATR-FTIR spectra of the photochemical process of 10 mM BA on TiO, NPs.
The spectra shown were collected at initial spectrum in the dark (black), 5 min (red), 30
min (blue), 60 min (magenta), 90 min (green), 120 min (orange), and the dashed orange
line represents a dark control.

was first investigated and the spectra are shown in Figure 4. The first spectrum was
collected without light irradiation (initial solution). The characteristic peaks of BA are
located in the region from 1600 to 1391 cm!: they are primarily from the symmetric
stretching vibration of carboxylate (1391 cm™), bending of C—H (1434 c¢cm™') and the

breathing modes of the benzene ring (1600, 1557, and 1497 cm™").% The asymmetric

14
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stretching of carboxylate likely overlaps with these peaks. The peak at 1645 cm™' is
attributed to the bending mode of adsorbed water on the TiO, surface. As seen in Figure 4,
the intensity of the peaks increases with irradiation time. It is interesting that a new shoulder

peak at 1309 cm™! appears after irradiation, which is close to the bending mode of CO-H

in hydroxyl benzoate. %6 82
(a) Bare TiO, (b) BSA coated TiO, (c) FA coated TiO,
oo coon 121 121
100 {12 Ao 100+ 100
£ gl 137 S 80 5 80
8 ] Q
c c c
S 3 3 60
T 60 g 60y £ A
5 2 ]
g © © 0 137
g 404 w g 40 e -
8 (" wf & &
¢ 20 0 [ & 20 & 201
93 133 169 93 153
0 b el 0 . N : i 0 e L
50 75 100 125 150 175 200 50 75 100 125 150 175 200 50 75 100 126 150 175 200
m/z m/z m/z

Figure 5. Mass spectra of benzoate reacted with (a) bare TiO,, (b) BSA-coated TiO, and
(c) FA-coated TiO,.

In addition, a broad peak from ROS (i.e adsorbed superoxide and hydrogen peroxide) arises
with irradiation time, indicating the formation of ROS on the BA-covered surface. This
suggests that BA on bare TiO, may oxidized to hydroxyl benzoate. In order to confirm this,
mass spectrometry was used. Figure 5a shows the mass spectrum of benzoic acid when
reacted with bare TiO, NPs under irradiation conditions. A pronounced peak at m/z 137,
with the formula of C;HsO3~, dominates the spectrum. Additionally, m/z 93 (CcHsO™), 153
(C;Hs047), and 169 (C;HsO5") are also observed. Figure 6 displays a possible mechanism
for the formation of these products. It is well known that ROS, such as hydroxyl radical,
can be generated on the TiO, surface under UV conditions.*® Therefore, the formation of
these products arise from the oxidation of BA by hydroxyl radicals. The reaction of BA

with hydroxyl radicals is initiated via an electron transfer step that generates a

15
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carboxyphenyl radical intermediate. This radical can react with HO to form hydroxyl
benzoic acid (m/z 137) or undergo decarboxylation to produce a phenyl radical resulting
in the formation of phenol (m/z 93). Upon further oxidation, the carboxyphenyl radical
intermediate can also be converted to dihydroxy (m/z 153) and trihydroxy benzoic acid

(m/z 169), in addition to other products.

coo Ccoo COOH

HO' Ho' HO
e —_—
OH OH OH
W HO HO
m/z 137 m/z 153 m/z 169

coo coo’ coo

\ (o)
-CO, 2 HOVH,0

m/z 93

Figure 6. A proposed pathway of BA oxidation.

In order to understand the effects of coating molecules on photochemical processes
in the presence of BA, BA solutions were first introduced onto BSA- or FA-coated NP
films in the dark. The ATR—FTIR dark spectra are provided ESI, Figure S2), i.e.
adsorption of BA on pre-coated NPs. All spectra preserve the initial IR characteristic
absorptions. It is clear that there are no observed peak shifts due to displacement reactions
by BA. Therefore, these data suggest that BA in this process interacts with the surface
coatings and not directly with the TiO, surface. Benzoic acid has been reported to interact
with tryptophan residues in BSA via van der Waals forces and electrostatic interactions

with the positively charged amino acid.?? 84 Compared to BSA-only coated spectra, the

16
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peak at 1761 cm™! is weaker in the presence of BA (Figure 7a). Additionally, a peak at 1100
cm~! is seen following irradiation which may be due to oxidation of BSA in the presence

of BA.

