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Abstract 
The ability of photocatalytic nanoparticles (NPs) to produce reactive oxygen 

species (ROS) has inspired research into several new applications and technologies, 

including water purification, contaminant remediation, and self-cleaning surface 

coatings. As a result, NPs continue to be incorporated into a wide variety of increasingly 

complex products. With the increased use of NPs and nano-enabled products and their 

subsequent disposal, NPs will make their way into the environment. Currently, many 

unanswered questions remain concerning how changes to the NP surface chemistry that 

occur in natural waters will impact reactivity. This work seeks to investigate potential 

influences on photoreactivity – specifically the impact of functionalization, the influence 

of anions, and interactions with biological objects - so that ROS generation in natural 

aquatic environments may be better understood. 

To this aim, titanium dioxide nanoparticles (TiO2) and fullerene nanoparticles 

(FNPs) were studied in terms of their reactive endpoints: ROS generation measured 

through the use of fluorescent or spectroscopic probe compounds, virus and bacterial 

inactivation, and contaminant degradation. Physical characterization of NPs included 

light scattering, electron microscopy and electrophoretic mobility. These systematic 

investigations into the effect of functionalization, sorption, and aggregation on NP 
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aggregate structure, size, and reactivity improve our understanding of trends that 

impact nanoparticle reactivity. 

Engineered functionalization of FNPs was shown to impact NP aggregation, ROS 

generation, and viral affinity. Fullerene cage derivatization can lead to a greater affinity 

for the aqueous phase, smaller mean aggregate size, and a more open aggregate 

structure, favoring greater rates of ROS production. At the same time however, fullerene 

derivatization also decreases the 1O2 quantum yield and may either increase or decrease 

the affinity for a biological surface. These results suggest that the biological impact of 

fullerenes will be influenced by changes in the type of surface functionalization and 

extent of cage derivatization, potentially increasing the ROS generation rate and 

facilitating closer association with biological targets. 

Investigations into anion sorption onto the surface of TiO2 indicate that reactivity 

will be strongly influenced by the waters they are introduced into. The type and 

concentration of anion impacted both aggregate state and reactivity to varying degrees. 

Specific interactions due to inner sphere ligand exchange with phosphate and carbonate 

have been shown to stabilize NPs. As a result, waters containing chloride or nitrate may 

have little impact on inherent reactivity but will reduce NP transport via aggregation, 

while waters containing even low levels of phosphate and carbonate may decrease 

“acute” reactivity but stabilize NPs such that their lifetime in the water column is 

increased. 
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Finally, ROS delivery in a multicomponent system was studied under the 

paradigm of pesticide degradation. The presence of bacteria or chlorpyrifos in solution 

significantly decreased bulk ROS measurements, with almost no �OH detected when 

both were present. However, the presence of bacteria had no observable impact on the 

rate of chlorpyrifos degradation, nor chlorpyrifos on bacterial inactivation. These results 

imply that investigating reactivity in simplified systems may significantly over or 

underestimate photocatalytic efficiency in realistic environments, depending on the 

surface affinity of a given target. 

This dissertation demonstrates that the reactivity of a system is largely 

determined by NP surface chemistry. Altering the NP surface, either intentionally or 

incidentally, produces significant changes in reactivity and aggregate characteristics. 

Additionally, the photocatalytic impact of the ROS generated by a NP depends on the 

characteristics of potential targets as well as on the characteristics of the NP itself. These 

are complicating factors, and the myriad potential exposure conditions, endpoints, and 

environmental systems to be considered for even a single NP highlight the need for 

functional assays that employ environmentally relevant conditions if risk assessments 

for engineered NPs are to be made in a timely fashion so as not to be outpaced by, or 

impede, technological advances. 
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1. Introduction 

1.1 Motivation 

Nanoparticles are not new. Nature has long coexisted with and employed 

environmentally generated nanoparticles for many significant geological processes (e.g., 

cloud nucleation, heavy metal and radionucleotide transport, phytoplankton growth 

leading to atmospheric CO2 regulation) [1]. Environmentally generated NPs arise from 

many natural phenomena, including volcanoes and fire (CNTs and fullerenes) and 

mineral weathering, redox chemistry, or biological interactions (metallic NPs) [1-6]. 

Our ability to manipulate NPs and produce them on a large scale, however, is 

new. Since NPs were first discovered, their study and potential uses have driven 

demand and production. Primarily, the appeal of NPs, and the incentive for their 

adoption in technology and manufacturing, lies with their useful properties, such as 

increased strength or reactivity [7]. Given the largely proprietary nature of NP 

manufacturing, precise volumes are difficult to identify though estimates of total yearly 

NP production are on the order of tens to hundreds of thousands of tons, corresponding 

to hundreds of billions of dollars [7-9]. These NPs are incorporated into a wide variety of 

increasingly complex products, though there is oftentimes considerable difficulty in 

identifying which products use NPs and significant uncertainty in the composition of 

the NPs included within consumer products [10-12]. 
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1.2 Scope 

Nanoparticle reactivity can refer to a variety of phenomena, such as electron 

transfer from nanoparticulate zero valent iron (NZVI), catalysis by gold nanoparticles, 

or photocatalysis by semiconducting NPs. An intriguing constraint specific to 

photocatalysis is that it requires an external source of light to produce ROS - highly 

reactive and unstable oxygen containing compounds that eagerly participate in 

oxidation-reduction reactions. As a result of their instability, ROS have extremely short 

lifetimes, often on the order of micro to milliseconds. The ability of some NPs to produce 

ROS has inspired research aimed at using nanotechnology to inactivate viruses and 

bacteria and to degrade contaminants in aquatic environments [13-16]. 

Whether by intentional design or through incidental interactions, nanoparticles 

will not remain pristine for any appreciable length of time. NP functionalization, 

coatings, and incorporation into matrices such as polymers or thin films will depend on 

the use and desired functionality of user end products. All of these alterations will affect 

the reactivity of the NP. The use and ageing of NP containing products will result in the 

release of particles into the environment where further transformations are likely to 

occur [9]. 

Risk is commonly viewed as a function of two contributing factors: hazard and 

exposure [17-21]. For photocatalytic nanoparticles, transformations are expected to affect 

both factors. For example, aqueous dispersions of fullerenes exposed to UV light have 
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been shown to undergo hydroxylation [22-24], which can lead to greater ROS 

production (hazard). Alternatively, sorption of natural organic matter (NOM) has been 

shown to affect the transport and reactivity of nanoparticles [25-28], affecting potential 

levels of exposure. As a result, it is important to understand how the reactivity of a 

nanoparticle is affected by its environment. Despite the investigations that have been 

undertaken regarding NP reactivity, this area presents many challenges, and many 

unanswered questions remain [29]. 

The primary motivation for this work is to investigate the influences on 

photoreactivity (e.g. impact of functionalization, influence of anions, interactions with 

biological objects) so that ROS generation in natural aquatic environments may be better 

understood. Much of the research to date has proceeded on a case-by-case basis, focused 

on modifying elemental makeup (doping) or functional groups to optimize ROS, or 

looking at specific conditions to determine reactivity and ecotoxicity [30-35]. In this 

work, the attempt has been to understand trends that impact nanoparticle reactivity. A 

comprehensive risk assessment of NP photoreactivity falls outside the scope of this 

work. Instead, photoreactivity is viewed as one aspect of any risk assessment involving 

NPs that may undergo photo-excitation. As such, the primary focus of this work is on 

the potential for photoreactivity to be used as a marker of eco-toxicity. 

This research probes how surface functionalization, physicochemical sorption, 

and aggregation of nanoparticles in the environment impact reactivity through 
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differences in characteristics such as aggregate size, aggregate morphology, and photo-

excitation. To achieve this, photocatalytic NPs - titanium dioxide (TiO2) and fullerene 

nanoparticles (FNPs) - were studied in terms of their reactive endpoints: ROS 

generation, virus and bacterial inactivation, and contaminant degradation. 

Investigating these interactions has allowed for greater precision in determining the 

reactivity of nanoparticles when considering their fate and transport in the environment. 

Results from these experiments have improved our understanding of reactivity and 

represent a step towards enabling ROS generation to be employed as a simple, 

measurable endpoint for use in a functional assay approach to NP risk assessment. End 

users of this research range from those who design and manufacture nanoënabled 

technologies to aquatic ecologists and government entities studying water quality to 

regulatory commissions who are currently grappling with establishing use and disposal 

protocols. 

1.3 Hypotheses and Objectives 

The primary hypotheses of this work build from the understanding that surface 

interactions will determine the reactivity of NPs in a system. Specifically, 1) that 

functionalization of FNPs will reduce aggregation and impact ROS generation, 2) that 

water chemistry and interactions with organic or ionic compounds at the NP surface will 

determine the reactivity of the system, and 3) that multiple, coexisting constituents will 

compete for ROS delivery. 
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ROS generation will be impacted by the size and structure of the aggregates that 

are formed resulting from these interactions, in addition to any specific interactions that 

alter the quantum yield and surface chemistry of the nanoparticles. These studies have 

systematically investigated the impacts of functionalization, sorption, and aggregation 

on NP aggregate structure, size, and reactivity - monitored as ROS generation as well as 

compound degradation or microbiological inactivation. In doing so, specific interactions 

have been identified and separated from aggregation affects. Ultimately, investigating 

how these surface interactions affect reactivity furthers our understanding of the impact 

from NP release into the environment. 

To determine how engineered functionalization impacts NP aggregation and 

ROS generation (hypothesis 1), stable suspensions of derivatized FNPs (in which various 

function groups are attached to the C60 cage, i.e. aminated or hydroxylated fullerenes) 

have been created. These suspensions were then characterized in terms of aggregate 

size, electrophoretic mobility, ROS generation, and virus inactivation. 

Investigations on how the sorption of compounds to the surface of a NP impacts 

aggregation and reactivity (hypothesis 2) have been undertaken by monitoring TiO2 

aggregation in various inorganic ions common to surface waters. Photoreactivity of TiO2 

aggregates in the presence of the same ions was then measured both at the NP surface 

and in the bulk solution and results were analyzed to determine the importance of 

specific interactions between the NP surface and ion. 
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Finally, ROS delivery in a multicomponent system (hypothesis 3) was studied 

under the paradigm of pesticide degradation. The impact of bacteria and chlorpyrifos on 

bulk NP photoreactivity was determined individually before investigating the 

implications of their combination with TiO2. 
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2. Background 
Photocatalysis is essentially the process of turning the energy in light into 

chemical reactions. The ability of some materials to absorb and transfer the energy of a 

photon has been known since the early 1900s, but the realization of the commercial 

utility of photocatalysis is generally agreed to have origins in the studies using TiO2 to 

split water by Fujishima and Honda in the early 1970s [36-38]. Many reviews exist that 

cover the photocatalysis literature of FNPs and semiconductors [15, 16, 39-43]. Creating 

and manipulating material at the nanoscale has resulted in both improved 

electrochemical efficiency and increased interactions with contaminants in either air or 

water, leading to applications that range from energy capture and storage, to water 

treatment and contaminant degradation, to self-cleaning surfaces [38, 44-48]. When 

considering NP photocatalysis, efficiency will depend on particle surface chemistry and 

on the dynamics of particle interactions – particularly their tendency to form aggregates. 

As a result, investigations should be designed so that potential influences are considered 

and their impact on NP aggregation is accounted for. 

This chapter provides an overview of nanoparticle photoreactivity and describes 

the fundamental interactions that are expected to impact the reactivity of NPs in 

aqueous environments. First, photocatalysis and the production of reactive oxygen 

species (ROS) are described, including ROS detection and quantification. Secondly, the 

two primary types of photoreactive nanoparticles used in this work, fullerene 
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nanoparticles and titanium dioxide, are introduced, each with an overview of their 

photoreactivity and additionally pertinent physicochemical properties. Thirdly, the 

fundamental processes leading to NP aggregation are described, followed by a 

discussion of how aggregation and interfacial chemistry are expected to impact NP 

photoreactivity. Lastly, efforts to understand the impact of NP photoreactivity in 

complex, natural environments are discussed in light of the challenges associated with 

NP risk assessment. 

2.1 Photocatalysis 

The Plank-Einstein equation describes the energy, E, of light with a given 

wavelength, λ:  

 E = hc
λ

 (Eq 1.) 

where h is plank’s constant and c, the speed of light. This energy is transferred to a 

molecule through the absorbance of photons, exciting the electrons, which can follow a 

variety of pathways to return to the ground state (Figure 1). This may take the form of 

heat dissipation through vibration, light emission (fluorescence or phosphorescence), or 

further energy transfer (sensitization) – all of which result in no net change to the 

molecule. Alternatively, a molecule absorbing photons of sufficient wavelength may 

undergo a chemical reaction resulting in fragmentation, rearrangement, or electron 

transfer [49].  
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Figure 1: Physical and chemical relaxation pathways of excited species. 
Adapted from [49]. 

The absorption of light of sufficient energies has the capacity to degrade plastics 

or pollutants and inactivate bacteria via direct photolysis, though the kinetics of such 

reactions are often slow from an engineering standpoint [50-55]. However, reaction rates 

may be increased, or unfavorable reactions facilitated, by the presence of catalysts in 

suspension [49]. If the catalyst is of the same phase as the reactant, such as dissolved 

iron participating in hydroxyl radical generation in the photo-Fenton reaction [56, 57], 

the reaction is classified as homogeneous photocatalysis. Conversely, the reaction is 

termed heterogeneous photocatalysis if the catalyst is of a different phase such as 

photosensitized nanoparticles [40, 58]. This work focuses on the latter of these options 

and how interactions at the surface of suspended NPs affect the photosensitized 

reaction. 



 

10 

2.1.1 Reactive Oxygen Species 

Heterogeneous photocatalysis in oxygenated waters primarily leads to the 

production of reactive oxygen species. This can occur either by the sensitizer facilitating 

electron transfer, denoted type I, or through the transfer of energy from the 

photocatalyst, denoted type II [16, 59]. These two pathways will produce differing types 

of ROS, but the net result in both cases is to convert absorbed light into chemical energy. 

As a result, an effective photocatalyst will have both high light absorbance and high 

quantum yields [49].  

ROS is a family of oxygen containing compounds with unpaired or excited 

electrons. ROS and reactive nitrogen species (RNS) play important roles in cellular 

signaling and other biological processes, though they are also associated with cellular 

toxicity [60-64]. On a larger scale, ROS is common in surface waters, created primarily 

by the chromaphoric components of dissolved organic matter (CDOM), which have 

been associated with maintaining biological balance and contaminant degradation. [65-

69]. 

The presence of excited or unpaired electrons in ROS destabilizes the compound 

and leads to large redox potentials. As a result, radicals are short-lived, highly unstable, 

and fairly unspecific. They readily react with other compounds as well as with water 

itself, and the potential pathways of radical reactions are often complex [16, 70, 71]. The 
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three primary reactive oxygen species considered herein are singlet oxygen (1O2), 

superoxide (O2�-), and hydroxyl radical (�OH).  

Singlet oxygen is the result of type II sensitization in which an electron in the 

oxygen molecule is excited from the π to the π* antibonding orbital [49]. This excitation 

results in 1O2 being nearly 1V more oxidizing than ground state triplet oxygen [16, 72]. 

1O2 reacts most readily with carbon-carbon double and triple bonds, phenols, sulfides, 

amines, and other anions [72]. 1O2 sensitizers are often organic dyes, aromatic 

hydrocarbons and organic matter, though porphyrins and some inorganics such as 

transition metal complexes and semiconducting metal oxides are also effective 

generators [72]. 

 O2 +P
*→ 1O2 +P  (Eq 2.)  

Superoxide is the result of the single electron addition to molecular oxygen. 

Sensitized dyes are readily capable of forming O2�- in the presence of an electron donor 

[16]. A moderate reductant and nucleophile, O2�- may react through proton removal, 

halide replacement, or as a single electron donor [59].    

 O2 + e
− →O2

•−  (Eq 3.) 

The hydroxyl radical, the single electron oxidation product of hydroxide, is the 

most oxidizing of the three primary forms of ROS (EH = 1.8V at pH 7) [16]. �OH reacts 

primarily through the abstraction of a hydrogen atom, OH addition, or the one electron 

oxidation to return to the hydroxide anion. 
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 −OH + h+ → •OH  (Eq 4.) 

2.1.1.1 ROS Detection 

ROS measurements, given the short half-lives involved, are often achieved via 

probe compounds that are either oxidized or reduced upon reaction with the produced 

radicals. These measurements are feasible because of the high reaction rate constants of 

the probe compounds and the changes that result in spectroscopic properties (monitored 

as fluorescence or absorption). Probe response generally indicates cumulative ROS 

production over a measured exposure time, and care should be taken to limit the factors 

(e.g. NP concentration, duration of exposure) that would result in an overabundance of 

ROS production and hinder the probe’s reaction efficiency. Many probes are available 

and their usage depends on experimental constraints such as bacterial toxicity, matrix 

effects, pH, and solution chemistry [72-77]. Often these have been designed to monitor 

endogenous ROS production for biological endpoints but can be used for exogenous 

measurements. Other techniques, such as laser flash photolysis and electron 

paramagnetic resonance spectroscopy (EPR) are effective but require extensive 

instrumentation that makes them difficult to use with complex systems or in real time 

environmental studies [78-80]. Monitoring specific compound degradation has been 

effectively used to monitor multiple ROS species simultaneously, however liquid 

chromatography is necessary for analysis, which can be time consuming [77, 81, 82]. 
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Table 1: Selected ROS standard generators, probes, and quenchers. 

Use Species Compound Reference 

Probes 1O2 Singlet Oxygen Sensor Green [83, 84] 

    

 
O2�- Tetrazolium salt, XTT [73, 85] 

  
Hydrethidium [75, 86] 

    

 
�OH Terephthalic Acid [76, 87-89] 

    
Quenchers 1O2 β-Carotene [90] 

  
L-Histidine [91, 92] 

    

 
O2�- SOD [16, 81] 

    

 
�OH N-Acetyl-l-cysteine [93] 

  
Sodium Azide [94] 

    
Generators 1O2 Rose Bengal [95-97] 

  
Methylene Blue [72, 97] 

    

 
O2�- Xanthine / Xanthine Oxidase [98] 

    
 

�OH Hydrogen Peroxide [99, 100] 
 

For measurements of hydroxyl radical production, the oxidation of terephthalic 

acid (TA), shown in Figure 2, to 2-hydroxy terephthalic acid (2HTA), can be followed by 

the fluorescence (315ex/425em) of the product.  Using a standard curve, this fluorescence 

can be quantified and tracked over time as a measure of cumulative hydroxyl radical 

production [76, 87-89]. 
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Figure+4.1+Oxida;on+of+TA+by+the+hydroxyl+radical+creates+the+fluorescent+2HTA+(315ex/
425em).+Adapted+from+Eremia+et+al.38++

 

Figure 2: Terephthalic acid hydroxylation produces the fluorescent 2-hydroxy-
terepthalic acid. Adapted from [89]. 

 

Superoxide production can be measured in a similar fashion using 2,3-bis(2-

Methoxy-4-nitro-5-sulphophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide 

(XTT). Reduction of the compound by two superoxide molecules produces XTT-

formazon, which can be tracked via the formation of an absorption peak at 470nm 

(Figure 3) [73, 85]. Alternatively, the reaction of superoxide with hydroethidine (HE) has 

been shown to result in strong fluoresce (480ex/567em) [75, 86]. 
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Figure 3: Reduction of XTT by superoxide. Adapted from [73]. 

 

Singlet oxygen generation can be measured using the florescent probe Singlet 

Oxygen Sensor Green (SOSG) (Life Sciences, NY, USA). Oxidation of the weakly 

fluorescent starting compound produces an endoperoxide (SOSG-EP), which fluoresces 
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much more strongly (Figure 4) [83, 95, 101, 102]. Though there are some concerns about 

autoflourescence and indications that the molecule itself may act as a photosensitizer, 

for lower concentrations of 1O2 and shorter timeframes, the response is linear and 

efficient [83, 84]. 

SOSG+Oxida;on+

Figure+4.2+Oxida;on+of+SOSG+by+1O2+produces+
the+fluorescent+endoperoxide+(ex504/em525).+
Adapted+from+Gollmer+et+al.40++

moiety coupled to a light-emitting chromophore. Prior to the
reaction with singlet oxygen, emission from the chromophore
is quenched by electron transfer from the adjacent trapping
moiety. Upon reaction with singlet oxygen, however, the
resultant oxygen adduct is no longer an efficient intramolec-
ular electron donor, and light emission readily occurs.

Two clear advantages of this indirect method to detect
singlet oxygen are (1) the luminescence quantum efficiency of
the optical probe is comparatively large and (2) emission
occurs in the visible region of the spectrum where optical
detectors are very efficient. In turn, excellent optical signals
can be obtained from correspondingly smaller amounts of
singlet oxygen in a given system. Of course, a limitation of
this approach is that the probe may also respond to the
effects of reactive oxygen species other than singlet oxygen.
Thus, a key aspect of characterizing such systems is to
ascertain the selectivity of the given probe to singlet oxygen
(13–15).

The basic principle and structure of the two-component
trap-fluorophore system (13) have since been exploited for the
development of a commercially available product: Singlet
Oxygen Sensor Green! (SOSG), Fig. 1 (15). Although the
company that produces and sells SOSG has not explicitly
associated a chemical structure with the name SOSG, the
molecule shown in Fig. 1 is shown in the company’s patent
(16) and, as outlined below, we have independently ascertained
that this structure is indeed correct.

Although SOSG is a relatively new product, it has already
been used in a number of published studies (17–21). Of
particular importance, certainly in light of the work presently
discussed herein, is the report that SOSG can itself sensitize the
production of singlet oxygen (22). Although the SOSG-sensi-
tized singlet oxygen yields reported in this latter study are small
(e.g. FD = 0.006 ± 0.002 upon 355 nm irradiation in a
D2O ⁄CH3OH mixture), they are nevertheless not negligible.

In the present study, we further elaborate aspects of SOSG
photophysics and photochemistry, including features of singlet
oxygen production sensitized by (1) SOSG and (2) the
immediate product of the reaction between SOSG and singlet
oxygen, the SOSG endoperoxide (denoted SOSG-EP).

Although it has been reported that the behavior and response
of SOSG depends on the wavelength of irradiation (i.e. 355 vs
532 nm) (22), we have generally limited our present study to an
irradiation wavelength of 420 nm. This specific wavelength
was chosen, in part, because porphyrins, and many porphyrin
derivatives, are often used as singlet oxygen sensitizers, and
these molecules invariably have a pronounced absorption band
in this spectral domain (i.e. the Soret band). Moreover, many
endogenous singlet oxygen sensitizers have an appreciable
absorption cross section at 420 nm (23).

We also present data to indicate that SOSG can be
incorporated into a living mammalian cell. This is an obser-
vation that, heretofore, has not been reported; indeed, SOSG is
marketed as a cell-impermeable compound (15).

MATERIALS AND METHODS
Sample preparation. The SOSG used for all experiments reported
herein was purchased from Molecular Probes ⁄ Invitrogen. The purity
and exact structure of this SOSG is unknown. In particular, in contrast
to what is shown in Fig. 1 (i.e. 2,4-dicarboxylic acid on the phenyl
group), which is based on a structure shown in the Molecular Probes
patent (16), it is likely that the material received consists of a mixture
of dicarboxylic acid isomers (see Supporting Information). The
material obtained was stored in a desiccator at £)20"C and protected
from light. The SOSG solutions used for the experiments were
prepared by first dissolving the compound in methanol (>99%; Sigma
Aldrich) and then diluting with D2O (>99%; Eurisotop) to yield a
97:3 volume-to-volume D2O:CH3OH ratio. The residual alcohol is
needed to ensure complete dissolution of SOSG. Solutions of SOSG
were prepared under dim light (aerated solutions of SOSG are
nevertheless reasonably stable upon exposure to ambient light).

Independently, SOSG was synthesized using the general protocol
set forth in the patent taken by Molecular Probes (16). The details of
our approach are provided in the Supporting Information. For the
present study, we only used this independently synthesized material to
establish the structure of SOSG.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP, 98%) was purchased from Porphyrin Systems and used as
the independently added photosensitizer in the cell studies. The
photosensitizer Phenalen-1-one-2-sulfonic acid (PNS), used as a
standard for singlet oxygen quantum yield measurements, was
synthesized following a protocol described by Nonell et al. (24).
Fluorescein (95%; Sigma Aldrich), bovine serum albumin (BSA, 99%;
Sigma Aldrich) and NaN3 (>99%; Merck) were used as received.

ET

OHO

Cl

COOH

HOOC

O OHO O

Cl

COOH

HOOC
O

O

weakly ylhgihtnecseroulf  fluorescent

O2(a1 g)

ET

SOSG SOSG-EP
Figure 1. Formation of the endoperoxide of SOSG (denoted SOSG-EP) upon reaction of SOSG with singlet oxygen. Prior to the reaction with
singlet oxygen, intramolecular electron transfer (ET) quenches the fluorescence from the light-emitting chromophore. Upon reaction with singlet
oxygen and the formation of the endoperoxide, electron transfer is precluded, and fluorescence is observed. As indicated in Materials and Methods,
the SOSG commercially obtained is likely a mixture of the 2,4 and 2,5 dicarboxylic acids, not just the 2,4 isomer shown here.

2 Anita Gollmer et al.

moiety coupled to a light-emitting chromophore. Prior to the
reaction with singlet oxygen, emission from the chromophore
is quenched by electron transfer from the adjacent trapping
moiety. Upon reaction with singlet oxygen, however, the
resultant oxygen adduct is no longer an efficient intramolec-
ular electron donor, and light emission readily occurs.

Two clear advantages of this indirect method to detect
singlet oxygen are (1) the luminescence quantum efficiency of
the optical probe is comparatively large and (2) emission
occurs in the visible region of the spectrum where optical
detectors are very efficient. In turn, excellent optical signals
can be obtained from correspondingly smaller amounts of
singlet oxygen in a given system. Of course, a limitation of
this approach is that the probe may also respond to the
effects of reactive oxygen species other than singlet oxygen.
Thus, a key aspect of characterizing such systems is to
ascertain the selectivity of the given probe to singlet oxygen
(13–15).

The basic principle and structure of the two-component
trap-fluorophore system (13) have since been exploited for the
development of a commercially available product: Singlet
Oxygen Sensor Green! (SOSG), Fig. 1 (15). Although the
company that produces and sells SOSG has not explicitly
associated a chemical structure with the name SOSG, the
molecule shown in Fig. 1 is shown in the company’s patent
(16) and, as outlined below, we have independently ascertained
that this structure is indeed correct.

Although SOSG is a relatively new product, it has already
been used in a number of published studies (17–21). Of
particular importance, certainly in light of the work presently
discussed herein, is the report that SOSG can itself sensitize the
production of singlet oxygen (22). Although the SOSG-sensi-
tized singlet oxygen yields reported in this latter study are small
(e.g. FD = 0.006 ± 0.002 upon 355 nm irradiation in a
D2O ⁄CH3OH mixture), they are nevertheless not negligible.

In the present study, we further elaborate aspects of SOSG
photophysics and photochemistry, including features of singlet
oxygen production sensitized by (1) SOSG and (2) the
immediate product of the reaction between SOSG and singlet
oxygen, the SOSG endoperoxide (denoted SOSG-EP).

Although it has been reported that the behavior and response
of SOSG depends on the wavelength of irradiation (i.e. 355 vs
532 nm) (22), we have generally limited our present study to an
irradiation wavelength of 420 nm. This specific wavelength
was chosen, in part, because porphyrins, and many porphyrin
derivatives, are often used as singlet oxygen sensitizers, and
these molecules invariably have a pronounced absorption band
in this spectral domain (i.e. the Soret band). Moreover, many
endogenous singlet oxygen sensitizers have an appreciable
absorption cross section at 420 nm (23).

We also present data to indicate that SOSG can be
incorporated into a living mammalian cell. This is an obser-
vation that, heretofore, has not been reported; indeed, SOSG is
marketed as a cell-impermeable compound (15).

MATERIALS AND METHODS
Sample preparation. The SOSG used for all experiments reported
herein was purchased from Molecular Probes ⁄ Invitrogen. The purity
and exact structure of this SOSG is unknown. In particular, in contrast
to what is shown in Fig. 1 (i.e. 2,4-dicarboxylic acid on the phenyl
group), which is based on a structure shown in the Molecular Probes
patent (16), it is likely that the material received consists of a mixture
of dicarboxylic acid isomers (see Supporting Information). The
material obtained was stored in a desiccator at £)20"C and protected
from light. The SOSG solutions used for the experiments were
prepared by first dissolving the compound in methanol (>99%; Sigma
Aldrich) and then diluting with D2O (>99%; Eurisotop) to yield a
97:3 volume-to-volume D2O:CH3OH ratio. The residual alcohol is
needed to ensure complete dissolution of SOSG. Solutions of SOSG
were prepared under dim light (aerated solutions of SOSG are
nevertheless reasonably stable upon exposure to ambient light).

Independently, SOSG was synthesized using the general protocol
set forth in the patent taken by Molecular Probes (16). The details of
our approach are provided in the Supporting Information. For the
present study, we only used this independently synthesized material to
establish the structure of SOSG.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP, 98%) was purchased from Porphyrin Systems and used as
the independently added photosensitizer in the cell studies. The
photosensitizer Phenalen-1-one-2-sulfonic acid (PNS), used as a
standard for singlet oxygen quantum yield measurements, was
synthesized following a protocol described by Nonell et al. (24).
Fluorescein (95%; Sigma Aldrich), bovine serum albumin (BSA, 99%;
Sigma Aldrich) and NaN3 (>99%; Merck) were used as received.
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moiety coupled to a light-emitting chromophore. Prior to the
reaction with singlet oxygen, emission from the chromophore
is quenched by electron transfer from the adjacent trapping
moiety. Upon reaction with singlet oxygen, however, the
resultant oxygen adduct is no longer an efficient intramolec-
ular electron donor, and light emission readily occurs.

Two clear advantages of this indirect method to detect
singlet oxygen are (1) the luminescence quantum efficiency of
the optical probe is comparatively large and (2) emission
occurs in the visible region of the spectrum where optical
detectors are very efficient. In turn, excellent optical signals
can be obtained from correspondingly smaller amounts of
singlet oxygen in a given system. Of course, a limitation of
this approach is that the probe may also respond to the
effects of reactive oxygen species other than singlet oxygen.
Thus, a key aspect of characterizing such systems is to
ascertain the selectivity of the given probe to singlet oxygen
(13–15).

The basic principle and structure of the two-component
trap-fluorophore system (13) have since been exploited for the
development of a commercially available product: Singlet
Oxygen Sensor Green! (SOSG), Fig. 1 (15). Although the
company that produces and sells SOSG has not explicitly
associated a chemical structure with the name SOSG, the
molecule shown in Fig. 1 is shown in the company’s patent
(16) and, as outlined below, we have independently ascertained
that this structure is indeed correct.

Although SOSG is a relatively new product, it has already
been used in a number of published studies (17–21). Of
particular importance, certainly in light of the work presently
discussed herein, is the report that SOSG can itself sensitize the
production of singlet oxygen (22). Although the SOSG-sensi-
tized singlet oxygen yields reported in this latter study are small
(e.g. FD = 0.006 ± 0.002 upon 355 nm irradiation in a
D2O ⁄CH3OH mixture), they are nevertheless not negligible.

In the present study, we further elaborate aspects of SOSG
photophysics and photochemistry, including features of singlet
oxygen production sensitized by (1) SOSG and (2) the
immediate product of the reaction between SOSG and singlet
oxygen, the SOSG endoperoxide (denoted SOSG-EP).

Although it has been reported that the behavior and response
of SOSG depends on the wavelength of irradiation (i.e. 355 vs
532 nm) (22), we have generally limited our present study to an
irradiation wavelength of 420 nm. This specific wavelength
was chosen, in part, because porphyrins, and many porphyrin
derivatives, are often used as singlet oxygen sensitizers, and
these molecules invariably have a pronounced absorption band
in this spectral domain (i.e. the Soret band). Moreover, many
endogenous singlet oxygen sensitizers have an appreciable
absorption cross section at 420 nm (23).

We also present data to indicate that SOSG can be
incorporated into a living mammalian cell. This is an obser-
vation that, heretofore, has not been reported; indeed, SOSG is
marketed as a cell-impermeable compound (15).

MATERIALS AND METHODS
Sample preparation. The SOSG used for all experiments reported
herein was purchased from Molecular Probes ⁄ Invitrogen. The purity
and exact structure of this SOSG is unknown. In particular, in contrast
to what is shown in Fig. 1 (i.e. 2,4-dicarboxylic acid on the phenyl
group), which is based on a structure shown in the Molecular Probes
patent (16), it is likely that the material received consists of a mixture
of dicarboxylic acid isomers (see Supporting Information). The
material obtained was stored in a desiccator at £)20"C and protected
from light. The SOSG solutions used for the experiments were
prepared by first dissolving the compound in methanol (>99%; Sigma
Aldrich) and then diluting with D2O (>99%; Eurisotop) to yield a
97:3 volume-to-volume D2O:CH3OH ratio. The residual alcohol is
needed to ensure complete dissolution of SOSG. Solutions of SOSG
were prepared under dim light (aerated solutions of SOSG are
nevertheless reasonably stable upon exposure to ambient light).

Independently, SOSG was synthesized using the general protocol
set forth in the patent taken by Molecular Probes (16). The details of
our approach are provided in the Supporting Information. For the
present study, we only used this independently synthesized material to
establish the structure of SOSG.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP, 98%) was purchased from Porphyrin Systems and used as
the independently added photosensitizer in the cell studies. The
photosensitizer Phenalen-1-one-2-sulfonic acid (PNS), used as a
standard for singlet oxygen quantum yield measurements, was
synthesized following a protocol described by Nonell et al. (24).
Fluorescein (95%; Sigma Aldrich), bovine serum albumin (BSA, 99%;
Sigma Aldrich) and NaN3 (>99%; Merck) were used as received.
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moiety coupled to a light-emitting chromophore. Prior to the
reaction with singlet oxygen, emission from the chromophore
is quenched by electron transfer from the adjacent trapping
moiety. Upon reaction with singlet oxygen, however, the
resultant oxygen adduct is no longer an efficient intramolec-
ular electron donor, and light emission readily occurs.

Two clear advantages of this indirect method to detect
singlet oxygen are (1) the luminescence quantum efficiency of
the optical probe is comparatively large and (2) emission
occurs in the visible region of the spectrum where optical
detectors are very efficient. In turn, excellent optical signals
can be obtained from correspondingly smaller amounts of
singlet oxygen in a given system. Of course, a limitation of
this approach is that the probe may also respond to the
effects of reactive oxygen species other than singlet oxygen.
Thus, a key aspect of characterizing such systems is to
ascertain the selectivity of the given probe to singlet oxygen
(13–15).

The basic principle and structure of the two-component
trap-fluorophore system (13) have since been exploited for the
development of a commercially available product: Singlet
Oxygen Sensor Green! (SOSG), Fig. 1 (15). Although the
company that produces and sells SOSG has not explicitly
associated a chemical structure with the name SOSG, the
molecule shown in Fig. 1 is shown in the company’s patent
(16) and, as outlined below, we have independently ascertained
that this structure is indeed correct.

Although SOSG is a relatively new product, it has already
been used in a number of published studies (17–21). Of
particular importance, certainly in light of the work presently
discussed herein, is the report that SOSG can itself sensitize the
production of singlet oxygen (22). Although the SOSG-sensi-
tized singlet oxygen yields reported in this latter study are small
(e.g. FD = 0.006 ± 0.002 upon 355 nm irradiation in a
D2O ⁄CH3OH mixture), they are nevertheless not negligible.

In the present study, we further elaborate aspects of SOSG
photophysics and photochemistry, including features of singlet
oxygen production sensitized by (1) SOSG and (2) the
immediate product of the reaction between SOSG and singlet
oxygen, the SOSG endoperoxide (denoted SOSG-EP).

Although it has been reported that the behavior and response
of SOSG depends on the wavelength of irradiation (i.e. 355 vs
532 nm) (22), we have generally limited our present study to an
irradiation wavelength of 420 nm. This specific wavelength
was chosen, in part, because porphyrins, and many porphyrin
derivatives, are often used as singlet oxygen sensitizers, and
these molecules invariably have a pronounced absorption band
in this spectral domain (i.e. the Soret band). Moreover, many
endogenous singlet oxygen sensitizers have an appreciable
absorption cross section at 420 nm (23).

We also present data to indicate that SOSG can be
incorporated into a living mammalian cell. This is an obser-
vation that, heretofore, has not been reported; indeed, SOSG is
marketed as a cell-impermeable compound (15).

MATERIALS AND METHODS
Sample preparation. The SOSG used for all experiments reported
herein was purchased from Molecular Probes ⁄ Invitrogen. The purity
and exact structure of this SOSG is unknown. In particular, in contrast
to what is shown in Fig. 1 (i.e. 2,4-dicarboxylic acid on the phenyl
group), which is based on a structure shown in the Molecular Probes
patent (16), it is likely that the material received consists of a mixture
of dicarboxylic acid isomers (see Supporting Information). The
material obtained was stored in a desiccator at £)20"C and protected
from light. The SOSG solutions used for the experiments were
prepared by first dissolving the compound in methanol (>99%; Sigma
Aldrich) and then diluting with D2O (>99%; Eurisotop) to yield a
97:3 volume-to-volume D2O:CH3OH ratio. The residual alcohol is
needed to ensure complete dissolution of SOSG. Solutions of SOSG
were prepared under dim light (aerated solutions of SOSG are
nevertheless reasonably stable upon exposure to ambient light).

Independently, SOSG was synthesized using the general protocol
set forth in the patent taken by Molecular Probes (16). The details of
our approach are provided in the Supporting Information. For the
present study, we only used this independently synthesized material to
establish the structure of SOSG.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP, 98%) was purchased from Porphyrin Systems and used as
the independently added photosensitizer in the cell studies. The
photosensitizer Phenalen-1-one-2-sulfonic acid (PNS), used as a
standard for singlet oxygen quantum yield measurements, was
synthesized following a protocol described by Nonell et al. (24).
Fluorescein (95%; Sigma Aldrich), bovine serum albumin (BSA, 99%;
Sigma Aldrich) and NaN3 (>99%; Merck) were used as received.
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moiety coupled to a light-emitting chromophore. Prior to the
reaction with singlet oxygen, emission from the chromophore
is quenched by electron transfer from the adjacent trapping
moiety. Upon reaction with singlet oxygen, however, the
resultant oxygen adduct is no longer an efficient intramolec-
ular electron donor, and light emission readily occurs.

Two clear advantages of this indirect method to detect
singlet oxygen are (1) the luminescence quantum efficiency of
the optical probe is comparatively large and (2) emission
occurs in the visible region of the spectrum where optical
detectors are very efficient. In turn, excellent optical signals
can be obtained from correspondingly smaller amounts of
singlet oxygen in a given system. Of course, a limitation of
this approach is that the probe may also respond to the
effects of reactive oxygen species other than singlet oxygen.
Thus, a key aspect of characterizing such systems is to
ascertain the selectivity of the given probe to singlet oxygen
(13–15).

The basic principle and structure of the two-component
trap-fluorophore system (13) have since been exploited for the
development of a commercially available product: Singlet
Oxygen Sensor Green! (SOSG), Fig. 1 (15). Although the
company that produces and sells SOSG has not explicitly
associated a chemical structure with the name SOSG, the
molecule shown in Fig. 1 is shown in the company’s patent
(16) and, as outlined below, we have independently ascertained
that this structure is indeed correct.

Although SOSG is a relatively new product, it has already
been used in a number of published studies (17–21). Of
particular importance, certainly in light of the work presently
discussed herein, is the report that SOSG can itself sensitize the
production of singlet oxygen (22). Although the SOSG-sensi-
tized singlet oxygen yields reported in this latter study are small
(e.g. FD = 0.006 ± 0.002 upon 355 nm irradiation in a
D2O ⁄CH3OH mixture), they are nevertheless not negligible.

In the present study, we further elaborate aspects of SOSG
photophysics and photochemistry, including features of singlet
oxygen production sensitized by (1) SOSG and (2) the
immediate product of the reaction between SOSG and singlet
oxygen, the SOSG endoperoxide (denoted SOSG-EP).

Although it has been reported that the behavior and response
of SOSG depends on the wavelength of irradiation (i.e. 355 vs
532 nm) (22), we have generally limited our present study to an
irradiation wavelength of 420 nm. This specific wavelength
was chosen, in part, because porphyrins, and many porphyrin
derivatives, are often used as singlet oxygen sensitizers, and
these molecules invariably have a pronounced absorption band
in this spectral domain (i.e. the Soret band). Moreover, many
endogenous singlet oxygen sensitizers have an appreciable
absorption cross section at 420 nm (23).

We also present data to indicate that SOSG can be
incorporated into a living mammalian cell. This is an obser-
vation that, heretofore, has not been reported; indeed, SOSG is
marketed as a cell-impermeable compound (15).

MATERIALS AND METHODS
Sample preparation. The SOSG used for all experiments reported
herein was purchased from Molecular Probes ⁄ Invitrogen. The purity
and exact structure of this SOSG is unknown. In particular, in contrast
to what is shown in Fig. 1 (i.e. 2,4-dicarboxylic acid on the phenyl
group), which is based on a structure shown in the Molecular Probes
patent (16), it is likely that the material received consists of a mixture
of dicarboxylic acid isomers (see Supporting Information). The
material obtained was stored in a desiccator at £)20"C and protected
from light. The SOSG solutions used for the experiments were
prepared by first dissolving the compound in methanol (>99%; Sigma
Aldrich) and then diluting with D2O (>99%; Eurisotop) to yield a
97:3 volume-to-volume D2O:CH3OH ratio. The residual alcohol is
needed to ensure complete dissolution of SOSG. Solutions of SOSG
were prepared under dim light (aerated solutions of SOSG are
nevertheless reasonably stable upon exposure to ambient light).

Independently, SOSG was synthesized using the general protocol
set forth in the patent taken by Molecular Probes (16). The details of
our approach are provided in the Supporting Information. For the
present study, we only used this independently synthesized material to
establish the structure of SOSG.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H, 23H-porphine
(TMPyP, 98%) was purchased from Porphyrin Systems and used as
the independently added photosensitizer in the cell studies. The
photosensitizer Phenalen-1-one-2-sulfonic acid (PNS), used as a
standard for singlet oxygen quantum yield measurements, was
synthesized following a protocol described by Nonell et al. (24).
Fluorescein (95%; Sigma Aldrich), bovine serum albumin (BSA, 99%;
Sigma Aldrich) and NaN3 (>99%; Merck) were used as received.
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Figure 1. Formation of the endoperoxide of SOSG (denoted SOSG-EP) upon reaction of SOSG with singlet oxygen. Prior to the reaction with
singlet oxygen, intramolecular electron transfer (ET) quenches the fluorescence from the light-emitting chromophore. Upon reaction with singlet
oxygen and the formation of the endoperoxide, electron transfer is precluded, and fluorescence is observed. As indicated in Materials and Methods,
the SOSG commercially obtained is likely a mixture of the 2,4 and 2,5 dicarboxylic acids, not just the 2,4 isomer shown here.

2 Anita Gollmer et al.

 

Figure 4: Oxidation of SOSG by 1O2. Adapted from [83].  

 

2.1.1.2 ROS Standard Generators 

Quantification of ROS production detected via probe compounds is possible 

using known ROS generators. Often, these are dyes or other chromaphores. For 

example, rose bengal exposed to UV light at 365nm will generate singlet oxygen with a 

quantum yield of 0.75 [95-97, 103]. By measuring UV fluence and the absorbance of the 

sensitizer at a given concentration, the 1O2 generation rate can be calculated. This can 

then be combined with the response of the probe compound to create a standard 

response curve. Similarly, xanthine combined with xanthine oxidase is a known 

superoxide generator [98], while hydrogen peroxide can be used to generate hydroxyl 

radicals [99, 100]. 
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2.1.1.3 ROS Quenchers 

The use of quenching agents can help to isolate the effect of a single species when 

investigating the ROS mediated inactivation of bacteria or viruses. Because the 

pathways though which ROS can react are often complex and interrelated, the use of 

compounds that specifically react with a given radical at a rate large enough to 

outcompete other reactions can greatly clarify observations [70, 71, 104]. Frequently 

employed quenching agents are typically biologically synthesized molecules that are 

produced to protect cells from the oxidizing and inflammatory effect of free radicals 

such as superoxide dismutase for superoxide, or β-carotene and histidine for singlet 

oxygen [90-92, 105]. Care should be taken in selecting an appropriate quencher when 

studying biological systems as some options (e.g. N-acetyl-cysteine) are biologically safe 

while others (e.g. sodium azide) have known toxicity, though both are effective �OH 

quenchers [93, 94, 106]. 

2.2 Photoreactive Nanoparticles 

Photoreactive nanoparticles may be semiconductors, often metal oxides (e.g. 

WO3, SrTiO3, Fe2O3, ZnO) or metal sulfides (CdS, ZnS), or carbon based NPs (e.g. 

fullerene nanoparticles (FNPs), carbon nanotubes (CNTs), and graphene) [16, 107, 108]. 

In semiconductors, the difference in energy levels between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is 

sufficient that electrons are unable to freely occupy higher orbitals due to relatively 
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insignificant changes in energy (as is the case for conductive metals), but not so great 

that the band gap between the HOMO and LUMO is insurmountable (as is the case for 

insulators).  