Overall, the BSA coating strongly inhibits the oxidation of BA by hydroxyl radicals.

When the FA-coated surface was exposed to the BA solution, the first spectrum closely
resembles that of the FA-only coated surface spectra (Figure 7b), which suggests again that
BA has little interaction with the TiO, surface. The possible surface ROS intermediates
generated by irradiation appear in the same range as previously shown for the FA-coated
surface in the absence of BA. There are, however, some small spectral differences from the
presence of BA. A new peak at 1268 cm™! is observed in the spectra, which is possibly
from the C—OH stretching mode in hydroxybenzoic acid.®® These new peaks suggest that

BA is oxidized to hydroxyl benzoate on the FA-coated surface.

(a) BSA photochemistry on TiO, in presence of BA (b) FA photochemistry on TiO, in presence of BA

1544 1388 1129
I°'°5 1651 11453 1100 1632

! I 11395 10.025 1 1570
' i 1740 N1 1411
N 1268

Lo

11095
L 980

120 min 120 min
5 min
Dark b noo Dark
1 1l 1 r T L |I II‘ L r 1 +
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 7. ATR-FTIR spectra of photochemical process of coated TiO, NPs in presence of
2 mM BA, (a) BSA coated TiO,, (b) FA coated TiO,. The spectra shown were collected
at 5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green), and the dashed
orange line represents a dark control.

17

Page 18 of 27



Page 19 of 27

oNOYTULT D WN =

Environmental Science: Nano

The mass spectral data further corroborate the results shown with ATR-FTIR
spectroscopy discussed above. As shown in Figure 5b, there is only one pronounced peak
for BA at m/z 121 on the BSA-coated surface. However, m/z 93 (CcHsO™) and 153
(C;Hs047) are also observed on the FA-coated surface (Figure 5c) in addition to the
dominant peak at m/z 137 for hydroxy benzoate. The products for FA-coated TiO, are less
than that of bare Ti0,, indicating that FA prohibits hydroxyl radical production. Moreover,
these peaks disappear in the reaction of BA with BSA-coated TiO,, suggesting that BSA

has a much stronger inhibition effect on the production of hydroxyl radicals than FA.

Conclusions

BSA and FA, as representative ligands of biological and environmental
significance, were chosen to study their effects on the generation of ROS under irradiation
of TiO, nanoparticles through in-situ ATR-FTIR and mass spectrometry. The
photochemical IR measurements demonstrate formation of ROS on bare TiO, NP surfaces.
However, as the surface is coated with biological molecules (i.e. BSA), ROS generation
(e.g. superoxide and hydrogen peroxide) is strongly inhibited. Instead, BSA is a scavenger,
showing a new spectral feature which indicates BSA oxidation. In contrast to BSA, FA-
coated TiO, NP surfaces show more reactivity in generating ROS. Based on our study, the
interaction between coating molecules and surfaces of nanomaterials shows significant
impacts on the generation of ROS and holes, which are highly relevant to the reactivity of
TiO, NPs. FA can change binding modes, allowing for the adsorption of water molecules,
resulting in only partial inhibition of ROS. Upon further study of detection of hydroxyl
radicals by BA, BA does not show signs of oxidation on BSA-coated surfaces, but it is

oxidized on FA-coated surfaces upon irradiation. In addition to the in-situ spectroscopic
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measurements, mass spectrometry was also utilized to analyze the products on three
surfaces (bare, BSA-coated and FA-coated). These results indicate that the presence of BA
alters the interaction of BSA with TiO, surfaces, thus prohibiting oxidation of BA by
hydroxyl radicals. Therefore, the ability for ROS generation on TiO, NPs with different
coatings follows this sequence: bare TiO, > FA-TiO, > BSA-TiO,. As indicated by the
results in this work, the reactivity in generating ROS from TiO, NPs released to the
environment or biological systems can be largely reduced or restricted by adsorbing
macromolecules such as proteins and NOM. Thus, TiO, coated with macromolecules in
organisms and natural waters will be potentially less toxic than models have predicted,
since this releases less ROS compared to bare TiO,. Therefore, this study shows the
importance of biological and environmental ligands on modulating the reactivity of TiO,

nanoparticles in the environment.
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