As the difference in the HOMO and LUMO determines the energy necessary to 

promote an electron into the conduction band, a small band gap is desirable for 

photocatalysis, which enables excitation by photons of greater wavelength. The 

absorption of a photon with energy greater than or equal to the band gap will promote 

an electron from the HOMO, across the band gap into the LUMO, leaving behind a 

photogenerated hole, h+. From here, the presence of vacant orbitals permits the 

migration of the photoëxcited electron through the conduction band, while the 

photogenerated hole is free to migrate through the valence band [40]. Once the electron-

hole pair has been generated, they may recombine, releasing energy via fluorescence. 

Alternatively, migration to the surface of the sensitizer and interaction of h+ with water 

or the electron with oxygen can produce hydroxyl radicals and superoxide, respectively 

(Figure 7).  

To be practically useful, the semiconductor should be insoluble and inert in 

water. Additionally, the band gap should span the redox potential of water in order to 

permit �OH production [108]. While TiO2 is often selected for its inert nature and 

relative abundance, the band gap of 3.2 and 3.0 V for anatase and rutile, respectively 

means that light with wavelengths of less than 415 nm for rutile, and 385 nm for anatase, 
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is necessary for photoëxcitation [16]. This is a significant limiting factor, with 

implications for cost and practicality. When considering TiO2 for photocatalytic 

processes, it necessitates the use of UV lamps, and considerable research has 

investigated semiconductor doping in an attempt to decrease the band gap so that less 

expensive visible light (i.e. solar) sources can be effectively employed [41, 109, 110]. 

While this is an extensive and active field of research, it falls outside the scope of work 

presented in this dissertation. 

Similarly, for carbonaceous NPs the absorption of light excites an electron into 

the LUMO [111, 112]. Relaxation can take the form of radiative decay (phosphorescence), 

increased vibration (heat exchange), or chemical transformation. Chemical 

transformations will either take place through degradation, typically oxidation in the 

presence of dissolved oxygen, or catalysis in which energy is transferred through either 

type I or type II sensitization (Figure 6) [40].  

In determining the efficacy of a sensitizer, the quantum yield, the ratio of 

absorbed photons resulting in this latter pathway to all non-catalytic pathways, is 

employed. This propensity for chemical reactions ranges from zero (no reaction) to unity 

(all absorbed photons result in a reaction) [49]. Knowing this, the incident light intensity, 

and the absorptivity of the compound, one can calculate the ROS production from a 

given concentration of a photocatalyst. 
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2.2.1 Fullerene Nanoparticles 

Fullerene, first described in the literature in 1985 [113], is a carbon allotrope most 

commonly composed of 60 carbon atoms (C60) forming interlocked hexagonal and 

pentagonal rings in sp2 hybridization, Figure 5 (a). The extensive π-electron bonding 

throughout the carbon cage gives rise to a number of interesting and potentially useful 

parameters, including strength, resistance to degradation, photocatalytic ability, and, in 

a complicating factor when considering their employment in aqueous systems, 

significant hydrophobicity [26, 114, 115]. 

Due to this hydrophobic nature of C60, larger aggregates composed of “n” 

number of individual monomers, referred to as nC60, are generally formed in aqueous 

suspensions. In an attempt to minimize the size and number of monomers within 

aggregates, multiple methods of dispersion have been attempted including long term 

stirring, solvent exchange, and high power ultrasonication, to varying degrees of success 

and particle alteration [116, 117]. Though solvent exchange, often with tetrahydrofuran, 

was initially utilized for FNP dispersions, toxicity measurements were complicated by 

residual solvent [118-120]. Additionally, long term stirring and sonication have been 

observed to hydroxylate FNP aggregates in suspension [121, 122]. 

Additionally, derivatization of the carbon cage, wherein some of the π-electron 

bonding is disrupted to allow for the addition of functional groups to the outside of the 

cage, has been employed to increase solubility. Frequently this is instigated through the 
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addition of hydroxyl, amine, or other small functional groups, though large side chains 

have been used both for aqueous stabilization, cross-linking with polymer substrates, or 

vehicles for drug delivery [123-126]. The most commonly studied functionalized 

fullerene, nominally with 24 hydroxyl groups, is fullerol (C60(OH)24) Figure 5 (b) [22, 78, 

127-129]. Functionalization not only alters solubility but impacts many other physical 

and photochemical properties of the FNP. OH
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Figure 5: (a) C60, fullerene and (b) C60(OH)24, fullerol. 

 

2.2.1.1 FNP Reactivity 

Fullerenes are efficient photosensitizers capable in solution of transferring 

energy from absorbed light to dissolved oxygen [112, 130, 131]. This occurs as the 

absorption of UV light propagates an electron from the ground state to the excited 

singlet state. This short lived energy state rapidly (order of nanoseconds) decays to the 

relatively stable excited triplet state (tens of microseconds) where energy can further be 

transferred to dissolved oxygen in solution, creating 1O2 as shown in Figure 6 [111]. 
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Alternatively, if an electron donor is present, the excited triplet state may abstract that 

electron, producing a radical anion, after which the reaction with dissolved oxygen will 

produce superoxide (O2�-) [130-132]. 

Fullerene+Sensi;za;on+

Figure+4.4+Photosensi;za;on+of+C60.+Adapted+from+Brunet+et+al.78++

 

Figure 6: Photosensitization of and ROS production by C60. Adapted from [81]. 

 

Nucleophilic addition reactions are capable of producing a vast number of 

products by adding functional groups to the fullerene cage [123]. The functionalization 

of C60 has been shown to change singlet state absorption and decay and decrease 

photochemical ability [80, 133]. However, most investigations have involved the 

addition of large functional groups compared to the relatively small carbon cage [125, 

134-136]. This trend has been continued more recently through investigations of singlet 

production and virus inactivation after large chain additions [32, 137, 138]. The presence 

of simple, low molecular weight additions has not yet been thoroughly investigated. 

Given the photoreactivity of FNPs, there has been interest in their antimicrobial 

and anti-viral capabilities, both as a targeted application of FNPs or an unintended 
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consequence of environmental release [52]. Badireddy et al. investigated the inactivation 

of MS2 virus by fullerol and observed that viral inactivation was due predominantly to 

singlet oxygen production [128]. Generally, no inactivation is seen under dark 

conditions for sonicated aqueous suspensions [139]. 

2.2.1.2 FNP Physical Transformations 

Owing to the hydrophobicity of C60, the size distributions of aqueous dispersions 

are often highly heterogeneous. Chae et al. demonstrated the relationship between 

aggregate diameter and characteristics such as pH, ORP, and the coefficient of 

attachment efficiency (α) by filtering a suspension nC60 to different pore sizes [121]. The 

conclusion was that the stability of a fullerene or aggregate changes as a result of surface 

hydroxylation during suspension preparation.  

This work built upon previous studies looking at the possibility of surface 

transformations either during or after suspension preparation. Brant et al., in looking at 

the effect of varying solvent exchange dispersion methods, found through light 

scattering that the internal structure, as well as aggregate size, differed based on 

dispersion methods [116]. These findings were attributed to varying degrees of 

aggregate stabilization due to electrostatic and hydration interactions, a conclusion that 

was supported by later studies looking at the irreversible hydration and hydroxylation 

of nC60 aggregates during sonication as evidenced by FTIR and NMR [122]. The reaction 

of nC60 with hydroxyl radicals produced via cavitation was proposed to be the primary 



 

23 

mechanism for this hydroxylation, which was further supported by the work of Lee et 

al. using gamma radiation to expose C60 suspensions to hydroxyl radicals [140]. Surface 

hydroxylation was also observed through the evolution of UV-vis absorption spectra by 

Chang et al. during long-term stirring of C60 in aqueous suspensions without any solvent 

exchange [117]. Together, these studies point to the changes that necessarily occur to 

pristine, powdered C60 in creating quasi-stable aqueous dispersions.  

Furthermore, UV irradiation of prepared C60 suspensions was shown by Lee et al. 

to alter the fullerenes into mono- and di-oxygenated products [24]. Others have shown 

similar UV-mediated transformations of fullerene [23, 129, 141]. Hwang et al. detailed 

changes in suspension characteristics over 21 days, with transformations likely 

continuing afterwards [142]. 

2.2.2 Titanium Dioxide 

TiO2 is a semiconducting metal oxide with three different crystalline phases: 

anatase, brookite, and rutile. Of these, rutile is the most stable, while brookite is the least 

and readily transforms to rutile [143]. Due to it’s photoelectronic characteristics, TiO2 has 

widely been studied for many applications, including pigmentation, advanced oxidation 

processes, photovoltaics, and biomedical therapies [15, 144-147]. 

2.2.2.1 TiO2 Reactivity 

Of the three crystalline phases of TiO2, anatase shows the greatest photoactivity 

[146, 148]. Rutile appears to be a generally less efficient photocatalyst than anatase for 
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the majority of compounds, but has shown high photocatalytic ability for some [15, 149]. 

Brookite is the least often employed, owing partly to its difficulty to prepare and purify 

[150, 151]. Additionally, Bakardjieva et al. found the inclusion of brookite did not 

markedly improve reactivity when testing various combinations of crystalline phases 

[152, 153]. 

As a semiconductor, the absorption of light greater than or equal to the band gap 

will promote an electron from the HOMO to the LUMO, leaving behind a positive hole. 

For undoped TiO2 in the anatase crystalline phase, this occurs at approximately 385nm 

(corresponding to a band gap of 3.2 V) [16]. As shown in Figure 7, once separated, both 

the electron and the hole may migrate to the surface of the particle where they are 

capable of undergoing a number of reactions, either reducing or oxidizing compounds 

present on the crystalline surface [40, 154, 155]. Additionally, they may recombine, 

releasing the absorbed energy through photoluminescence or non-radiative decay in 

processes that produce no chemical transformation. For ROS forming pathways, the 

electron, after migrating to the surface, is capable of reducing dissolved oxygen to 

produce superoxide, while the hole is able to abstract an electron from hydroxide, 

producing the highly oxidizing hydroxyl radical [15, 156].  

While much of the environmental TiO2 research focuses on compound 

degradation [40, 107, 146, 157-160], photoactivated TiO2 has proven effective at bacteria 

and virus inactivation, with �OH playing a predominant role in toxicity [71, 161-163]. 
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With TiO2 increasingly used in consumer products manufacturing (e.g. sunscreens, 

polymers and paints, cements) [164-168], the release of TiO2 into the environment will 

continue to increase [169-171]. As such, applications should also take into account the 

potential for unintended biological impacts resulting from these products [172-174]. 
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Figure 7: Photosensitization of and ROS production by TiO2. Adapted from 
[40]. 

 

2.2.2.2 P25 TiO2 

P25, manufactured by Evonik (Germany), is the most commonly cited 

commercial TiO2 product in the literature and consists of a combination of the rutile and 

anatase phases fused together in roughly a 20:80 ratio [175]. The individual particle size 

is nominally 25nm with a BET surface area of about 55 m2 g-1 [15, 175, 176], however the 



 

26 

fused nature of the particles results in ultrasonicated dispersions of hundreds of 

nanometers [177, 178]. P25 has been observed to produce greater �OH than similar 

dispersions of anatase alone (Figure 8), attributed in part to the formation of trapping 

sites at the rutile-anatase junctions [155]. Bakardjieva et al. also demonstrated that the 

ratio of anatase to rutile impacts particle size, pore size and, ultimately photoreactivity 

[153]. None of their samples bettered P25 at the degradation of 4-chlorophenol, though 

similar ratios behaved with much the same effectiveness. 
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Figure 8: �OH production of various TiO2 suspensions at 20ppm, measured by 
TA and graphed as fluorescence intensity vs. emission wavelength after 5 minutes of 

UV-A exposure. Unpublished data.  

 



 

27 

2.3 Particle Stability and Aggregation 

2.3.1 Particle Attachment 

When two particles collide in a fluid, the likelihood that they will attach and 

produce an aggregate is indicated by the parameter α, the coefficient of attachment 

efficiency. This “stickiness coefficient” is the ratio of particle attachment occurrences to 

particle collisions, ranging from zero (no attachment) to unity (every collision results in 

attachment), and is governed primarily by the surface chemistry of the particle [179]. 

Van der Waal’s forces, the weakly attractive forces between two particles, are easily 

overcome by electrostatic repulsion in the bulk. As two similarly charged particles come 

towards each other, the net repulsive force increases. However, because the charge on 

the surface of a particle is finite, and van der Waal’s attraction forces continually 

increase as the separation distance drops to zero, the net force, considering these two 

phenomena, will typically be attractive at a sufficiently small separation distance. Thus 

particles brought closely enough together will continue to approach each other until the 

electron clouds of individual atoms begin to overlap, as dictated by Born repulsion. 

DLVO theory quantitatively describes this net attractive or repulsive force for particles 

of varying separation distances (Figure 9) [180, 181]. 
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Figure 9: DLVO schematic illustrating the sum (solid black line) of 
electrostatic repulsion (blue dashed line) and van der Waal’s attraction (red dashed 

line) as a function of separation distance. 

 

The magnitude of electrostatic repulsive forces depends on the surface charge, 

conferred by lattice structure, surface defects in the crystalline phase, and adsorbed 

species or functional groups. Effectively, this charge on the surface of a particle draws 

near a fixed layer of ions of opposite charge existing in solution as a counterbalance, the 

Stern layer. The concentration of counter-ions decreases with distance from the surface 

until it reaches an effective balance between positive and negative at which point 

particles no longer feel the impact of each other. The distance over which this occurs, the 

Debeye length (κ-1), depends on the magnitude of the charge on the surface, however, as 
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is seen in Equation 5, for a given surface charge, this length can be decreased though 

charge screening, accomplished by increasing the ionic strength of the solution:  

 κ −1 =
εkBT
2NAe

−2I
 (Eq 5.) 

Here ε is the permittivity of the system, kB is the Boltzman constant, T is temperature, 

NA is Avagadro’s number, e is the charge of an electron, and I is the ionic strength of the 

solution. When measuring particle stability via electrophoretic mobility, the value 

calculated as the zeta (ζ) potential is the net charge at the slipping plane rather than the 

charge on the surface itself or at the Stern layer. Together, these regimes make up the 

electrical double layer of a particle [182].  

Additionally, adsorbed species or functional groups on the surface of a particle 

can increase stability through steric hindrance, preventing other particles from 

approaching close enough to overcome the repulsive force [29, 183]. This often occurs to 

particles naturally from environmental organic matter or biological molecules [184-187] 

and can be engineered through the use of various surfactants and stabilizers [25, 188, 

189]. Under these cases, classical DLVO theory breaks down, and a number of equations 

have been derived to describe extended DLVO behavior based on the particle 

characteristics [29, 189-191].  
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2.3.2 Rectilinear Transport and Particle Collisions 

For two particles to aggregate, they must first be brought together. The process 

by which particles come into contact is governed by both the characteristics of the 

particles and the solution. In a rectilinear transport model, interactions between the 

stream lines of approaching particles are ignored and transport is assumed to follow 

straight flow lines.  Three collision mechanisms are typically considered: fluid shear 

(kSH), Brownian motion (kB), and differential settling (kDS) such that 

 β = kSH + kB + kDS  (Eq 6.) 

where β is the combined rate of collisions between particles in units of per number 

concentration per time. 

Fluid shear is governed by the velocity gradients within the fluid and produces a 

ballistic transport mechanism. Particles carried along a path of higher velocity will 

overtake those travelling at a lower velocity denoted in Equation 7 where di and dj are 

the diameters of particles i and j, respectively, and G is the mean velocity gradient 

produced by mixing in units of second-1. 

 kSH (i, j) =
(di − dj )

3G
6

 (Eq 7.) 

Brownian motion is determined by the viscosity of the fluid, µ, and the internal 

energy (i.e. temperature) of the particle. The contribution from Brownian motion 

dominates for small particles under quiescent conditions. 
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 kB (i, j) =
2kBT
3µ

1
di
+
1
dj

!

"
##

$

%
&& di + dj( )  (Eq 8.) 

Differential settling (Equation 9) applies to particles or aggregates of varying 

size, in which the settling rate of larger or denser particles causes them to travel more 

quickly, overcoming smaller or less dense particles in their path. Here, g is the force of 

gravity.  

 kDS (i, j) =
πg(ρi − ρ j )
72µ

(di + dj )
2 (di

2 − dj
2 )  (Eq 9.) 

The overall rate of aggregation is a combination of both particle attachment (α) 

and transport (β), described by the Smoluchowski equation: 

 
dNk

dt
=
1
2
α βijNiN ji+ j=k∑ −αNk βikNii=1

∞

∑  (Eq 10.) 

Here dNk

dt
 describes the accumulation of particles of a given size, k, with generation due 

to the combination of smaller size classes, i and j, and loss due to aggregation of size 

class k to larger sizes [192, 193]. 

The rate of aggregation impacts not only the size of aggregates, but also their 

structure. The size of an aggregate and number of primary particles can be related to the 

density by the fractal dimension, Df, which constitutes a description of aggregate self-

similarity across length scales [194].  
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2.3.3 Fractal Dimension 

If particles are fully destabilized (α=1), aggregation is considered diffusion 

limited (DLA) (Figure 10 (a)). Under DLA, the barrier to attachment is effectively 

nonexistent, and a particle will attach to the first surface with which it collides, rapidly 

producing relatively large, open aggregates with fractal dimensions around 1.8 [195]. 

Conversely, smaller, denser aggregates are produced if aggregation is slow and multiple 

collisions are necessary before attachment occurs. This latter condition is termed reaction 

limited aggregation (RLA) and is characterized by Df values of 2.1 or greater (Figure 10 

(b)) [195, 196]. Particles brought together by fluid flow or deposition (in contrast to 

Brownian motion) undergo ballistic aggregation, resulting in aggregates for which the 

Df generally lies in between values for DLA and RLA aggregation [196, 197]. 
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for reaction limited aggregation [22,23]. The 

experimental curve at 55 mM, shown in Fig. la, 

was also exponential-like when viewed over 

extended aggregation time. However, at even lower 

KC1 concentrations, due to slow aggregation kinet- 

ics, the shape of the curves was difficult to deter- 

mine within 24 h. It is very interesting to note that 

the transition from a concave to a convex shaped 

curves occurred in a very narrow KC1 concen- 

tration range of 65-75 mM. The initial rapid 

increase in the aggregate size in experiments at 

[ K C 1 ] > 6 5 m M  is probably due to orthokinetic 

coagulation during mixing. 

4.2. Dynamic scaling 

The fractal dimension of diffusion limited aggre- 

gates may be computed from Eq. (15) if the number 

average radius of gyration is known. But the 

parameter determined by PCS is the z-average 

1000 

E r "  

100 

Slope=0.534 

I 
10 

100 

Time/rain 

Fig. 2. Logarithmic plot of the mean hydrodynamic size versus 

aggregation time for DLA ([KC1] =200 mM). 

(a) 

(b) 

Fig. 3. Transmission electromicrographs of typical aggregates 

formed in (a) DLA regime for [KCI]=0.3 M, and (b) RLA 

regime for [KC1] = 55 mM. 

hydrodynamic size. In fact, these two parameters 

are approximately proportional under our experi- 

mental conditions [ 12]. Thus the fractal dimension 

may be estimated from the logarithmic plots of 

z-average size against time. A typical plot is shown 

in Fig. 2 which is linear over the size range 

200-1200 nm ([KC1] =0.2 M). At larger sizes, the 

slope decreases, probably due to the sedimentation 

of aggregates. Eight experiments in the DLA 

18
0 

J. 
Zh

an
g,

 J
. B

uf
fle

/C
ol

lo
id

s 
Su

rfa
ce

s A
: P

hy
sic

oc
he

m.
 E

ng
. A

sp
ec

ts 
10

7 
(1

99
6)

 1
75

-1
87

 

fo
r 

re
ac

tio
n 

lim
ite

d 
ag

gr
eg

at
io

n 
[2

2,
23

]. 
Th

e 

ex
pe

rim
en

ta
l 

cu
rv

e 
at

 5
5 

m
M

, 
sh

ow
n 

in
 F

ig
. l

a,
 

w
as

 
al

so
 

ex
po

ne
nt

ia
l-l

ik
e 

w
he

n 
vi

ew
ed

 
ov

er
 

ex
te

nd
ed

 a
gg

re
ga

tio
n 

tim
e.

 H
ow

ev
er

, a
t e

ve
n 

lo
w

er
 

K
C1

 c
on

ce
nt

ra
tio

ns
, d

ue
 to

 s
lo

w
 a

gg
re

ga
tio

n 
ki

ne
t- 

ics
, t

he
 s

ha
pe

 o
f t

he
 c

ur
ve

s 
w

as
 d

iff
ic

ul
t t

o 
de

te
r-

 

m
in

e 
w

ith
in

 2
4 

h.
 I

t i
s v

er
y 

in
te

re
st

in
g 

to
 n

ot
e 

th
at

 

th
e 

tra
ns

iti
on

 f
ro

m
 a

 c
on

ca
ve

 t
o 

a 
co

nv
ex

 s
ha

pe
d 

cu
rv

es
 o

cc
ur

re
d 

in
 a

 v
er

y 
na

rr
ow

 K
C1

 c
on

ce
n-

 

tr
at

io
n 

ra
ng

e 
of

 6
5-

75
 m

M
. 

Th
e 

in
iti

al
 

ra
pi

d 

in
cr

ea
se

 i
n 

th
e 

ag
gr

eg
at

e 
siz

e 
in

 e
xp

er
im

en
ts

 a
t 

[K
C

1]
>6

5m
M

 
is 

pr
ob

ab
ly

 d
ue

 t
o 

or
th

ok
in

et
ic

 

co
ag

ul
at

io
n 

du
ri

ng
 m

ix
in

g.
 

4.
2.

 D
yn

am
ic

 sc
al

in
g 

Th
e 

fr
ac

ta
l d

im
en

si
on

 o
f d

iff
us

io
n 

lim
ite

d 
ag

gr
e-

 

ga
te

s m
ay

 b
e 

co
m

pu
te

d 
fr

om
 E

q.
 (1

5)
 if

 th
e 

nu
m

be
r 

av
er

ag
e 

ra
di

us
 

of
 g

yr
at

io
n 

is 
kn

ow
n.

 
Bu

t 
th

e 

pa
ra

m
et

er
 d

et
er

m
in

ed
 b

y 
PC

S 
is 

th
e 

z-
av

er
ag

e 

10
00
 E r"
 

10
0 

Sl
op

e=
0.

53
4 

I 

10
 

10
0 

Ti
me
/r
ai
n 

Fi
g.

 2
. 

Lo
ga

rit
hm

ic
 p

lo
t o

f t
he

 m
ea

n 
hy

dr
od

yn
am

ic
 si

ze
 v

er
su

s 

ag
gr

eg
at

io
n 

tim
e 

fo
r D

LA
 (

[K
C1

] =
20

0 
m

M
). 

(a)
 

(b
) Fi

g.
 3

. 
Tr

an
sm

is
si

on
 e

le
ct

ro
m

ic
ro

gr
ap

hs
 o

f 
ty

pi
ca

l 
ag

gr
eg

at
es

 

fo
rm

ed
 i

n 
(a

) 
D

LA
 r

eg
im

e 
fo

r 
[K

C
I]

=0
.3

 M
, 

an
d 

(b
) 

RL
A

 

re
gi

m
e 

fo
r 

[K
C1

] =
 5

5 
m

M
. 

hy
dr

od
yn

am
ic

 s
ize

. 
In

 f
ac

t, 
th

es
e 

tw
o 

pa
ra

m
et

er
s 

ar
e 

ap
pr

ox
im

at
el

y 
pr

op
or

tio
na

l 
un

de
r 

ou
r 

ex
pe

ri-
 

m
en

ta
l c

on
di

tio
ns

 [ 
12

]. 
Th

us
 th

e 
fr

ac
ta

l d
im

en
si

on
 

m
ay

 b
e 

es
tim

at
ed

 f
ro

m
 t

he
 l

og
ar

ith
m

ic
 p

lo
ts

 o
f 

z-
av

er
ag

e 
siz

e 
ag

ai
ns

t t
im

e.
 A

 ty
pi

ca
l p

lo
t i

s 
sh

ow
n 

in
 

Fi
g.

 2
 

w
hi

ch
 

is 
lin

ea
r 

ov
er

 
th

e 
siz

e 
ra

ng
e 

20
0-

12
00

 n
m

 (
[K

C1
] =

0.
2 

M
). 

A
t l

ar
ge

r 
siz

es
, t

he
 

sl
op

e 
de

cr
ea

se
s, 

pr
ob

ab
ly

 d
ue

 to
 th

e 
se

di
m

en
ta

tio
n 

of
 a

gg
re

ga
te

s. 
Ei

gh
t 

ex
pe

rim
en

ts
 

in
 

th
e 

D
LA

 

		(a)	 (b)	

DLA Df = 1.68	 RLA Df = 2.20	

Hematite aggregates, primary particle size: 25nm+/-2nm	

From	Zhang1995	

 

Figure 10: TEM images of 25nm hematite NPs aggregated under (a) DLA (Df = 
1.68) and (b) RLA (Df = 2.20) schemes. Adapted from [198]. 
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Measurements of Df consistent with predictions for both RLA and DLA 

aggregation schemes have been observed for TiO2 [177, 199], fullerenes [200], and 

several other NPs in unmixed systems [198, 201-203]. In mixed systems, loose aggregates 

are more susceptible to shear forces, resulting in breakup and reordering. The process of 

re-aggregation produces denser aggregates and increases Df [204, 205].  

2.3.4 Changes to the Smoluchowski Equation Due to the Fractal 
Nature of Aggregates 

Among the simplifications made by Smoluchowski is that flocculation occurs 

between coalescing spheres (particle volume is constant) without taking into account 

fluid flow around the particles (rectilinear model) [179]. In fact, as aggregation between 

non-coalescing particles occurs, the aggregate volume fraction increases as fluid is 

included in the aggregate. In addition to curvilinear effects observed between two 

approaching solid particles, Adler demonstrated the compression of flow lines near the 

surface of porous particles as fluid flows around and through the particle [206]. The 

ability of streamlines to flow through aggregates was further supported by the 

recognition from Li and Ganczarczyk that naturally forming aggregates exhibit a fractal 

nature [207]. Chellam and Wiesner demonstrated mathematically that this fractal nature 

has a direct impact on floc permeability, indicating that very loose aggregates approach 

the behavior of the rectilinear model, while for dense aggregates, the curvilinear model 

better describes transport [208]. Ultimately however, the rectilinear and curvilinear 
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models bound the possibilities for aggregate interactions, with true aggregate behavior 

falling somewhere in between.  

The primary implication when considering fractal aggregates is when two 

aggregates combine, the resulting occupied volume is greater than the sum of the two 

initial volumes, with the exception of when Df = 3 [179]. Thus, the porosity of aggregates 

is no longer fixed, but rather increases with radial distance from the center of the 

aggregate. Veerapeneni and Wiesner, continuing the work by Chellam and Wiesner, 

demonstrated this by dividing aggregates into multiple shells of decreasing porosity. 

The fluid collection efficiency, the amount of fluid that passes through an aggregate 

divided by the amount that approaches the aggregate, of an aggregate decreases with 

increasing fractal dimension, effectively pushing streamlines to the outside of the 

aggregate, as illustrated in Figure 11 [209].  

 

Figure 11: Schematic of rectilinear (far left) and curvilinear (far right) transport 
models alongside calculations of flow lines in fractal aggregates with radially varying 

permeability. Adapted from [210] and [209]. 
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Practically, the curvilinear model drastically reduces the relative contribution of 

mixing in flocculation [210]. The inability of theoretical settling rates for impenetrable 

spheres to mirror experimental data has been demonstrated [211, 212]. Porosity 

decreases the drag force slowing the particle’s fall, and experimental velocities of 

settling aggregates are often orders of magnitude greater than would be expected from 

Stokes’ law for solid spheres. Furthermore, the attachment a of small particles by a large 

aggregate is overestimated if only aggregate diameter is considered, as flow lines that 

pass through large pores between clusters in an aggregate often carry small monomers 

with them unaffected [212]. By including fluid collection efficiency and the effective 

permeability of fractal aggregates, equations for shear and differential settling which 

better reflect experimental observations, as well as breakup due to shear stresses have 

been determined [179]. 

The fractal nature also determines the susceptibility of aggregates to shear 

stresses and helps determine the stable particle size distribution in a mixed system [213]. 

Breakup for denser aggregates occurs through the loss of monomers from the surface 

whereas lose aggregates are more susceptible to more dynamic aggregate fracturing 

[179, 214].  

2.3.5 Measuring Fractal Dimension via Light Scattering 

The fractal dimension of aggregates can be determined by studies employing 

light, x-ray, or neutron scattering [215]. In each case, the approach is the similar; the 
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intensity of scattered light depends on the scattering of the primary particles, P(q), and 

the structure of the aggregate, S(q) according to Equation 11, 

 I(q)∝P(q)S(q)  (Eq 11.) 

Where q is the scattering vector in units of length-1, given by 

 q = 4πn
λ
sin θ

2
!

"
#
$

%
&  (Eq 12.) 

Different length scales can be probed by changing the angle of detection, θ . Depending 

on the size of primary particles and of the aggregates, these length scales will fall under 

one of several regimes (Figure 12, Table 2). 

Table 2: Light scattering regimes of fractal aggregates. 

 

 

Scattering in the Rayleigh regime occurs for small q values, where the length scales 

probed are larger than the radius of gyration of the aggregate, Rg, and the intensity of 

scattering is determined by the suspension as a whole. Conversely, if the wavelength is 

small enough (x-rays or neutrons), or if particles are large, information about the surface 

Regime Region 

Rayleigh 
1
q
> Rg  

Guinier 
1
q
≈ Rg  

Power Law Rg >>
1
q
>> a  

Porod a > 1
q
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of the particles can be obtained in the Porod regime [215]. The power law regime 

corresponds to small length scales that fall between the radius of the primary particle, a, 

and the radius of gyration of the aggregate. In the power law regime, the intensity of 

scattering scales to the power of the fractal dimension such that plotting the intensity 
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Figure 22. Schematic representation of the scattered light in-

tensity I (q ) versus q D 4⇤¸¡1
sin µ=2, where µ is the scattering

angle, from an ensemble of fractal aggregates of dimension D
with N monomers per aggregate on a log-log plot. In the en-

semble n is the number density of clusters and Nm is the total

number of monomers, nN D Nm.

in Figure 22. Many examples of optical structure factor measure-

ments on particulate systems exist in the literature (Schaefer et al.

1984; Martin et al. 1986; Hurd and Flower 1988; Zhang et al.

1988; Gangopadhyay et al. 1991; Bonczyk and Hall 1991, 1992;

Dobbins and Megarides 1991; Sorensen et al. 1992b; Köylü and

Faeth 1994a, 1994b; Köylü 1998; Sorensen et al. 1998; Xing

et al. 1999).

An example from some of our early work (Gangopadhyay

et al. 1991) is given in Figure 23 for a soot aerosol in a premixed

methane/oxygen ⇥ame. Increasing height above burner h means

later in the aggregation process. Inspection of Figure 23 shows

that with increasing height, the bend in the optical structure

factor, i.e., where the slope of I versus q goes from 0 to negative,

progresses to smaller q . A cardinal rule is that a change in slope

implies a length scale. In this case the length scale is the overall

aggregate size, and since R � q¡1
, this is a direct observation,

albeit qualitative, of the aggregate size increasing with time.

Notice the essentially isotropic scattering at h D 8 nm to indicate

very small particles. Figure 24 presents a more recent example of

scattering from a titania aerosol. Note the scale in q is an order of

magnitude smaller than in Figure 23, hence the clusters of titania

are an order of magnitude larger. In Figure 24 a signi�cant power

law regime is seen with a slope implying D ’ 1:7. Notice also

other general features. The I (q D 0) limit (the Rayleigh regime)

increases with either height above burner or run time. This is

the Tyndall effect (see below) that as a system coarsens as it

scatters more light. On the other hand, the power law regime

Figure 23. Scattered light intensity I (q ) as a function of the

scattering wave vector q for 5 different heights above burner h
for a premixed methane/oxygen ⇥ame.

in Figure 24 is approaching an intensity constant with time as

described above.

Quantitative analysis of the optical structure factor proceeds

in two steps (Gangopadhyay et al. 1991; Sorensen et al. 1992b).

First, the Guinier regime is analyzed to yield the aggregate ra-

dius of gyration. The Guinier equation, Equation (48), may be

Figure 24. Scattered light intensity I (q ) as a function of the

scattering wave vector q for 5 different times (runs) of an ag-

gregating titania aerosol.

Porod
regime

 

Figure 12: Illustration of light scattering regimes when plotting SLS data as 
intensity vs. scattering vector. Adapted from [196] 

 

versus the scattering vector on a log scale returns a line whose slope is equal to the 

fractal dimension: 

 I(q) ~ qDf  (Eq 13.) 
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2.4 Effect of Aggregation on Reactivity 

In the case of reactive nanoparticles where reactions occur on the particle surface, 

reaction rates will vary, in part, as a function of the concentration of surface in the 

suspension. Particle aggregation produces differences in the local particle surface 

concentration within an aggregate, and changes in mass transport that depend on the 

aggregate morphology (as quantified for example by fractal dimension). It is therefore 

not surprising that changes in reactivity have been observed as particles are destabilized 

and form aggregates. Gilbert et al. demonstrated that the capacity for metal ion 

adsorption by iron oxyhydroxide nanoparticles decreased as fractal dimension increased 

[216]. ROS production has been linked to both aggregate size and structure [82, 121, 177, 

217]. Lee et al. looked at how the preparation method affects ROS generation by FNPs, 

and found that ROS production was likely dependent upon the extent of aggregation 

[218]. This difference in ROS generation was hypothesized to result from increased 

quenching of the excited triplet state in larger, denser aggregates. Laser flash photolysis 

showed that the lifetime of the excited triplet state of individual C60 cages of small 

aggregates suspended via surfactants was orders of magnitude greater (tens of 

microseconds) than aggregated nC60 clusters (picoseconds) [132].  

These observations were supported mathematically in a model proposed by 

Hotze et al., who demonstrated the influence of both aggregate size and structure on the 

presence of the excited tripled state [219]. Additionally, the Hotze model helps to 
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explain the conflicting ROS production findings for C60 and fullerol in early experiments. 

Often suspensions of nC60 were observed to produce little to no ROS while fullerol, 

possessing a decreased quantum yield and therefore a theoretically lower production 

capacity per cage, produced greater bulk ROS concentrations [127, 132, 220-222]. By 

taking into account the morphology of aggregates, the decrease in quantum yield for 

fullerol versus fullerene can be compensated for with the smaller, more open aggregates 

that are oftentimes formed.  

Chae et al., in filtering FNPs showed not only a greater degree of hydroxylation 

for smaller aggregates, but also a substantial increase in ROS production as the average 

aggregate size decreased [121]. Hu et al. showed that as hydroxylation due to UV 

irradiation increased over the course of 15 hours, the degradation rate of furfuryl alcohol 

due to singlet oxygen production also increased, attributed to the production of a larger 

number of smaller, more stable aggregates [141]. The potential for these transformations, 

either of C60 as a result of suspension preparation or of nC60 suspensions resulting from 

UV exposure, underscores the need to further investigate the dependency of ROS 

production and aggregate stability on surface functionalization.  

In studies using TiO2 and ZnO, Jassby et al. observed and modeled the decrease 

in �OH generation as particles aggregated in various ionic strengths [177]. In addition to 

aggregate size, fractal dimension strongly impacted the reactivity of the material on a 

per monomer basis. A previous study by Jassby and Wiesner using coated and uncoated 
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ZnS nanoparticles demonstrated that aggregation to a critical size resulted in the sharp 

increase in photoluminescence [217]. It was hypothesized that after sufficient particle-

particle interactions were induced by aggregation, a decrease in surface tension in the 

aggregate resulted in greater electron-hole recombination, observed as photon emission 

at 284nm. The magnitude of the photoluminescence is likely due to aggregate structure, 

with denser aggregates absorbing less incident light and producing less 

photoluminescence, though the exact interplay is not yet well determined [29]. 

2.5 NPs in Environmental Waters 

Nanoparticles released into environmental waters will be exposed to various 

chemistries that will affect their aggregation state and ROS production capacity. These 

factors influencing NP aggregation include inorganic ions, natural organic matter, 

metals and organic pollutants. Some ions (e.g. phosphate, nitrate) and organic pollutants 

(e.g. pesticides, PCBs) are often found at elevated concentrations in urban waters [223].   

While there is significant variation, typical surface waters range from pH values 

of  5.7 to 9, with carbonate, chloride, sulfate, and nitrate the most common anions at 

approximately µM concentrations [182, 224].  Carbonate is a particularly efficient radical 

quencher, and although the resultant carbonate radical is a weaker oxidant than �OH, it 

can itself participate in a number of reactions [225].  

In addition to promoting aggregation due to compression of the electrical double 

layer, specific interactions with the TiO2 surface will likely further impact stability and 
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ROS generation [29, 177, 226]. Phosphorus concentrations are typically low in natural 

freshwaters, though the extensive use of fertilizers in both urban and agricultural 

landscapes creates nearly ubiquitously elevated concentrations in these locations. 

Additionally, phosphate is known to specifically interact with the TiO2 surface, which 

has been seen to increase NP stability [227, 228]. As NPs are often negatively charged, 

the presence of metal cations, such as sodium, magnesium, calcium and aluminum, will 

play a significant role in inducing aggregation. 

Natural organic matter (NOM) is a ubiquitous chromaphore, primarily 

comprised of degradation products of biomolecules existing in surface waters at 

concentrations widely varying around 1 mg L-1 (ranging from 0.1 to 100, depending on 

water type) [182, 229, 230]. NOM coatings such as humic and fulvic acids have been 

shown to increase nanoparticle stability and transport by increasing steric hindrance 

[184, 185, 231]. Furthermore, the redox chemistry and photosensitizing ability of NOM 

will likely complicate attempts to determine net photoreactivity in mixed NP/NOM 

systems [65-68]. 

Under environmental release scenarios a nanoparticle or aggregate will interact 

with suspended background particles, producing mixed aggregates [232-235]. The vast 

difference in particle number concentrations makes it likely that aggregates will consist 

mostly of colloidal matter with nanoparticles incorporated into the structure. What 

remains unclear, however, is how this combination will impact NP reactivity. In some 
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instances, the creation of heteroäggregates has been shown to increase ROS production. 

This has been demonstrated for mixtures of TiO2 and SiO2 processed at high 

temperatures [236-238], though nanoparticles released into surface waters and exposed 

to UV light are unlikely to be exposed to such extreme conditions. Conversely, the same 

effects of aggregate size and structure seen in homoäggregates to impact NP reactivity 

will take place during heteroäggregation. While some studies have looked at 

heteroäggregation under environmentally relevant conditions, very little research into 

the impacts of these interactions on NP reactivity has been undertaken [170]. 

2.6 Possible Risks Posed by Nanomaterials 

While the working definition of NPs hinges on one dimension being less than 

100nm, the useful properties (e.g. increased reactivity, dissolution, toxicity) resulting 

from this small scale are the primary drivers of NP production and innovation rather 

than their bulk counterparts [107, 226, 239, 240]. However, along with the promise of 

emerging technologies come concerns surrounding the impact of inevitable NP release 

into the environment. The opportunity exists with NPs to enable advancements of 

technology in an environmentally responsible manner, and from the onset, a concerted 

effort has been made to concurrently develop the technology and understand the risk 

associated with the implementation of said technology [7]. This drive has come from 

government regulation as well as public concern, and at the heart of these concerns are 

still-unanswered questions about how the intriguing properties of a NP that we look to 
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harness, such as reactivity, are affected by the fundamental interactions (e.g., transport, 

aggregation, sorption) that will occur when exposed to various environments [10, 18, 

241, 242].   

Assessing the risk of engineered NPs in a timely fashion so as not to be outpaced 

by, or to impede, technological advancement has proven difficult. While the challenges 

presented by NPs are not dissimilar to other emerging contaminants, conventional 

chemical toxicology does a poor job at predicting risk for NPs, as actual exposure often 

is not the same as predicted exposure [242]. Environmental impacts of NP release have 

not yet been observed or established, however monitoring and research are unable to 

keep pace with the increasing development of nanotechnology [7]. The myriad potential 

exposure conditions, endpoints and environmental systems to be considered for even a 

single NP render a comprehensive understanding of the associated risk an intractable 

problem [243]. Neither the time, the funding, nor the research hours are available to 

realize every potential permutation in which a NP could impact the environment. 

Furthermore, the analytical instrumentation to do so is often inadequate. There is 

general agreement that research should be undertaken at realistic exposures, though in 

the absence of observed impacts, a consensus of what constitutes “environmental 

relevance” has not yet been reached [242]. 

Progress has been made in toxicity and fate/transport modeling based on the 

combined data of individual experiments but to date this has been slow, and the vast 
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number of possible combinations makes studying each condition individually untenable 

[244]. To effectively utilize the models we have and are developing, the most likely 

scenarios should be given priority. Data generated from these targeted tests will then 

become model inputs to more effectively improve predictability [242]. The emerging 

nanoinformatics field looks to facilitate both the identification of what constitutes 

relevant data as well as the integration of these data into workable databases [241].  

2.6.1 Need for Standardized Systems and Tests – Functional Assays 

Predicting the impact of NP photoreactivity relies on the idea that 

physicochemical properties of NPs determine exposure and hazard (risk), yet 

approaching NPs this way has not lead to effective guidelines or regulations. This is 

largely due to the path-dependent changes to these physicochemical properties that 

govern transport, reactivity, etc. As discussed above, released NPs will significantly 

transform and age, resulting in different behaviors and reactivity depending on the 

environments encountered [29, 245]. NP form, shape, aggregation state, surface area, 

and coatings will all be impacted by environmental conditions, and these will in turn 

dictate effective dose, toxicity, bioavailability and reactivity. Tracking, measuring, and 

predicting these changes are not trivial tasks as these interactions are not yet well 

understood. Perhaps because of this, with no established ageing protocols or agreed 

upon realistic endpoints, most research has focused on pristine or minimally aged NPs 

[242]. Identifying the major pathways through which NPs might reasonably travel and 
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impact their environment would lead to risk assessments for a focused list of standard 

chemistries and release scenarios - a much more attainable goal [10, 11].  

To facilitate this, it has been proposed to establish an agreed upon set of 

representative environmental conditions that can be paired with specifically monitored 

endpoints for which a NP should reasonably be investigated [241, 242]. The use of 

functional assays (FAs) can yield data at specific endpoints for NPs in complex reference 

systems that take into account this path-dependent nature. Thus, under representative 

environmental conditions, FAs will employ behavioral tests (akin to BOD5 or KOW 

measurements) to measure an expected outcome or impact of the NP, endpoints that 

will incorporate but not require a fully mechanistic understanding of NP behavior. 

Ultimately, FAs will provide a framework for individualized experimental 

measurements to more effectively test and describe scientific theory, determining rates 

of processes or interactions that will enable parameterization of models [241]. In the 

absence of agreed upon representative environmental conditions, investigating trends in 

nanoparticle reactivity and the primary variables that impact ROS production represents 

an important step forward in our understanding. 
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3. Methods 
Nanoparticle reactivity will depend greatly on aggregation state and solution 

chemistry. Therefore, to effectively study the impact of surface chemistry, not only do 

reactive endpoints (e.g. ROS generation, bacteria inactivation) need to be measured, but 

NP suspensions should also be well characterized (e.g. aggregate size and structure, 

surface charge). This chapter provides common methods for the NP photoreactivity 

studies in this dissertation. Specifics to the three cases considered in this research are 

included in Chapter 4 (Sections 4.1.2, 4.2.2 and 4.3.2).  

3.1 NP Suspension Preparation 

The method of preparing consistent, stable suspensions of NPs depends largely 

on the type of NP being used and the solution into which it is to be dispersed. For NPs 

that do not readily disperse in solution, probe sonication was performed using a high-

energy probe (S-4000, Misonix, Qsonica, LLC, Newtown, CT) with a 1/2” diameter tip. 

3.1.1 FNP Suspensions 

C60, C60(OH)6, C60(OH)24 and C60(NH2)6 were purchased in powder form from 

MER Corp. (Tucson, AZ). A colloidal suspension of fullerene (aqu-nC60) in NanoPure 

water (NPW) was prepared by probe sonication of 100 mg C60 powder in 200 mL NPW 

(resistivity > 18 MΩ cm and TOC< 30 µg L-1) for 10 hours operated in pulse mode (10 

min ON, 20 min OFF) in the dark. Following sonication, the suspension was filtered 

through a 100 nm nylon membrane filter (Magna, GE Osmonics, Minnetonka, MN). The 
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filtrate was then concentrated via rotavaporator (Büchi, Flawil, Switzerland). DLS 

measurements of the suspension before and after concentration indicated no change in 

average aggregate size.  

Well dispersed stock suspensions of C60(OH)6, C60(OH)24, and C60(NH2)6 were 

prepared by adding powder directly to ultrapure water and stirring overnight and 

filtering to < 100 nm. The total carbon concentration of all stock suspensions post 

filtration was measured (TOC-L, Shimadzu, Japan), and stocks were diluted to a 

concentration of 5 mg C L-1 for experiments. 

3.1.2 TiO2 Suspensions 

Suspensions of TiO2 were prepared through probe sonication of NP power in the 

desired media. 2 mg of powdered TiO2 NPs (P25 Aeroxide TiO2, Evonik Industries, 

Essen, Germany) were weighed with an analytical microbalance (Mettler Toledo, USA) 

in the hood and transferred to 30 mL of NPW. To this 20 mL was added to reach a final 

volume of 50 mL, resulting in 40 mg L-1 TiO2 in a solution of desired chemistry. 

Following the protocol of Taurozzi et al. NP suspensions were placed in an ice bath and 

probe sonicated at 60% amplitude in pulse mode (12 s on 3 s off) for a total of 5 min 

sonication time, resulting in a suspension having a median aggregate radius of 

approximately 100 nm as measured by DLS.  

TiO2 suspensions close to the PZC (6.2-6.3) will not remain in suspension for 

appreciable lengths of time, and aggregates will double in size in tens of minutes. For 
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this reason, pH values were adjusted sufficiently far from the PZC, and the use of a pH 

buffer (e.g. phosphate) was frequently employed. Even within a buffered solution, 

overnight storage of suspensions is not recommended, and new TiO2 stocks were 

created immediately prior to each use.  

3.2 UV Illumination 

UV irradiation was performed in a Pelco UVC2 Cryo Chamber (Ted Pella, USA) 

equipped at the top with a manifold containing two Phillips TL-D 15W BLB bulbs 

(Phillips, Netherlands) The output of these bulbs centered at 365 nm and was modeled 

as a normal distribution with mean at 365 nm and standard deviation of 10 nm. The 

lamps were separated from the chamber by a shutter, enabling the flux of light to be 

interrupted and samples collected without turning off the lamps. Prior to experiments, 

the lamps were turned on and allowed to stabilize, as an initial spike in UV flux 

occurred which then decayed to a stable output after approximately 30 minutes. 

Temperature was held constant at 22 ± 2 °C though the use of a chiller. Irradiance was 

measured throughout the duration of experiments with a radiometer equipped with a 

UV-A filter (UVX , UVP, Inc., USA and ILT1400 and SEL033 UV-A filter, International 

Light Technologies, USA). 

The flux of UV light was observed to depend on location in the UV chamber, 

both along the z-axis (distance from the bulbs) as well as x-y positioning. Four locations 

of equal flux were identified such that measurements could be run in triplicate and the 
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radiometer employed at the same time. Magnetic stir plates were positioned at these 

locations, and experiments were run as stirred batch reactors. The geometry of the 

reaction beaker (H=3.5 cm, Ø=5 cm) produced a 0.5 cm thickness liquid layer, including 

the stir bar (3 x 10 mm). For experiments in which volatilization was a concern, reactors 

were covered with glass petri dishes, though this reduced the flux slightly. 

3.3 ROS Measurements 

ROS production was measured with fluorescent probes and quenching agents as 

described below. For 1O2 and �OH, standard curves were produced to quantify ROS 

generation. 

3.3.1 1O2 Measurements with SOSG 

1O2 concentrations were measured as the increase in fluorescence units (FSU) as 

Singlet Oxygen Sensor Green (SOSG, Molecular Probes-Invitrogen) was oxidized to 

SOSG-EP. Excitation of SOSG-EP between 460-490 nm results in fluorescence between 

510-550 nm. A Modulus fluorometer (Modulus Single Tube 9200, Promega, USA) 

equipped with a blue optical kit filter was used to measure fluorescence. The blue 

optical filter consisted of an excitation wavelength at 460 nm and a band pass emission 

filter ranging from 515 – 570 nm, which corresponds well with SOSG-EP.  

SOSG (Invitrogen, Thermo Fisher Scientific, USA) was ordered in packaged 

aliquots of 100 µg that were stored at -20 ˚C. The probe was prepared by suspending one 

aliquot of SOSG in 33 µL of methanol. This was combined with 0.97 mL of NPW by 
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carefully drawing the solution in and out of a pipette tip, resulting in a SOSG stock 

concentration of 165 µM. 0.1 mL of this solution was spiked into 10 mL samples to 

measure singlet oxygen at a final SOSG concentration of 1.65 µM. β-carotene was used 

as a quenching agent at a final concentration of 50 µm. Stocks in methanol stored in the 

freezer were diluted to a 1 mM solution and bath sonicated to ensure dissolution prior to 

use.  

3.3.1.1 Standard Curve Preparation 

Singlet oxygen production was determined by comparing the measured 

fluorescence of SOSG in fullerene suspensions versus a Rose Bengal (RB) standard 

curve. Oxidation of SOSG at various RB concentrations was measured over 5 minutes, 

and a linear fluorescence response was determined for a RB concentration range of 0.005 

– 0.1 µM. 

The rate of photons hitting the sample per second was calculated from the output 

of the lamps, the liquid surface area, and the Plank-Einstein equation as follows: 

 rphoton =
irr ⋅a ⋅λ
h ⋅c

 (Eq 14.) 

where irr is the irradiance in W/cm2, a is the illuminated area of the reaction vial, c is the 

speed of light, λ is the wavelength, and h is plank’s constant. Combining this with 

absorption measurements of the RB standard solution at 365 nm, ABS365, the quantum 

yield, Φ, and Avogadro’s number, NA, gives the rate of singlet oxygen production in 

molar concentration per time: 



 

51 

 r1O2 =
rphoton (1−10

−ABS365 )φ
V ⋅NA

 (Eq 15.) 

Knowing this, the fluorescence response of SOSG can then be equated to the 

singlet oxygen production rate as follows. Accumulation of singlet oxygen in suspension 

can be modeled as  

 d[1O2 ]
dt

= r1O2 − kd[
1O2 ]  (Eq 16.) 

where kd is the rate of quenching in water (kd = 2.4x105 sec-1) [373]. Making the steady 

state approximation, an equation for [1O2]ss, in moles, can be calculated as 

 [1O2 ]ss =
r1O2
kd  

(Eq 17.) 

Thus, from the Rose Bengal standard suspensions, the fluorescence response due 

to a given steady state singlet oxygen concentrations can be calculated as 

 
dFSU
dt

= k1O2 [
1O2 ]ss[SOSG]  (Eq 18.) 

 

where FSU is the detected fluorescence resulting from the cumulative reaction of SOSG 

with the produced 1O2 over the irradiance time t, k1O2 is the second order rate constant, 

and [1O2]ss is the steady state 1O2 concentration. By using a sufficiently large [SOSG] 

compared to produced 1O2 and short irradiance times, the concentration of unreacted 

SOSG in solution can be assumed constant, giving the pseudo first order kinetics: 
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dFSU
dt

= k '1O2 [
1O2 ]ss  (Eq 19.) 

Here, k’102 is the pseudo-first order rate constant whose units are FSU uM-1 min-1. 

Typically, pseudo-first order and first order rate constants have units of concentration 

per concentration per time, which reduces to simply units of per time. Because 

fluorescence, which does not have units of concentration, was modeled, the reactivity 

rate constant is slightly modified. The observed increase in fluorescence was plotted 

versus calculated singlet oxygen concentration, and the slope (with units of FSU uM-1 

min-1) was used to convert the observed rate of fluorescence into the singlet oxygen 

concentration in solution. Concentrations of irradiated fullerene suspensions were 

adjusted to maintain fluorescent responses within the linear standard range. 

3.3.2 �OH Measurements with TA 

Hydroxyl radical production tests were performed on samples of 20 mg L-1 P25 

TiO2 through the hydroxylation of TA to 2-HTA (ex 315, em 425). 0.5 mM TA stock 

solutions were prepared by adding 8.36 g TA to 100 mL NPW. The solubility of the 

probe increases with pH so a buffer solution or pH adjustment was necessary for 

preparation. Stock solutions were stirred on a magnetic stir plate for 24 hours to ensure 

dissolution, filtered with a disposable sterile 0.22µm cellulose acetate filter system 

(Corning, USA) and stored in the dark. TA was dosed at a final concentration of 125 µM 

in solution. 
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Hydroxyl radical measurements were made by adding a 0.5 mL sample aliquot 

to 0.75 mL deionized water in a 2 mL centrifuge tube. For conditions of low expected 

�OH production, this dilution step was skipped, and 1.5 mL was sampled directly. The 

presence of NPs was observed to influence fluorescence measurements due to light 

scattering, so samples were centrifuged for 5 minutes at 12,000 RPM to separate the TiO2 

from the solution. 1 mL of the resulting supernatant was transferred to a plastic cuvette 

(10 mm optical path) and fluorescence was measured (Varian Eclipse fluorometer, 

Agilent, USA) at an excitation wavelength set to 315 nm. 2-HTA fluorescence was 

recorded from 325-540 nm to collect the full emission peak. The gain on the 

photomultiplier was adjusted depending on experiment to ensure that fluorescence from 

small amounts of ROS generation was detectable but did not saturate the detector at 

longer timepoints. All samples were measured using the same gain setting to enable 

comparison between experiments. No auto-fluorescence was observed in blanks or dark 

samples, nor did overhead fluorescent lighting influence results. N-acetyl-L-cysteine (N-

AC) (Sigma-Aldrich) was used as a �OH quencher. 16.3 mg N-AC was dissolved in 10 

mL NPW and filtered in a 0.22 µm syringe filter to sterilze, resulting in a 10 mM stock 

concentration. For quenching experiments, 0.2 mL was spiked into 10 mL samples for a 

final concentration of 200 µM.  
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3.3.2.1 Standard Curve Preparation 

Fluorescence was converted to 2-HTA concentration using a standard curve 

created by diluting a 0.125 mM 2-HTA stock solution to 6 points ranging from 0.0025 to 

0.1 M, as determined by fluorescence limits and detector saturation. Hydroxyl radical 

concentrations were estimated with the following reaction, assuming 80% trapping 

efficiency for OH• by TA [87] and considering sample dilution prior to centrifugation: 

 TA+ •OH→ 2−HTA  (Eq 20.) 

3.3.3 O2�
- Measurements with HE  

Superoxide (O2�-) was detected as the increase in fluorescence from 540 to 800 

nm (max 586 nm, excitation at 510 nm) resulting from the transformation of 

dihydroethidium (DHE) (Invitrogen, Thermo Fisher Scientific, USA) in solution to 2-

hydroxyethidium (2-HE). Stock solutions of HE were prepared by dissolving 1 mg HE in 

100 µL DMSO to which was added 900 µL NPW, resulting in a 3.17 mM stock solution. 

For quenching experiments, 160 µL were spiked into 10 mL samples for a final 

concentration on 50.7 µM (0.16% v/v DMSO). 

Superoxide dismutase (SOD) (Sigma-Aldrich) was used as the O2�- quenching 

agent. Stock solutions were made at 3,000 U mL-1 by adding 10 mL NPW to the 5.8 mg 

container and stored at -20 ˚C. For quenching experiments 100 µL SOD stock was spiked 

into 10 mL samples for a final concentration of 30 U mL-1. 
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3.4 Additional Reactivity Endpoints 

When employing biological endpoints, all glassware, stir bars and pipette tips 

were autoclaved prior to use. With the exception of UV exposure experiments, reactions 

were covered in aluminum foil to limit contamination. Stocks and samples were kept on 

ice during experiments and during the transfer of samples. 

3.4.1 Viral Inactivation 

For viral inactivation experiments, a 0.1x phosphate buffered saline (PBS) 

solution was used to maintain virus viability. Bacteriophage MS2 (American Type 

Culture Collection (ATCC) 15597-B1) was propagated on E. coli (ATCC 15597) and 

enumerated using the double-top agar assay. A highly purified, high-titer virus stock in 

PBS was prepared as follows. First, MS2 was cultured on double-layer agar plate with E. 

coli as the host incubated at 37 °C. Next, the phages on the top agar were extracted into 

1x PBS and precipitated using 10% polyethylene glycol at 4 °C for 1 h. The precipitated 

phages were centrifuged at 10000g for 15 min at 4 °C, and the supernatant was decanted 

and the pellet resuspended in PBS and incubated overnight at 4 °C. The residual 

bacterial debris and polyethylene glycol in the phage suspension were removed by 

centrifugation at 5000 g for 10 minutes at 4 °C and the addition of chloroform (1:1 

sample-to-chloroform), respectively. The phage-containing aqueous phase was 

separated from the organic phase by centrifugation as before. The suspension was 

furthermore concentrated by ultracentrifugation at 103,000 g for 2.5 h at 12 °C, and the 
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phage pellet was then resuspended in PBS. The viruses were counted in terms of plaque 

forming units (PFU). This procedure yielded an initial stock concentration of 1.1x1012 

PFU mL-1. MS2 toxicity was calculated as log inactivation relative to time 0 min.  

3.4.2 Bacterial Inactivation 

All bacterial inactivation experiments employed a Minimal Davis media (MD) 

designed to stabilize the particles, buffer the pH at 7.5, and maintain bacterial viability, 

as described by Lyon et al. [366]. Briefly, the recipe for 1x MD is a follows: 45 mg 

K2HPO4, 50 mg (NH4)2SO4, 25 mg sodium citrate, and 5 mg MgSO4�7H2O were dissolved 

in 100 mL NPW. MD stock solutions were created at a 10x concentration and bath 

sonicated, after which they were sterilized via filtration with at 0.22 µm cellulose acetate 

disposable filtration unit, and stored in the fridge until use. The cavitation induced by 

probe sonication was observed to sufficiently sterilize TiO2 stock suspensions.  

Pure cultures Gram Positive Bacillus subtilis strain 168 ATCC 23857 and Gram 

Negative Acinetobacter baumannii ATCC 49466 (ATCC, Manassas, VA, USA) were grown 

overnight at 37 oC in tryptic soy broth. Cells were pelleted at 8,000 rpm for 10 minutes 

and washed thrice with MD. Cells were then resuspended in MD to a final concentration 

of 109 cells mL-1. 2 mL aliquots of the bacteria suspension were added to each batch 

reactor. 

Samples taken from the reactors for inactivation measurements were serially 

diluted to obtain a final concentration of 103 CFU mL-1. 100 μL of the final dilution was 
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then spread onto tryptic soy agar plates in triplicate and allowed to grow overnight at 37 

oC. The resulting colonies were then counted, and ROS and CPF toxicity was calculated 

as log inactivation relative to time zero. 

3.4.3 Inactivation Kinetics and ROS Dose 

Inactivation kinetics were calculated using the Chick-Watson model employing 

the idea of CT, the dose measurement for conventional disinfectants, where
 

 CT = FSU(t)
k 'ROS

= [ROS]0 t  (Eq 21.) 

Here, CT is the disinfectant concentration, C, multiplied by the contact time, t. The 

disinfectant concentration, C, is the steady state ROS concentration probed on or very 

near the surface of the NP, calculated using the experimental standard curve, above. Log 

inactivation was then plotted vs. CT to determine dose response. 

3.4.4 CPF Degradation 

Chlorpyrifos (99.5%, Chem Service, West Chester, PA, USA) stocks were made in 

methanol at 1.5 g L-1 and stored in the fridge for up to 1 month. Working stocks were 

created at 1.5 mg L-1 by spiking 10 µL of the stock in 90 mL NanoPure water on a stir 

plate. To this, 10 mL of 10x MD media was added dropwise. For all experiments, CPF 

was spiked into samples at 375 µg L-1. Stocks of CPF degradation products CPF Oxon 

(analytical standard, AccuStandard, New Haven, CT, USA) and 3,5,6-trichloro-2-

pyridinol (TCP) (analytical standard, Sigma-Aldrich) suspensions were similarly 
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prepared. Chlorpyrifos, CPF Oxon, and TCP concentrations were determined via LC/MS 

as outlined in Chapter 4.3.2. 

3.5 Aggregate Characterization 

3.5.1 Transmission Electron Microscopy 

High-magnification images of suspensions were obtained by transmission 

electron microscopy (TEM) (FEI Tecnai G2 Twin, Hillsboro, OR). For NP imaging, 10 µL 

was deposited on a lacey carbon/Cu grid (300 mesh, Electron Microscopy Sciences, USA) 

and dried in air before TEM measurement. MS2 bacteriophages were negatively stained 

with 2.5% phosphotungstic acid (Fluka, Milwaukee, WI) prior to imaging. Bacteria were 

deposited on the grid, fixed with 2.5% glutaraldehyde, and sequentially dehydrated 

with graded ethanol and washed with 1x PBS in order to maintain structural integrity. 

3.5.2 Aggregate Size by Laser Diffraction 

Laser diffraction (Mastersizer 3000, Malvern Instruments, England) was used to 

determine TiO2 aggregate size and fractal dimension (Section 3.5.4). In-line light 

scattering measurements were performed using a peristaltic pump located downstream 

of the instrument by which samples were fed from a beaker continuously mixed on a 

magnetic stirrer at 400 RPM. The pump rate was set at approximately 15 mL min-1 to 

minimize shear within the tubing, and 600 mL samples were used so that the suspension 

was not recirculated, avoiding changes in aggregation state due to the pump. Prior to 

data collection, background measurements were collected using the same solution 
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chemistry and sample flow rate as in NP aggregation samples. Time resolved size 

measurements, reported in terms of median hydrodynamic diameter (D50) both as 

number weighted and volume weighted intensity, were set to 10 s duration with a 100 s 

delay, resulting in measurements being collected every two minutes.  

3.5.3 Particle Size by Dynamic Light Scattering 

Dynamic light scattering (DLS) measurements were performed with the 

Zetasizer Nano ZS (Malvern Instruments, England), which is equipped with a He-Ne 

laser (633nm) and a detector fixed at 173°. A minimum of 3 measurements were 

collected, with aggregate size reported both as unweighted and number weighted. The 

polydispersity index (PDI) is a value ranging from 0 – 1 and indicates the degree to 

which aggregates in suspension are uniformly distributed with larger PDI values 

indicating more heterogeneous aggregate sizes. 

3.5.4 Fractal Dimension by Static Light Scattering 

Static light scattering (SLS) measurements were collected with the Mastersizer 

and were performed concurrent with aggregate size measurements. Data recorded for 

each sample by an array of detectors consisted of the scattering intensity, I(q), over a 

range of scattering vectors, q, corresponding to 0.8 - 42°. The aggregate fractal 

dimension, Df, was determined as the negative slope of the linear power law region 

when plotting log(I(q)) vs. log(q) [215]: 
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 I(q) = q−Df  (Eq 22.) 

The multiple detectors of the Mastersizer correspond to scattering vectors from 

0.18 – 9.47 µm-1, with q related to the detector angle, theta, as follows 

 q = 4πn
λ
sinθ
2

 
(Eq 23.) 

where n is the refractive index of the medium (1.33 for water) and λ is the wavelength of 

scattered light (633 nm) [194, 215]. Equation 22 holds when 

 qRh >1  (Eq 24.) 

i.e. for length scales, (q-1) less than the radius of the aggregate, Rh. 

At each timepoint, Df was calculated via linear regression over the power law 

region of the scattering curve. Linearity was determined to hold when the difference 

between the local slope for a given q value and the slope of a line drawn between the 

same q value and the final q value was no greater than 12%. The process of calculating 

fractal dimension from scattering data was automated by code written in Matlab.  

3.5.5 Electrophoretic Mobility and pH Titrations 

Particle electrophoretic mobility (EPM) was measured a minimum of 3 times 

(Zetasizer Nano ZS) and reported as zeta potential (calculated via the Henry equation). 

As EPM is highly dependent on solution chemistry, measurements were performed 

under the same conditions as those being tested. 
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TiO2 nanoparticle pH titrations were performed on 50 mL suspensions of 20 mg 

L-1 P25 TiO2 at various anion concentrations. Suspensions were continually stirred in a 

beaker placed on a magnetic stir plate while pH was monitored and adjusted with either 

0.01 M or 0.1 M KOH or HCl. At each pH step, the rate of stirring was increased and 

sufficient acid or base was added to move the solution pH approximately 0.2 units. This 

was allowed to mix briefly before stirring was reduced again and pH was allowed to 

equilibrate. 0.7 mL sacrificial aliquots were taken for electrophoretic mobility 

measurements and the isoelectric point (IEP) was identified as the pH for which the 

EPM of a suspension was zero. 
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4. Results and Discussion 

4.1 Bacteriophage Inactivation by UV-A Illuminated Fullerenes: 
Role of Nanoparticle-Virus Association and Biological 
Targets 

Abstract 

Inactivation rates of the MS2 bacteriophage and 1O2 generation rates by four 

different photosensitized aqueous FNP suspensions were observed to follow the same 

order: aqu-nC60 < C60(OH)6 ≈ C60(OH)24 < C60(NH2)6. Alterations to capsid protein 

secondary structures and protein oxidation were inferred by detecting changes in 

infrared vibrational frequencies and carbonyl groups respectively. MS2 inactivation 

appears to be the result of loss of capsid structural integrity (localized deformation) and 

the reduced ability to eject genomic RNA into its bacterial host. Evidence is also 

presented for possible capsid rupture in MS2 exposed to UV-A illuminated C60(NH2)6 

through TEM imagery and detection of RNA infrared fingerprints in ATR-FTIR spectra. 

FNP-virus mixtures were also directly visualized in the aqueous phase using a novel 

enhanced dark-field transmission optical microscope fitted with a hyperspectral imaging 

(HSI) spectrometer. Perturbations in intermolecular extended chains, HSI, and 

electrostatic interactions suggest that inactivation is a function of the relative proximity 

between nanoparticles and viruses and 1O2 generation rate. MS2 log survival ratios were 

linearly related to CT (product of 1O2 concentration, C, and exposure time, T) 

demonstrating the applicability of Chick-Watson kinetics for all fullerenes employed in 
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this study. Results suggest that antiviral properties of FNPs can be increased by 

adjusting the type of surface functionalization and extent of cage derivatization thereby 

increasing the 1O2 generation rate and facilitating closer association with biological 

targets. 

4.1.1 Introduction 

Generation of singlet oxygen (1O2) by photosensitized FNPs is known to 

inactivate bacteria and viruses, which is of interest to water disinfection [246-248], 

photodynamic therapy [249], and other medical and environmental applications [250]. 

Ecological risks arising from unplanned releases of nanoparticles can also be partially 

attributed to reactive oxygen species (ROS) production or oxidative stress [81, 251, 252]. 

Therefore, toxicological effects of fullerenes can be expected to be strongly dependent on 

the effective delivery of exogenous ROS generated by nanoparticles to the biological 

target. It is known that ROS production is determined by the morphology of 

nanoparticle aggregates, types of surface functional groups, and extent of surface 

derivatization [253-255], all of which also influence the effective separation distance 

between the nanoparticles and their biological targets. In this context, we hypothesize 

that both the 1O2 generation rate and the relative proximity between fullerenes and 

viruses are important determinants of inactivation particularly since the lifetime of 1O2 

in aqueous solutions is only 3 – 4 ms [256, 257]. Limited data available in the literature 

supports our assertion even though direct evidence has not yet been provided. For 
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example, the differential inactivation of MS2 and Escherichia coli, by illuminated TiO2 

nanoparticles was likely correlated to varying amounts of association with TiO2 [258]. 

Additionally, malonic acid adduct fullerenes were more phototoxic to Jurkat cells 

compared with a dendritic fullerene because they were postulated to associate more 

closely with the biological target even though their 1O2 quantum yield was lower [259]. 

Also, electrostatic attraction between negatively charged viruses and cationic aminated 

FNPs very efficiently inactivated MS2 [33]. Even close association with natural organic 

matter (NOM) enhances MS2 inactivation since 1O2 concentrations are elevated within 

the macromolecule [251]. While these studies indirectly postulate the significance of 

nanoparticle-microorganism association, the simultaneous interplay of proximity and 

1O2 generation during virus inactivation has not been explicitly examined to date. 

While ROS-mediated antiviral activity of fullerenes and their derivatives has 

been amply demonstrated e.g. [33, 121, 246, 260], much less is known about the 

underlying virucidal mechanisms. Recent evidence points to oxidation of capsid 

proteins by exogenous ROS [247, 261, 262], but more detailed information on changes in 

structure is necessary to better understand underlying causes of inactivation. We 

hypothesize that 1O2 modifies conformation of virus capsid proteins leading to loss of 

infectivity. The F-specific ssRNA coliphage MS2 was employed as a surrogate for 

nonenveloped enteric human viruses and to facilitate comparisons with other studies 

e.g. [33, 121, 246, 262]. 
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Herein, we test the hypotheses that (i) virus inactivation is caused by changes in 

capsid integrity arising from oxidative protein conformational alterations or 

deformation and (ii) the rate of virus inactivation by photosensitized FNPs is controlled 

by their relative proximity as well as the 1O2 generation rates. MS2 inactivation kinetics 

and 1O2 generation rates were measured in the presence of UV-A illuminated 

suspensions of aqu-nC60, C60(OH)6, C60(OH)24, and C60(NH2)6. Oxidative damages to MS2 

capsid proteins were characterized using attenuated total reflectance Fourier transform 

infrared spectroscopy (ATR–FTIR), OxyBlot protein oxidation assay, and sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). A novel hyperspectral 

microscopy technique was utilized to directly visualize association between 

nanoparticles and viruses in the aqueous phase. Hyperspectral imaging (HSI) allowed 

the superposition of a large number of images (~ 400) at high resolution (~ 1.5 nm) and 

identifying their components by matching their spectral signature instead of material 

color eliminating the need for sample dehydration. While HSI has been employed for 

military applications, mineral exploration, quality assurance, food safety, forensics, and 

health care e.g. [263], this is one of the first reports of its use in virus/nanoparticle 

identification. Further, the applicability of Chick-Watson disinfection kinetics “CT” 

(product of 1O2 concentration C and exposure time T) for ROS-based inactivation is 

discussed with particular emphasis on the relative proximity of nanoparticles to the viral 

target and physicochemical parameters associated with 1O2 generation. 
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4.1.2 Materials and Methods 

4.1.2.1 Cultures, Phage Purification and Enumeration 

Bacteriophage MS2 (American Type Culture Collection (ATCC) 15597-B1) was 

propagated on E. coli (ATCC 15597) and enumerated using the double-top agar assay. A 

highly purified, high-titer virus stock in PBS (1013 PFU (plaque forming unit) mL-1), free 

of bacterial debris and media residues was prepared by centrifugation, precipitation, 

extraction, and ultracentrifugation [121]. 

4.1.2.2 Fullerene Suspensions 

C60 (99.9%), C60(OH)6, C60(OH)24 and C60(NH2)6 were purchased in powder form 

(MER Corp., Tucson, AZ). The aqueous fullerene suspension (aqu-nC60) was prepared 

by ultrasonication and filtration (see Appendix A for details). Well dispersed stock 

suspensions of C60(OH)6, C60(OH)24, and C60(NH2)6 were prepared by adding powder 

directly to ultrapure water and stirring overnight and filtering to < 100 nm. Particle size 

distributions were obtained via dynamic light scattering at 90° (ALV/LSE-5004, Langen, 

Germany) (see Appendix A, Figure 35). Electrophoretic mobilities were measured via 

Zetasizer Nano (Malvern Instruments, Bedford, MA). A concentration of 5 mg C L-1 

(measured as total carbon, TOC-5050A, Shimadzu) was employed for all nanoparticles. 

4.1.2.3 Irradiation and 1O2 Detection 

1O2 concentrations were measured as the increase in fluorescence units (FSU) 

(Modulus Single Tube 9200, Turner Biosystems) of Singlet Oxygen Sensor Green (SOSG, 
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Molecular Probes-Invitrogen) and quantified through Rose Bengal standard curves 

(Appendix A, Figure 36 and Figure 37). Two 15 W fluorescent bulbs (Philips TLD 

15W/08) provided low-pressure UV irradiation, which had an output spectrum peak at 

365 nm in the UV-A region and an intensity of 2.3 mW cm-2 as measured by a UVX 

Radiometer (UVP, Inc. Upland, CA) (see Appendix A for output spectrum, Figure 38). 

Test suspensions consisted of (1) MS2 + UV-A, (2) MS2 + FNP + UV-A, (3) MS2 + FNP in 

the dark, and (4) MS2 + FNP + β-carotene + UV-A. All vials were continually stirred, 

experiments were performed in triplicate, and β-carotene, an efficient 1O2 scavenger 

served as a negative control. 

4.1.2.4 ATR-FTIR Spectroscopy 

The mid-infrared spectra (1800-1000 cm-1) of MS2 (in solid form) treated with 

UV-A alone and UV-A sensitized fullerenes were collected using a Nicolet Magna 750 

spectrometer equipped with infrared source, DTGS detector, and a KBr beamsplitter. 

Samples were prepared by first freezing a 45 mL sample in polypropylene vials 

overnight at -81 °C. Next, the vials were transferred to a sample holder attached to a 

freeze drier operating under vacuum for 48 h. The sample pellet from each vial was 

harvested and stored in 1.5 mL centrifuge tubes at 4 °C. Sufficient sample powder was 

deposited to cover the entire Ge internal reflection element (IRE) surface and the IR 

spectrum for each sample was obtained by averaging 512 scans collected at 4 cm-1 

resolution. Background spectra were collected on a clean Ge IRE. All spectra were 
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processed using OMNIC v.5.29 software (Nicolet-Thermo Electron). Absorption peaks 

were assigned based on the second derivative of the original spectra and the sample 

constituents contributions to the peaks were described based on amino acids, proteins, 

and viruses [264, 265]. The peaks in the region 1700-1500 cm–1 were decomposed to 

separate overlapping peaks and then fitted to a Lorentzian-Gaussian model. 

4.1.2.5 OxyBlot Protein Oxidation Assay 

Prior to quantifying the carbonyl groups formed by the reactions of 1O2 with 

amino-acid side chains, MS2 samples after 5 minutes of irradiation were concentrated to 

get 3-4 µg µL-1 of total proteins (measured by Modified Lowry Assay). 10 µL aliquot of 

denatured-proteins was reacted with 2,4-dinitrophenylhydrazine (DNPH) for 15 min to 

form 2,4-dinitrophenylhydrozone (DNP-hydrazone), which confirms the presence of 

carbonyls in the sample. The amount DNP-hydrozone product formed was quantified 

by following a series of steps involving SDS-polyacrylamide gel electrophoresis (SDS-

PAGE), Western blot analysis and treatment with antibodies, and chemiluminescent 

reagents (see Appendix A for detailed explanation). The oxidative status of each protein 

was then analyzed quantitatively by comparing the signal intensity (at 428 nm) of the 

same protein in different lanes on the same gel. A negative control was also prepared as 

described but without protein. 
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4.1.2.6 SDS-PAGE 

SDS-PAGE was used to examine MS2 phage protein samples for the presence of 

cross-linkages induced by 1O2 during illumination of fullerene suspensions [247]. 

4.1.2.7 Dark-Field based Hyperspectral Imaging Microscopy 

An enhanced dark-field transmission optical microscope (Olympus BX41) 

equipped with a hyperspectral imaging (HSI) spectrometer (CytoViva® Hyperspectral 

Imaging System, Auburn, AL) was employed to simultaneously visualize fullerenes and 

viruses. This was equipped with novel optics that achieve Koehler and Critical 

illumination concurrently, which brightens particles 150 times more than conventional 

dark field microscopy. Koehler illumination is pre-aligned and fixed whereas Critical 

illumination is adjustable (up or down), which aids in finding the focal point including 

the position and size of the illuminated spot on the sample. This facilitated observation 

of non-diffraction limited optical effects and an improved point spread function 

extending the resolution well beyond diffraction limits of a conventional microscope to 

obtain spatial details of the sample [266]. The complete composite spectrum of each pixel 

(25x25 nm at 100x magnification) in the visible and near infrared wavelengths (400-1000 

nm) was collected at 1.5 nm resolution in a hyperspectral image. The spatial distribution 

and spectral information of nanoparticles and viruses was derived from each 

hyperspectral image using the Environment for Visualization ENVI v.4.4 software. 

Samples were stained with 2.5% phosphotungstic acid (10 µL to 1 mL sample) for 30 
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seconds and 10 µL aliquots were imaged using glass slides. All images were acquired at 

a constant high gain and a 250 ms exposure time and background subtracted using ten 

dark-current images obtained prior to the sample scan. Using n-dimensional visualizer, 

the most spectrally active materials (i.e. endmembers) were identified, then compared 

with the spectral library of the materials, and finally using mixture tuned matched 

filtering technique, individual endmembers were mapped in the sample’s hyperspectral 

image. The endmembers (spectral library plots) for pure and mixtures of MS2 and 

fullerenes were derived from hyperspectral images using ENVI’s Spectral Hourglass 

algorithm (see Appendix A for HSI details, Figure 40). Three to five images with a field 

of view of 350-400 mm for each sample was examined and analyzed. 

4.1.3 Results and Discussion 

4.1.3.1 1O2 Generation by UV-A Sensitized Fullerenes 

1O2 production was determined by comparing the measured fluorescence of 

SOSG in suspensions versus a Rose Bengal standard curve. Standard suspensions of 

Rose Bengal, a known 1O2 sensitizer (Φ = 0.75 [267]), were exposed to UV-A light 

centered at 365 nm. From the irradiance and reaction vial geometry, the cumulative 1O2 

generated was determined from the FSU measurements (see Appendix A for more 

details). 
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Bengal," a" known" 1O2%sensitizer( (Φ! =" 0.75" [25]),# were# exposed# to#UVA% light% centered% at% 365% nm.% From% the%139"

irradiance% and% reaction% vial% geometry,% the% cumulative% 1O2% generated% was% determined% from% the% FSU%140"

measurements%(see%SI%for%more%details).%%141"

,142"
Figure,1.%1O2%generation%rates%in%UV\A%sensitized%fullerene%nanoparticle%suspensions%(15%mM%PBS).%143"

As%summarized% in%Figure%1,%UV\A\sensitized%C60(NH2)6%generated%
1O2%at% the%highest%rate% (0.969±0.039%144"

µM% min\1)% followed% by% C60(OH)24% (0.686±0.011% µM% min\1),% C60(OH)6% (0.563±0.014% µM% min\1),% and% aqu\nC60%145"
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Figure 13: 1O2 generation rates in UV-A sensitized FNP suspensions (15 mM 
PBS) 

As summarized in Figure 13, UV-A-sensitized C60(NH2)6 generated 1O2 at the 

highest rate (0.969±0.039 µM min-1) followed by C60(OH)24 (0.686±0.011 µM min-1), 

C60(OH)6 (0.563±0.014 µM min-1), and aqu-nC60 (0.132±0.004 µM min-1). 1O2 production 

depends on the quantum yield of primary nanoparticles and aggregate morphology 

[219, 268]. Shielding by particles on the outer surface of aggregates reduces absorption of 

the excitation radiation by those in the interior (an effect which becomes more 

pronounced for denser aggregates). On a per monomer basis, this shielding leads to a 

decreased rate of optically induced transitions and ultimately, lower ROS production. 

Additionally, for light absorbed by particles in the interior of the aggregate, a more 

dense morphology will increase the probability of physical and chemical quenching, 

which also lowers ROS production [254]. 
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(0.132±0.004%µM%min\1).%1O2%production%depends%on%the%quantum%yield%of%primary%nanoparticles%and%aggregate%146"

morphology% [26,% 27].% Shielding% by% particles% on% the% outer% surface% of% aggregates% reduces% absorption% of% the%147"

excitation% radiation% by% those% in% the% interior% (an% effect% which% becomes% more% pronounced% for% denser%148"

aggregates).%On%a%per%monomer%basis,%this%shielding%leads%to%a%decreased%rate%of%optically%induced%transitions%149"

and% ultimately,% lower% ROS% production.% Additionally,% for% light% absorbed% by% particles% in% the% interior% of% the%150"

aggregate,%a%more%dense%morphology%will% increase%the%probability%of%physical%and%chemical%quenching,%which%151"

also%lowers%ROS%production%[10].%%152"

,153"
Figure,2.%TEM%images%depicting%the%morphology%of%nanoparticles.%aqu\nC60%crystal%lattice%planes%are%visible%in%the%inset%of%154"
(a)%labeled%(e).%For%Figure%e,%scale:%7%mm=20%nm.,155"

For%C60(OH)6% (number%weighted%average%size%of%8.46±0.22%nm),%we%see%an% increase% in% 1O2%generation%156"

compared%with% aqu\nC60% (average% size% of% 80.50±0.46% nm)% despite% a%more% disturbed% π\electron% shell% arising%157"

from%functionalization.%This%is%likely%because%hydroxylation%results%in%a%smaller,%more%open%aggregate%compared%158"

with% the% crystalline% structure% that% is% seen% for% nC60% in% TEM% images% (Figure% 2a% and% e).% The% fact% that% the% 1O2%159"

generation%has%not%overtaken%that%of%the%highly%dendritic%fullerol%aggregates%further%illustrates%the%importance%160"

of%extent%of% functionalization%and%aggregate%morphology.%The%addition%of% six%amine% functional%groups% to% the%161"

fullerene%cage%appears%to%create%a%more%loosely%associated%configuration%similar%to%C60(OH)24,%as%can%be%seen%in%162"

Figures%2%(c)%and%(d),%while%doing%so%with%a%lesser%degree%of%π\bond%interruption,%which%further%illustrates%the%163"

 

Figure 14: TEM images depicting the morphology of nanoparticle aggregates. 
Aqu-nC60 crystal lattice planes are visible in (e). 

For C60(OH)6 (number weighted average size of 8.46±0.22 nm), we see an increase 

in 1O2 generation compared with aqu-nC60 (average size of 80.50±0.46 nm) despite a 

more disturbed π-electron shell arising from functionalization. This is likely because 

hydroxylation results in a smaller, more open aggregate compared with the crystalline 

structure that is seen for nC60 in TEM images (Figure 14 (a) and (e)). The fact that the 1O2 

generation has not overtaken that of the highly dendritic fullerol aggregates further 

illustrates the importance of extent of functionalization and aggregate morphology. The 

addition of six amine functional groups to the fullerene cage appears to create a more 

loosely associated configuration similar to C60(OH)24, as can be seen in Figure 14 (c) and 

(d), while doing so with a lesser degree of π-bond interruption, which further illustrates 



 

73 

the importance of the type of functional group. This combination, in addition to a 

smaller aggregate size (average size of 1.92±0.46 nm) compared to C60(OH)24 (average 

size of 4.46±0.38 nm), results in the highest 1O2 production rate of all nanoparticles 

investigated. 

4.1.3.2 1O2 Mediated MS2 Inactivation 

In suspensions of MS2 + fullerenes + 90 µM β-carotene (an efficient 1O2 

quencher), the inactivation rates were similar to the rate measured with UV-A alone (see 

Appendix A, Table 7). Also, the production of superoxide, as measured by XTT (2,3-

bis(2-methoxy-4- nitro-5-sulfophenyl)-2H-tetrazolium-5- carboxanilide) was negligible 

in all suspensions. Hence, exogenous 1O2 was predominantly responsible for enhanced 

MS2 inactivation rates in UV-A sensitized fullerene suspensions. This result was 

expected given the lack of electron donor needed for type I sensitization and confirms 

previous results [246]. 

Virus inactivation in illuminated nanoparticle suspensions closely followed first 

order kinetics (Figure 15). aqu-nC60, C60(OH)6, C60(OH)24, and C60(NH2)6 increased MS2 

inactivation rates by a factor of 1.7, 5.1, 5.5, and 11.4 respectively compared with UV-A 

alone following the same trend as 1O2 production. No dark inactivation demonstrated 

that the FNPs investigated herein were not directly virucidal (Appendix A, Table 8). 

Inactivation by UV-A alone could be due to the formation of cross-linkages via disulfide 

bonds in Cys and Trp photooxidation, (Cys and Trp each constitute ~ 1.6% of the capsid) 
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importance%of%the%type%of%functional%group.%This%combination,%in%addition%to%a%smaller%aggregate%size%(average%164"

size% of% 1.92±0.46% nm)% compared% to% C60(OH)24% (average% size% of% 4.46±0.38% nm),% results% in% the% highest% 1O2%165"

production%rate%of%all%nanoparticles%investigated.%166"
1O2, Mediated, MS2, Inactivation.% In% suspensions% of% MS2% +% fullerenes% +% 90% µM% β\carotene% (an% efficient% 1O2%167"

quencher),%the%inactivation%rates%were%similar%to%the%rate%measured%with%UV\A%alone%(see%SI%Table%S2).%Also,%the%168"

production% of% superoxide,% as% measured% by% XTT% (2,3\bis(2\methoxy\4\% nitro\5\sulfophenyl)\2H\tetrazolium\5\%169"

carboxanilide)% was% negligible% in% all% suspensions.% Hence,% exogenous% 1O2% was% predominantly% responsible% for%170"

enhanced%MS2%inactivation%rates%in%UV\A%sensitized%fullerene%suspensions.%This%result%was%expected%given%the%171"

lack%of%electron%donor%needed%for%type%I%sensitization%and%confirms%previous%results%[1].%172"

,173"
Figure,3.%MS2%inactivation%by%UV\A%alone%and%UV\A%sensitized%aqu\nC60,%C60(OH)6,%C60(OH)24,%and%C60(NH2)6.%174"

Virus% inactivation% in% illuminated%nanoparticle%suspensions%closely% followed% first%order%kinetics% (Figure%175"

3).%aqu\nC60,%C60(OH)6,%C60(OH)24,%and%C60(NH2)6%increased%MS2%inactivation%rates%by%a%factor%of%1.7,%5.1,%5.5,%and%176"

11.4%respectively%compared%with%UV\A%alone%following%the%same%trend%as%1O2%production.%No%dark%inactivation%177"

demonstrated%that%the%fullerenes%investigated%herein%were%not%directly%virucidal%(Table%S3).%Inactivation%by%UV\178"

A%alone%could%be%due%to%the%formation%of%cross\linkages%via%disulfide%bonds%in%Cys%and%Trp%photooxidation,%(Cys%179"

and%Trp%each%constitute%~%1.6%%of%the%capsid)%[28,%29].%The%photoinactivation%rate%with%6.9%µM%C60(OH)24%in%this%180"

study%(0.187%min\1)%was%significantly%higher%than%that%obtained%in%our%earlier%using%40%µM%C60(OH)24%(0.102%min\181"
1)% indicating% that% looser% and% smaller% fullerol% aggregates% generated% higher% 1O2% concentrations% and/or% more%182"
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Figure 15: MS2 inactivation by UV-A alone and UV-A sensitized aqu-nC60, 
C60(OH)6, C60(OH)24, C60(NH2)6. 

 

[269, 270]. The photoinactivation rate with 6.9 µM C60(OH)24 in this study (0.187 min-1) 

was significantly higher than that obtained in our earlier using 40 mM C60(OH)24 (0.102 

min-1) indicating that looser and smaller fullerol aggregates generated higher 1O2 

concentrations and/or more closely associated with MS2. (Note that in this study, a 100 

nm filtration step was introduced to remove very large aggregates.) Biochemical 

transformations in viruses were probed next. 

4.1.3.3 Alterations to Protein Secondary Structures 

Peak assignments in the mid-infrared region (1800-1000 cm-1) are summarized in 

Appendix A, Table 9. 1O2-induced changes to protein secondary structures in MS2 after 5 
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minutes of exposure were quantified from relative peak areas in curve fitted amide I 

spectra in the region 1700-1600 cm-1 (Figure 16). 

Page%9%

closely%associated%with%MS2.%(Note%that%in%this%study,%a%100%nm%filtration%step%was%introduced%to%remove%very%183"

large%aggregates.)%Biochemical%transformations%in%viruses%were%probed%next.%184"

Alterations, to, Protein, Secondary, Structures.,Peak%assignments% in% the%mid\infrared% region% (1800\1000% cm\1)%185"

are%summarized%in%SI%Table%S4.%1O2\induced%changes%to%protein%secondary%structures%in%MS2%after%5%minutes%of%186"

exposure%were%quantified%from%relative%peak%areas%in%curve%fitted%amide%I%spectra%in%the%region%1700\1600%cm\1%187"

(Figure%4).%%188"

,189"
Figure,4.%Changes%in%protein%secondary%structures%(intermolecular%extended%chains,%β\sheets%and%random%coils,%α\%and%3\190"
turn%helices,%and%antiparallel%β\sheets%and%aggregated%strands%following%5\minute%exposure%to%UV\A%illuminated%fullerene%191"
suspensions%from%ATR\FTIR.%CT%values%correspond%to%10\9%mg\min/L.%192"

Photoilluminated% nanoparticles% increased% peak% areas% of% α\% and% 3\turn% helices% and% antiparallel%193"

aggregated% strands/β\sheets% but% decreased% infrared% vibrational% freedom% of% intermolecular% extended% chains%194"

and% β\sheets/random% coils% in% viruses.% Changes% in% the% interactions% between% α\helical% structures% and% β\195"

structures%suggests%unfolding%of%subunits%of%coat%proteins%and%capsid%destabilization%via%deformation%or%rupture%196"

[30].%Bonds%in%intermolecular%extended%chains,%β\sheets,%and%random%coils%were%potentially%strained%resulting%197"

in% the% loss%of%molecular%tensional%energy%needed%for%maintaining%structural% integrity%of% the%capsid% [31].%Peak%198"

shifts%associated%with% intermolecular%chains%also% indicate%morphological%disorder% in% the%capsid% (SI%Figure%S7).%199"

Since%the%A\protein%assists%in%storing%tension%or%strain%energy%in%the%coat%protein%[31],%MS2%inactivation%might%200"

also%be%associated%with%reduced%ability%to%inject%E.,coli%with%its%genomic%RNA.%201"
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Figure 16: Changes in protein secondary structures (intermolecular extended 
chains, β-sheets and random coils, α- and 3-turn helices, and antiparallel β-sheets and 

aggregated strands following 5 minute exposure to UV-A illuminated FNP 
suspensions from ATR-FTIR. CT values correspond to 10-9 mg min L-1. 

Photoilluminated nanoparticles increased peak areas of α- and 3-turn helices and 

antiparallel aggregated strands/β-sheets but decreased infrared vibrational freedom of 

intermolecular extended chains and β-sheets/random coils in viruses. Changes in the 

interactions between α-helical structures and β-structures suggests unfolding of 

subunits of coat proteins and capsid destabilization via deformation or rupture [271]. 

Bonds in intermolecular extended chains, β-sheets, and random coils were potentially 

strained resulting in the loss of molecular tensional energy needed for maintaining 

structural integrity of the capsid [272]. Peak shifts associated with intermolecular chains 

also indicate morphological disorder in the capsid (Appendix A, Figure 41). Since the A-
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protein assists in storing tension or strain energy in the coat protein [272], MS2 

inactivation might also be associated with reduced ability to inject E. coli with its 

genomic RNA. 

4.1.3.4 Formation of Carbonyl Groups and Protein Conformational Changes 

Carbonyl groups, which appear between 1740 and 1730 cm-1 of the mid-infrared 

spectrum were detected in all viruses exposed to photoactivated fullerenes (but not UV-

alone) demonstrating oxidation of capsid proteins as seen in Figure 17 [273, 274]. 

Page%10%

Formation,of,Carbonyl,Groups,and,Protein"Conformational,Changes.%Carbonyl%groups,%which%appear%between%202"

1740% and% 1730% cm\1% of% the% mid\infrared% spectrum% were% detected% in% all% viruses% exposed% to% photoactivated%203"

fullerenes%(but%not%UV\alone)%demonstrating%oxidation%of%capsid%proteins%as%seen%in%Figure%5%[32,%33].%%204"

,
,

Figure, 5.% (a)% Evolution% of% carbonyl% groups% in%MS2% upon% 1O2% oxidation% from% ATR\FTIR.% (b)% The% extent% of%MS2% proteins%205"
oxidation%by%1O2%at%the%end%of%5%min%of%UV\A%sensitization%is%shown%here%in%terms%of%carbonyl%concentrations%from%OxyBlot%206"
assay.%CT%values%correspond%to%10\9%mg\min/L.%207"

Total% carbonyl% groups% relative% peak% areas% (aqu\nC60% 0.0088,% C60(OH)6% 0.0316,% C60(OH)24% 0.0337% and%208"

C60(NH2)6%0.0523%area%units)%evolved%monotonically%with%CT%(Figure%5a,%details%of%CT%calculations%are%in%the%final%209"

section%of%the%manuscript%and%SI).%Importantly,%since%no%carbonyl%groups%were%detected%in%viruses%exposed%to%210"

fullerenes% in% the% dark,% UV\A% alone,% or% photoactivated% fullerenes% +% β\carotene,% protein% oxidation% is% directly%211"

related% to% exogenous% 1O2% delivered% to% the% capsid% and% the% degree% of% inactivation% (Figure% 5b).%SDS\PAGE% and%212"

Western%blot%analysis%as%described%by%the%OxyBlot%assay%allowed%the%quantification%of%carbonyl%content%of%A\%213"

and% coat\protein.% As% summarized% in% Figure% 5b,% it% appears% that% carbonyl% formation% in% A\protein% stopped%214"

increasing%significantly%beyond%a%CT%of%only%1.61x10\9%mg%min/L%(C60(OH)6)%whereas%it%continued%to%increase%in%215"

coat% proteins% consistent%with% its%much% higher% protein% content% and% consequent% greater% availability% of% amino%216"

acid%residues%for%reactions%with%1O2.%Note%that%each%MS2%virion%has%180%copies%of%the%coat%protein%but%only%one%217"

copy%of%the%A\protein.%The%highest%degree%of%oxidation%occurred%in%C60(NH2)6%suspensions%(A\protein:%1.03±0.11%218"

nanomoles% carbonyls/mg% protein% and% coat% protein:% 4.23±0.60% nanomoles% carbonyls/mg% protein).% Carbonyl%219"

group%content%in%both%A\protein%and%coat%protein%increased%with%1O2%doses%confirming%FTIR%results%(Figure%5b).%220"

7%%of%the%amino%acids%in%the%MS2%capsid%are%highly%reactive%with%1O2%(His,%Trp,%Tyr,%Met,%and%Cys;%SI%Table%S5),%221"
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Figure 17: (a) Evolution of carbonyl groups in MS2 upon 1O2 oxidation from 
ATR-FTIR. (b) The extent of MS2 protein oxidation by 1O2 at the end of 5 min of UV-
A sensitization is shown here in terms of carbonyl concentrations from the OxyBlot 

assay. CT values correspond to 10-9 mg min L-1. 

Total carbonyl groups relative peak areas (aqu-nC60 0.0088, C60(OH)6 0.0316, 

C60(OH)24 0.0337 and C60(NH2)6 0.0523 area units) evolved monotonically with CT (Figure 

17 (a), details of CT calculations are in the final section of this Chapter and Appendix A). 

Importantly, since no carbonyl groups were detected in viruses exposed to fullerenes in 

the dark, UV-A alone, or photoactivated fullerenes + β-carotene, protein oxidation is 

directly related to exogenous 1O2 delivered to the capsid and the degree of inactivation 
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(Figure 17 (b)). SDS-PAGE and Western blot analysis as described by the OxyBlot assay 

allowed the quantification of carbonyl content of A- and coat-protein. As summarized in 

Figure 17 (b), it appears that carbonyl formation in A-protein stopped increasing 

significantly beyond a CT of only 1.61x10-9 mg min L-1 (C60(OH)6) whereas it continued to 

increase in coat proteins consistent with its much higher protein content and consequent 

greater availability of amino acid residues for reactions with 1O2. Note that each MS2 

virion has 180 copies of the coat protein but only one copy of the A-protein. The highest 

degree of oxidation occurred in C60(NH2)6 suspensions (A-protein: 1.03±0.11 nanomoles 

carbonyls mg-1 protein and coat protein: 4.23±0.60 nanomoles carbonyls mg-1 protein). 

Carbonyl group content in both A-protein and coat protein increased with 1O2 doses 

confirming FTIR results (Figure 17 (b)). 7% of the amino acids in the MS2 capsid are 

highly reactive with 1O2 (His, Trp, Tyr, Met, and Cys; Appendix A, Table 10), which are 

also present in the A-protein that is crucial for infection. SDS PAGE confirmed 

conformational changes such as unfolding of subunits or cross-linkages (slower 

migration of bands in lanes D, E, F, G and I in Appendix A, Figure 42) in A-protein and 

coat proteins of MS2 across all treatments including UV-A alone. Oxidative damages to 

the A-protein suggest alterations in MS2-host interactions attributing inactivation to the 

loss of infectivity similar to DNA viruses such as PRD1 and T7 [247]. 



 

78 

4.1.3.5 Evidence for Capsid Rupture or Deformation 

As seen in Figure 18, certain amino acids (Pro, His, Trp, and Ser) peaks and RNA 

appeared in spectra of MS2 exposed to illuminated FNPs but not UV-A alone. This 

suggests capsid rupture/deformation and the broadened peaks in the region 1190-1130 

cm-1 likely indicate oxidation of exposed RNA. The appearance of new peaks show 

localized capsid damages potentially at the locations of Pro, His, Trp, and Ser on the 

capsid, or even rupture as seen in Figure 19 (e). 

Page%11%

which% are% also% present% in% the% A\protein% that% is% crucial% for% infection.% SDS% PAGE% confirmed% conformational%222"

changes%such%as%unfolding%of%subunits%or%cross\linkages%(slower%migration%of%bands%in%lanes%D,%E,%F,%G%and%I%in%SI%223"

Figure% S8)% in% A\protein% and% coat% proteins% of% MS2% across% all% treatments% including% UV\A% alone.% Oxidative%224"

damages% to% the%A\protein% suggest% alterations% in%MS2\host% interactions%attributing% inactivation% to% the% loss%of%225"

infectivity%similar%to%DNA%viruses%such%as%PRD1%and%T7%[2]."%226"

Evidence,for,Capsid,Rupture,or,Deformation.%As%seen%in%Figure%6,%certain%amino%acids%(Pro,%His,%Trp,%and%Ser)%227"

peaks% and% RNA% appeared% in% spectra% of% MS2% exposed% to% illuminated% fullerenes% but% not% UV\A% alone.% This%228"

suggests% capsid% rupture/deformation% and% the% broadened% peaks% in% the% region% 1190\1130% cm\1% likely% indicate%229"

oxidation% of% exposed% RNA.% The% appearance% of% new% peaks% show% localized% capsid% damages% potentially% at% the%230"

locations%of%Pro,%His,%Trp,%and%Ser%on%the%capsid,%or%even%rupture%as%seen%in%Figure%7e.%%231"

%232"
Figure,6.%ATR\FTIR%spectra%of%MS2%exposed%to%UV\A%illuminated%fullerenes%showing%development%of%amino%acid%residues%233"
and%RNA%compared%to%UV\A%alone.%%234"

Direct,Qualitative,Evidence,for,Differential,Association,of,Different,Fullerenes,with,MS2.%Figures%7a\d%show%235"

representative%5\fold%zooms%of%mixture\tuned%matched%filtering%(MTMF)%results%from%HSI%analysis%of%MS2%with%236"

C60(NH2)6,% aqu\nC60% C60(OH)6,% and% C60(OH)24% respectively% in% aqueous% media.% The% following% trends% were%237"

consistently%observed;%C60(NH2)6%and%MS2%were%closest%to%each%other,%the%polyhydroxylated%fullerols%and%MS2%238"

were%most%separated,%whereas%aqu\C60%was%at%intermediate%distances%from%MS2.%These%images%were%obtained%239"

in% the%wet% phase%with% limited% sample%preparation% thereby% closely% capturing% conditions%during%nanoparticles%240"
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Figure 18: ATR-FTIR spectra of MS2 exposed to UV-A illuminated FNPs 
showing the development of amino acid residues and RNA compared to UV-A alone. 

4.1.3.6 Direct Qualitative Evidence for Differential Association of FNPs with MS2 

Figure 19 (a)-(d) show representative 5-fold zooms of mixture-tuned matched 

filtering (MTMF) results from HSI analysis of MS2 with C60(NH2)6, aqu-nC60 C60(OH)6, 

and C60(OH)24 respectively in aqueous media. The following trends were consistently 
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observed; C60(NH2)6 and MS2 were closest to each other, the polyhydroxylated fullerols 

and MS2 were most separated, whereas aqu-C60 was at intermediate distances from MS2. 

These images were obtained in the wet phase with limited sample preparation thereby 

closely capturing conditions during nanoparticles photoactivation and subsequent virus 

inactivation. Although not conclusive because of the necessary sample dehydration, 

TEM imagery (Figure 19 (e)-(h)) confirms HSI results where C60(NH2)6 nanoparticles 

were present closer to MS2 compared with aqu-nC60, C60(OH)6, and C60(OH)24. 
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Figure 19: Relative proximity of various fullerenes with MS2 following MTMF 
analysis of hyperspectral images. 5-fold zoom-ins (1 cm = 20 µm) of noise-free image 

data with superimposed classification results are shown. MS2 viruses appear as green 
pixels after staining with 2.5% phosphotungstic acid. (a) C60(NH2)6 is shown in red, (b) 

aqu-nC60 in blue, (c) C60(OH)6 in purple, and (d) C60(OH)24 in pink. (e) –(h) 
Corresponding TEM images after sample dehydration. 

Under our experimental conditions, the electrophoretic mobilities of MS2, 

C60(NH2)6, aqu-nC60, C60(OH)6, and C60(OH)24 were -1.09±0.09, -1.09±0.10, -1.76±0.29, -

3.65±0.31, and -3.57±0.30 (x10-8 m2 V-1 s-1), respectively. ζ potentials were then calculated 
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from EPM using the Henry equation (Appendix A, Table 6). The observed trends in 

separation distances are therefore consistent with electrostatic interactions with 

proximity of nanoparticles to phages increasing with decreasing magnitude of the ζ 

potential. Greater affinity allows the more efficient transfer of 1O2 from nanoparticles to 

viruses, especially given its short lifetime thereby facilitating inactivation. Capsid 

rupture and deformations seen in Figure 19 (e)-(h) are attributed to oxidative damage by 

1O2. 

4.1.3.7 1O2 Delivery and Proximity Implications for Chick-Watson Kinetics 

Log virus survival ratios were quantified using the Chick-Watson model 

reported for conventional disinfectants [275] and cationic fullerenes [33]. Measurements 

of fluorescence over time represent a cumulative production of 1O2. The change in 

fluorescence over time therefore represents the instantaneous 1O2 consumption 

following the second order reaction between SOSG and 1O2, presumed to take place near 

the FNP surface where the 1O2 concentration is [1O2]0 such that: 

 
dFSU
dt

= k1O2 [
1O2 ]0[SOSG]  (Eq 25.) 

where FSU is the detected fluorescence resulting from the cumulative reaction of SOSG 

with the produced 1O2 over the irradiance time, T, and 
2

1O
k is a second order rate 

constant. Using a sufficiently large SOSG concentration compared with 1O2 and short 

irradiance times gives the pseudo first order equation: 
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dFSU
dt

= k '1O2 [
1O2 ]0

 
(Eq 26.) 

where 
2

1' O
k = 5.8x109 FSU mM-1 min-1, determined experimentally for our conditions (see 

Appendix A). Integrating, an expression for a pseudo-CT is obtained in terms of the time 

required to achieve a given level of inactivation and the steady state 1O2 concentration 

probed by SOSG on or very near the surface of fullerene: 

 CT = FSU(t)
k '1O2

= [1O2 ]0 t  (Eq 27.)  

MS2 log survival ratios corresponding to the four nanoparticles evaluated in this 

study all conformed to Chick-Watson kinetics with all data falling on a single straight 

line in Figure 20. This suggests that similar inactivation mechanisms were associated 

with each nanoparticle. However, the 1O2 concentration near the virus capsid, and thus 

the time required to achieve a given level of inactivation may vary with proximity 

between fullerenes and viruses. 1O2 decays rapidly with distance from a photosensitizer 

source, decreasing in concentration for example, by over an order of magnitude after 

only approximately 10 nm for the case of humic acid [67]. This implies that for a given 

measured surface concentration of 1O2 there are many combinations of separation 

distance between virus and fullerene and the associated time required to produce a 

given level of inactivation that will satisfy the constraint that CT is constant for all 

fullerene types. In other words, the effective concentration that the virus is exposed to 

should depend not only on the generation rate of 1O2 but also the separation distance 
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between the nanoparticles and the viruses. Inactivation rates followed the order: aqu-

nC60 < C60(OH)6 ≈ C60(OH)24 < C60(NH2)6 (Figure 15), which could be due to either 

differences in 1O2 production rates arising from changes in the quantum yield and 

aggregate structure or differences in proximity between the fullerenes and MS2, both of 

which followed similar trends. EPM measurements and visual evidence by HSI and 

TEM indicate that the derivatization of the fullerene cage affected the affinity of the 

particle for the viral surface. For example, C60(NH2)6 was not only the most copious 1O2 

producer but it also associated most closely with MS2, leading to its highest efficacy for 

virus inactivation in Figure 15. Thus, when examining inactivation rates in this study, 

the importance of particle morphology could not be differentiated from virus proximity 

as all FNPs conformed to the same CT curve seen in Figure 20. Had virus log survival 

ratio differed for the same CT dose, it would be possible to distinguish between the two 

factors contributing to inactivation, i.e. 1O2 concentration and proximity. 

The only other examination of the applicability of Chick-Watson kinetics to MS2 

inactivation by nanoparticles [33], used a derivatized cationic fullerene and reported CT 

values that are orders of magnitude greater than our measurements. Differences in CT 

between the two studies are likely to arise given the effects of proximity and  
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Figure 20: Evaluation of the Chick-Watson model to describe MS2 inactivation 
kinetics by all four nanoparticles. 

 

morphology on dose described herein. The change in electrostatic interactions arising 

from a positively charged fullerene versus negatively charged fullerenes should favor 

increased inactivation, though the derivatization used by Cho et al. [33] caused 

substantial aggregation that would be expected to hinder delivery of generated 1O2, 

resulting in decreased inactivation. Aggregates in their work were over 1 µm in size as 

indicated by dynamic light scattering [276] which could both limit transport of 

generated 1O2 away from the interior of the aggregate and decrease the total surface area 

available to interact with viruses. The uncertainty of these factors in producing the 

greater apparent dose necessary to achieve similar inactivation levels between the two 

studies highlights the need for further investigation. 
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Additionally, differences in CT could arise from differences in 1O2 detection and 

measurement. Indeed, CT values reported by Cho et al. [33] differ significantly not only 

from our current study, but also from other estimates [277] reiterating the difficulties in 

accurately determining 1O2 concentrations in the proximity of viruses, which is what 

effectively determines the extent and kinetics of inactivation. In fact, quantifying 

differences in inactivation induced by cationic and anionic fullerenes using a consistent 

and uniform 1O2 detection method is the subject of our ongoing research. 
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Figure 21: Conceptual interplay between fullerene derivatization, quantum 
yield, and 1O2 generation. 

4.1.4 Conclusions 

Differences in MS2 damage, separation distance, and 1O2 generation highlight the 

importance of both affinity and particle morphology (size, structure, extent and type of 

derivatization) to facilitate the effective delivery of 1O2 to the capsid. Fullerene cage 

derivatization can lead to a greater affinity for the aqueous phase (less hydrophobic), 
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smaller mean aggregate size, and a more open aggregate structure [22, 219, 247]. These 

factors tend to favor a longer lifetime for the triplet state of the excited fullerene and 

higher rates of 1O2 generation. However, fullerene derivatization also decreases the 1O2 

quantum yield [254, 278] and may either increase or decrease its affinity to the viral 

surface. 

These considerations suggest that both the extent and the type of derivatization 

should be optimized to balance 1O2 generation and fullerene-virus association to achieve 

maximum disinfection as illustrated schematically in Figure 21. Though the quantitative 

shape of the curves are not yet known, increasing derivatization disrupts the pi-electron 

shell, decreasing the quantum yield and 1O2 generation. However, derivatization also 

leads to smaller, more open aggregates, reducing the likelihood of triplet-triplet 

annihilation and self quenching and thereby increasing the lifetime of the excited triplet 

state, resulting in greater 1O2 production. The observed 1O2 production will thus be 

limited by the quantum yield for highly derivatized FNPs and by the triplet lifetime for 

lesser derivatized FNPs such that a maximum will occur at some optimal extent and 

type of derivatization. Furthermore, depending on the derivatization, the affinity for a 

virus surface may either increase or decrease. An optimal derivatization maximizing 1O2 

generation as well as increasing affinity for the biological target will facilitate 

inactivation.  
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4.2 Influence of Inorganic Anions on the Reactivity of TiO2 
Nanoparticles 

ABSTRACT 

The influence of inorganic anions on the photoreactivity and aggregation of 

titanium dioxide nanoparticles was assessed by dosing carbonate, chloride, nitrate, 

phosphate and sulfate as potassium salts at multiple concentrations. Nanoparticle 

stability was monitored in terms of aggregate morphology and electrophoretic mobility 

(EPM). Aggregates size and fractal dimension were measured over time by laser 

diffraction, and the isoelectric point (IEP) as a function of anion and concentration was 

obtained by measuring EPM vs pH. Phosphate, carbonate, and to a lesser extent, sulfate, 

all decreased the IEP of TiO2 and stabilized NP suspensions due to specific surface 

interactions, whereas this was not observed for nitrate and chloride. TiO2 NPs were 

exposed to UV-A radiation and photoreactivity was assessed by monitoring the 

production of reactive species over time both at the NP surface (photogenerated holes) 

and in the bulk solution (hydroxyl radicals) by observing their reactions with the 

selective probe compounds iodide and terephthalic acid, respectively. The generation of 

photogenerated holes and hydroxyl radicals was impacted by each inorganic anion to 

varying degrees. Carbonate and phosphate inhibited the oxidation of iodide, and this 

interaction was successfully described by a Langmuir-Hinshelwood mechanism and 

related to the characteristics of TiO2 aggregates. Chloride and nitrate do not specifically 

interact with TiO2, and sulfate creates relatively weak interactions with the TiO2 surface 
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such that no decrease in photogenerated hole reactivity was observed. A decrease in 

hydroxyl radical generation was observed for all inorganic anions. Quenching rate 

constants for the reaction of hydroxyl radicals with each inorganic anion do not provide 

a comprehensive explanation for the magnitude of this decrease, which arises from the 

interplay of several physicochemical phenomena. This work shows that the reactivity of 

NPs will be strongly influenced by the waters they are released to. The impact of anion 

species on hydroxyl radical inhibition was as follows: carbonate > chloride > phosphate > 

nitrate > sulfate. 

4.2.1 Introduction 

Titanium dioxide (TiO2) nanoparticles (NPs) are widely used in a multitude of 

commercial products, including food, personal care products, paints, coatings, paper, 

and fibers due to their brightness, high refractive index, and UV resistance [8, 12, 171, 

279]. Applications related to their photoëlectrochemical properties are of particular 

research interest involving solar energy conversion, photocatalytic pollution 

remediation and photo-induced superhydrophilicity [13, 280]. In particular, TiO2 NP 

photocatalysis may be used in water and wastewater treatment, as an advanced 

oxidation for chemical pollutants or a disinfection process for pathogens based on the 

generation of reactive species when TiO2 NPs in suspension are irradiated by photons of 

wavelength below 390 nm [14]. The potential for TiO2 photocatalytic degradation of a 

number of contaminants has already been highlighted [281, 282], though further 
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investigations are required to improve its cost-efficiency and to develop its application 

at the full scale [283]. 

The same photochemical properties that make TiO2 appealing from an 

engineering standpoint also have implications for NP release into the environment. TiO2 

NPs are impacted by the presence of many components of natural waters including 

inorganic anions, which are ubiquitous at significant concentrations [29, 284]. The 

impact on TiO2 reactivity by inorganic anions can be direct: interference with the 

physicochemical processes leading to reactivity, or indirect: changes in the NP stability 

and aggregation state which in turn alter reactivity [14]. For the direct mechanism, 

several studies have been published indicating that inorganic anions impact the 

fundamental physicochemical processes taking place during TiO2 photocatalysis, 

including photon absorption, surface adsorption and photocatalytic degradation [285-

292]. Anions compete for the active sites on TiO2 surfaces, which can prevent the 

reaction of pollutants that must be adsorbed before degradation. The specific adsorption 

of various anions, such as phosphate, leads to a reduction at the TiO2 surface in the 

amount of hydroxide ions, which are the precursors of hydroxyl radicals [293-296]. 

Furthermore, photocatalytic degradation is inhibited when reactive species are directly 

quenched by anions. This phenomenon follows the specific reactivity of each compound 

with the generated reactive species [297]. Given the difficulty in differentiating the 

chemical reactions involved, reactivity assessments have generally been limited to 
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monitoring model contaminant degradation, such as dyes or organic solvents, whose 

reaction pathways are complex and mostly unknown. 

Similarly, most studies assessing the influence of inorganic ions on the reactivity 

of TiO2 suspensions have been carried out without a detailed characterization of TiO2 

aggregates that would help to inform the importance of the indirect mechanism. The 

influence of inorganic anions on NP aggregation has been extensively documented for 

nanoparticle diffusion and transport in aquatic systems [298-302]. This area of research 

is of particular interest due to the increasing concern for environmental implications of 

nanomaterials. In particular, the interactions among TiO2 nanoparticles can often 

effectively be described by DLVO theory, which accounts for van der Waals attraction 

and electrical double layer repulsion in determining the potential for aggregation [180, 

181, 301]. Generally, the repulsive energy of the electric double layer is dominant for 

TiO2 NPs in water. This energy barrier decreases with increasing ionic strength, 

corresponding to double layer compression, which decreases electrostatic repulsion. As 

a result, the ionic strength of the solution can be related to the stability of a 

electrostatically-stabilized NP suspensions [299]. Though some work has looked at the 

impact of aggregate size and structure on reactivity, there remains a lack of 

understanding of how ionic species and concentration impacts the characteristics of TiO2 

suspensions and their reactivity. 
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In this work, the reactivity of TiO2 suspensions in the presence of inorganic 

species was assessed at the laboratory scale by monitoring the reaction of reactive 

species with probe compounds. Using highly selective chemicals (previously described 

in several publications [73, 75, 76]) allows one to assess the specific influence of 

inorganic ions on the availability of various reactive species in the development of 

radical pathways. Specifically, the oxidation of iodide (dosed as potassium iodide, KI) to 

iodine (I2) was used to monitor photogenerated holes (h+), and hydroxylation of 

terephthalic acid (TA) to 2-hydroxyterephthalic acid (2-HTA) was used to detect 

hydroxyl radicals (•OH). The products of these reactions are easily measurable by 

spectrometric and fluorimetric techniques [199]. TiO2 NP suspensions were prepared via 

probe sonication, and the inorganic species (carbonate, chloride, nitrate, phosphate and 

sulfate) were dosed as potassium salts at several concentrations. TiO2 suspensions were 

photoactivated by UV-A irradiation, and the reactive species concentrations were 

evaluated over time along with TiO2 aggregate characterization. This research has strong 

implications not only for TiO2 photocatalysis engineering but also for the assessment of 

the risk related to the environmental release of engineered nanomaterial. 

4.2.2 Materials and Methods 

4.2.2.1 Reagent Solutions 

KOH, KI, I2, KHCO3, KCl, KNO3, KH2PO4, K2HPO4 and K2SO4 were purchased 

from VWR International (USA). Stock solutions of inorganic anions (0.1 M) were 
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prepared in deionized water for carbonate. The starch solution was prepared by adding 

0.5 g of starch (VWR International) in 100 mL of boiling deionized water and mixing 

until complete dissolution. After 12 h settling, the supernatant was collected. TA (0.5 

mM) and 2-HTA (0.125 mM) solutions were prepared by dosing 16.72 mg of TA (Sigma-

Aldrich, USA) and 4.69 mg of 2-HTA (Sigma-Aldrich) in 200 mL of deionized water, 

adjusting pH to 7.9 with KOH, and mixing on a magnetic stir plate overnight. 

4.2.2.2 TiO2 Dispersion and Suspension Characterization 

Experiments were performed with P25 Aeroxide TiO2 nanoparticles (NPs) 

(Evonik, Germany). TiO2 stock suspensions (40 mg L-1) were prepared by adding 2 mg of 

P25 TiO2 to 50 mL of deionized water and stock solutions of inorganic anions, 

depending on the test conditions. Following the protocol of Taurozzi et al., NPs were 

dispersed via probe sonication (Q700, QSonica, USA) for 6 minutes in pulse mode (12 s 

ON / 3 s OFF) with 1/2” diameter tip in the presence of a small concentration of 

inorganic anions (1 mM) [178]. pH was adjusted to 7.9 with KOH (0.1 M) after 

sonication, and the remaining inorganic anions were added to the desired concentration 

afterwards when stocks were diluted in the reaction beaker. 

Laser diffraction (Mastersizer 3000, Malvern Instruments, England) was used to 

determine TiO2 aggregate size and fractal dimension. In-line light scattering 

measurements were performed using a peristaltic pump located downstream of the 

instrument by which samples were fed from a beaker continuously mixed on a magnetic 
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stirrer at 400 RPM. Time resolved size measurements, reported in terms of median 

diameter (D50) both as number weighted and volume weighted intensity, were taken 

every 2 minutes for 30 minutes. Meanwhile, static light scattering (SLS), consisting of 

measurements of the scattering intensity, I(q), over a range of scattering vectors, q, 

corresponding to 0.8 - 42° for each sample were recorded simultaneously by an array of 

detectors. From Equation 28, the aggregate fractal dimension, Df, can be determined as 

the negative slope of the linear power law region when plotting log(I(q)) vs log(q) [215]: 

 I(q) = q−Df  (Eq 28.) 

The multiple detectors of the Mastersizer correspond to scattering vectors from 

0.18 – 9.47 µm-1, with q related to the detector angle, theta, as follows 

 q = 4πn
λ
sinθ
2

 
(Eq 29.) 

where n is the refractive index of the medium (1.33 for water) and λ is the wavelength of 

scattered light (633 nm) [194, 215]. Equation 28 holds when 

 qRh >1  (Eq 30.) 

i.e. for length scales, (q-1) less than the radius of the aggregate, Rh. 

TiO2 nanoparticle pH titrations were performed on 50 mL suspensions of 20 mg 

L-1 P25 TiO2 at various anion concentrations.  Suspensions were continually stirred while 

pH was monitored and adjusted with either 0.01 M or 0.1 M KOH or HCl. At each pH 

step, electrophoretic mobility of the nanoparticles was measured (Zetasizer Nano ZS, 

Malvern Instruments, England). Zeta potential was then calculated via the Henry 
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equation. The isoelectric point (IEP) was identified as the pH for which the EPM of a 

suspension was zero. 

4.2.2.3 TiO2 Nanoparticle Reactivity Measurement 

NP exposure to UV-A was performed in a box equipped with two 15 W 

fluorescent UV lamps (TL-D 15W BLB SLV, Philips, Netherlands) held at 22±1 °C 

through the use of a chiller. Samples were placed in 10 mL reaction beakers and 

continuously mixed on a magnetic stirrer at 400 RPM. The radiation intensity at the 

liquid upper surface was 1.9 mW cm-2, centered at 365 nm (see Appendix B) and 

monitored by means of a ILT1400 radiometer equipped with a SEL033 UV-A filter 

(International Light Technologies, USA). The geometry of the reaction beaker (H=3.5 cm, 

Ø=5 cm) produced a 0.5 cm thickness liquid layer, including the stir bar (3 x 10 mm). 

4.2.2.4 Photogenerated Holes 

To evaluate the production of photogenerated holes in the presence of the 

inorganic anions, reaction beakers containing 20 mg L-1 P25 TiO2, 50 mM KI and various 

concentrations of anion (0, 0.5, 1, 2.5, 5, 12.5 mM) were exposed to UV light. Solutions 

were irradiated for a total of 30 minutes, and all tests were repeated four times. Every 5 

minutes a 0.5 mL aliquot was added to a solution of starch in a 1:1 volume ratio. The 

resulting absorbance at 585 nm was then measured in a plastic cuvette (10 mm optical 

path) vs. deionized water by spectrophotometer (Cary 100, Agilent, USA). Absorbance 

values were related to iodine concentration by a standard curve, which was evaluated 
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by spectrometric measures on non-irradiated samples over the range of 0.0125 to 0.125 

mM iodine after subtracting the TiO2 suspension contribution. The concentration of 

photogenerated holes was stoichiometrically estimated as twice the produced iodine 

concentration, according to the following reaction: 

 2I − + 2h+ → I2  (Eq 31.) 

4.2.2.5 Hydroxyl Radicals 

Hydroxyl radical production tests were performed on samples consisting of 20 

mg L-1 P25 TiO2, 0.125 mM TA, and various concentrations of inorganic anions (0, 0.5, 

2.5, 5, 12.5, 25 mM of carbonate, chloride, nitrate, phosphate and sulfate) and irradiated 

for 30 minutes. All tests were repeated four times. Every 5 minutes a 0.5 mL aliquot was 

added to 0.75 mL deionized water in a 2 mL centrifuge tube. Samples were then 

centrifuged for 5 minutes at 12,000 RPM to separate the TiO2 from the solution. 1 mL of 

the resulting supernatant was transferred to a plastic cuvette (10 mm optical path) and 

fluorescence was measured (Varian Eclipse fluorometer, Agilent, USA) at an excitation 

wavelength set to 315 nm and emission maximum at 425 nm. Fluorescence was related 

to the concentration of 2-HTA by a standard curve by diluting a 0.125 mM 2-HTA stock 

solution to obtain a range from 0.0025 - 0.1 M, adopting the same procedure as for the 

samples. Hydroxyl radical concentrations were estimated by the following reaction, 

assuming 80% trapping efficiency for OH• by TA [87] and considering sample dilution in 

deionised water: 
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 TA+ •OH→ 2−HTA  (Eq 32.) 

4.2.3 Results and Discussion 

The strong influence of inorganic anions on TiO2 nanoparticle photocatalysis, 

resulting from the combination of chemical-physical phenomena is presented here first 

in terms of impacts on NP aggregation (Section 4.3.1). The anion influence on TiO2 

reactivity is then discussed in terms of photogenerated holes (Section 4.3.2) and 

hydroxyl radicals (Section 4.3.3). 

4.2.3.1 TiO2 Aggregate Characterization 

Sonicating TiO2 nanoparticles in deionized water created aggregates with a stable 

number weighted D50 of 0.095±0.004 µm and volume weighted D50 increasing from 

0.591±0.296 µm to 6.84±7.63 µm over 30 minutes (Data in Appendix B). The difference in 

values arising from the weighting methods is due to the polydispersity of TiO2 

suspensions, indicating that the vast majority of aggregates exist at the smaller size class 

with relatively few large aggregates influencing the volume weighted D50. This smaller 

fraction is expected to be the most photoactive, as non-ROS producing pathways (e.g. 

quenching, recombination) increase in frequency with aggregation [219]. Suspensions in 

DI were repeated five times; the large standard deviation associated with the volume 

weighted D50 arises from the instability of the TiO2 aggregates in the mixed solution. 
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4.2.3.2 Aggregation in Inorganic Salts 

Monitoring TiO2 D50 in the presence of inorganic salts yielded two contrasting 

trends (i) anions that did not limit NP destabilization, and (ii) anions that stabilized NP 

suspensions through specific surface interactions. Figure 25 shows TiO2 aggregation 

over time for each anion at 0.5 mM and 25 mM. Aggregates in chloride and nitrate 

aggregated significantly over 30 minutes at all concentrations, increasing from an initial 

TiO2 number weighted D50 similar to that of aggregates suspended in DI to a final size of 

a micron or more (Data in Appendix B). On the other hand, phosphate, carbonate, and 

sulfate all had a stabilizing effect. The greatest effect was seen for phosphate for which 

no increase in aggregate size was observed, even at concentrations as high as 25 mM. 

Some aggregation proceeded for suspensions containing carbonate at 12.5 and 25 mM. 

The addition of sulfate in solution did result in a decrease in aggregation, though this 

was much less pronounced than for either phosphate or carbonate, and did not exhibit 

concentration dependence over the range examined. 
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Figure 22: TiO2 aggregation over time for each anion at (a) 0.5 mM and (b) 25 
mM. Data shown is volume weighted D50 (mean±std) 

Looking at the initial rate of aggregation for chloride (Figure 23) and nitrate (data 

in Appendix B), no clear influence of ionic strength can be discerned, although the 

attachment efficiency, α, is generally expected increase with salt concentration until it 

reaches unity when the critical coagulation concentration is reached. Calculations using 

the Gouy Chapman model indicate that attractive forces dominate (i.e. α = 1) for 12.5 

and 25 mM potassium chloride (data in Appendix B). For the lower three concentrations 

(0.5, 2.5, and 5 mM) however, the electrical double layer remains large enough that 

electrostatic repulsion should hinder aggregation. These results agree well with 

Solovitch et al. who determined the CCC for 50 mg L-1 anatase at pH 8 in unmixed 

experiments to be between 10 and 40 mM NaCl [303]. That no difference was observed 

in initial aggregation rates here, despite the differences in particle stability, highlights 

the strong influence of mixing on aggregation rate for these conditions. The initial 

aggregation reached a plateau after approximately 14 minutes; presumably this is the 



 

98 

point at which breakup and reordering due to shear becomes significant. Similar 

behavior was observed by Gardner et al. in studying the aggregation kinetics of 

hematite particles in a Couette device [213]. For suspensions to which carbonate was 

added, the initial rate of aggregation was greater for samples at 25 mM than for 12.5 mM 

of concentration, as would be expected under DLVO theory, though the aggregate size 

for both quickly stabilizes after which no further aggregation is observed. 
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Figure 23: TiO2 aggregation (volume weighted D50 mean±std) vs. time as a 
function of chloride concentration. 

4.2.3.3 Fractal Dimension 

SLS measurements were collected for each aggregation experiment. At early time 

points, the size of aggregates is small compared to the length scales probed, and plots of 

log(I) vs log(q) were not linear over a large enough range of the scattering vectors 

considered (0.110 µm to 5.62 µm) (Data in Appendix B). Thus, the constraint of Equation 
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30 is not met and related light scattering data were not sufficient to calculate Df. 

Furthermore, as no aggregation was observed for any phosphate concentration and for 

low carbonate concentrations (<12.5 mM), fractal dimensions were not obtainable. For 

suspensions in which aggregation was observed, the average Df values over the final 

three measurements (26-30 minutes) are shown in Figure 24. Broadly, Df values were 

lower for suspensions that were observed to quickly aggregate (nitrate, 2.33±0.001; 

chloride, 2.32±0.002; and sulfate, 2.31±0.002 at 25 mM), indicative of more open  
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Figure 24: Fractal dimension of TiO2 aggregates for all anions at 12.5 and 25 
mM. Df values are the average of the final 3 measurements (mean±std). 

 

aggregates. Conversely, the higher fractal value for carbonate (2.40±0.02 at 25 mM) 

agrees well with the slower observed aggregation that would result in smaller, denser 

aggregates. The concentration of anion in solution did not significantly impact aggregate 
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structure. For nitrate, chloride, and sulfate, values of Df are observed to center around 

2.3 for all concentrations and fall within the range of what is considered reaction-limited 

aggregation, indicative of stable particles. This likely arises from shear due to mixing, 

resulting in aggregate breakup and reordering, leading to denser clusters. This lack of 

concentration dependence also agrees well with initial rates of aggregation discussed 

previously. 

4.2.3.4 Aggregate Stability 

To identify if the various anions impacted the surface chemistry of TiO2 

aggregates, NP suspensions were titrated and the IEP for each suspension was identified 

(Data in Appendix B). EPM vs pH was measured in the range of pH 3-9. As can be seen 

in Figure 28, the addition of chloride and nitrate, generally considered indifferent 

electrolytes, did not significantly impact the IEP (6.6±0.1 versus 6±1 [304]), while 

carbonate and phosphate interacted strongly with the surface, resulting in large shifts in 

the IEP, the extent of which varied with anion concentration. Sulfate depressed the IEP 

from that of chloride and nitrate to 5.6±0.2 but did not vary greatly with concentration. 

The impact of carbonate, however, was drastic. At 0.005 and 0.05 mM, the IEP mirrored 

that of sulfate, though increasing the concentration decreased the IEP to a low of 2.8 at 5 

mM. The IEP then rebounded with a further increase in carbonate concentration. 

Phosphate proved to even more strongly influence the IEP as the concentration 

increased from 0.005 mM to 0.5 mM, at which point NPs were negatively charged for the 
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entire range of pH measured. Further increasing phosphate concentration resulted in the 

slight increase in IEP, though this was not as pronounced a recovery as was observed 

with carbonate. Titrations above 12.5 mM were not performed as the ionic strength 

interfered with EPM data quality. 
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Figure 25: (a) Zeta potential vs. pH for all anions at 0.5 mM. (b) IEP vs. 
concentration for all anions. IEP for 0.5 mM phosphate was not determined as the ζ 

potential was negative over the range of pH tested. 

That carbonate, phosphate, and sulfate were able to influence the IEP speaks to 

their ability to participate in inner sphere ligand exchange with the surface oxides and 

hydroxides present on TiO2 [305-307]. The magnitude of anion influence increases with 

surface coverage and depends on the dissociation and binding constants of the species 

present [159, 227, 285]. The increase in IEP observed for phosphate and carbonate at 

concentrations of 5mM and higher may be due to changes in ligand complexation. Inner 

sphere complexes can form mono- bi- or tridentate complexes depending on ligand type, 

pH, lattice structure and surface defects [308-311]. These complexes are associated with 

different binding energies and associated protonation pKa values [40, 227, 312]. As 
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concentration increases and the more energetically favorable binding sites become filled, 

adsorption will transition to less favorable sites. Phosphate has been shown to favor 

bidentate complex formation with the surface of TiO2, which becomes protonated at low 

pH. Monodentate adsorption results in a protonated complex that becomes doubly 

protonated at low pH [227]. The addition of sulfate quickly reaches a maximum impact 

beyond which the further introduction in solution has little to no effect, suggesting that 

the interactions of sulfate with the surface are less significant than phosphate and 

carbonate. These data fit well with observations of aggregate size (Section 3.1.2), in 

which TiO2 suspended in phosphate and low concentrations of carbonate do not induce 

aggregation over the course of 30 minutes, in contrast to nitrate and chloride. Thus, the 

picture that arises in one in which the anions participating in specific surface 

interactions with TiO2 strongly impact the stability of the NPs and the size of the 

aggregates formed in solution. 

4.2.3.5 Influence of ROS Detection Method 

KI was used as the probe compound for photogenerated hole oxidation. The 

addition of KI resulted in NP aggregation from an initial size similar to NPs in DI 

(0.099±0.004 µm, number weighted D50) to 1.23±0.56 µm over 30 minutes (0.547±0.105 

µm increasing to 31.13±8.23 µm, volume weighted D50) (Data in Appendix B). The initial 

rate of this aggregation was indistinguishable from that observed for nitrate and 

chloride, discussed previously (Data in Appendix B). 
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Size data, both as number weighted and volume weighted D50, over time for TiO2 

suspensions at various iodide concentrations (0, 50 mM) and relative size distributions 

are reported in Appendix B. While the probe itself induces aggregation, it does not do so 

in a manner that is appreciably different from the addition of the indifferent electrolytes. 

No significant aggregation was observed in the presence of terephthalic acid, thus 

aggregate size data were identical to that for DI. 

4.2.3.6 TiO2 Photoreactivity – Photogenerated Holes 

The influence of inorganic anions on the production of photogenerated holes was 

assessed by via the oxidation of iodide. The initial KI concentration was determined by 

measuring the response at various concentrations using suspensions of TiO2 in DI water 

(data in Appendix B) [199, 313]. A saturation trend in oxidation was observed, and 50 

mM was selected as the optimal concentration. The high concentration of iodide 

required to reach saturation likely arises from the negative surface charge of TiO2 at pH 

7.9, both electrostatically limiting iodide transport to the aggregate surface and resulting 

in an increased concentration of hydroxide ions present in solution and at the NP 

surface. 

Upon addition of the various anions, a change in the rate of iodide oxidation was 

only observed in the presence of carbonate and phosphate. Chloride, nitrate and sulfate 

at concentrations between 0.5 and 12.5 mM did not cause any significant change in 

iodide oxidation from samples containing only KI. Experimental results after 30 minutes 
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of irradiation at various carbonate and phosphate concentrations are shown in Figure 26. 

Experimental data for chloride, nitrate, and sulfate were not significantly different from 

results obtained for TiO2 suspensions without inorganic ions and are not shown. 

Oxidized iodide concentrations for these three anions overlap the results when only KI 

is present in solution (data in Appendix B). The lack of statistically significant 

differences between series with or without anions for chloride, nitrate and sulfate was 

verified by means of Student’s t-test (p-value < 0.005). 
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Figure 26: Oxidized iodide concentration (mean±std) versus anion 
concentration after 30 minute irradiation (50 mM KI) as a function of species in 

solution (carbonate, phosphate). The blue dotted line is the iodide concentration of 
TiO2 suspensions containing only 50 mM KI. 

The addition of carbonate and phosphate increased the rate of photogenerated 

hole oxidation for phosphate at concentrations up to 5 mM and for all carbonate 

concentrations tested as compared to solutions containing only the probe. The largest 
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increase was observed at 0.5 mM and was the same as that for carbonate and phosphate 

anions, after which increasing the concentration reduced hole oxidation to a level 

observed in DI suspensions. These findings agree with the trend of aggregate 

stabilization reported in Section 4.2.3.2, which would result in increased reactivity, and 

suggests that at low concentrations, little negative effect on reactivity due to specific 

surface interactions would be expected. The reduction in reactivity observed with 

increasing anion concentration is attributed to the presence of phosphate or carbonate 

occupying surface sites and preventing iodide from interacting with the photogenerated 

holes. The effect of phosphate addition was greater than carbonate, despite observed 

aggregation of carbonate at 12.5 mM, indicating that the decrease in photogenerated 

holes is primarily due to the greater surface interactions of phosphate and TiO2. 

The interactions between anions and TiO2 nanoparticles has been described by 

Chen et al., as a Langmuir type adsorption model [286]. The oxidation of iodide can thus 

be modeled as a Langmuir-Hinshelwood (LH) mechanism, even when considering the 

presence of other anions in solution, per Equation 33 [313]. 

 r = d[I
− ]

dt
= −Krθ I− = −KR

KA,I[I
− ]

1+KA,I[I
− ]+ KA,Anion[Anion]

Anion
∑

 (Eq 33.) 

Here r is the reaction rate, θI– is the surface coverage by iodide, [I–] is the 

concentration of iodide, KA,I is the equilibrium constant of adsorption for iodide, KA,Anion 

is the equilibrium constant of adsorption for a given anion and KR is the LH reaction 
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constant for iodide oxidation. Estimates of KA,I and KR were calculated from the 

experimental data reported in Appendix B in the absence of other anionic species 

following the procedure employed by Herrmann and Pichat (see Appendix B), the 

results of which are shown in  

Table 3 [313]. The high R2 values indicate that the LH mechanism is appropriate for 

describing iodide oxidation. These values are comparable with those obtained 

previously for iodide oxidation in non-sonicated suspensions of TiO2 at 40 mg L-1 [199]. 

 

Table 3: Estimated values of the equilibrium adsorption coefficient, KA, for 
iodide, carbonate and phosphate and estimated values of LH reaction constants for 

iodide oxidation, KR. R2 values are the coefficients of determination.  

Ionic species KA (M-1) KR (M s-1) R2 
Iodide 13.2 2.24E-08 0.988 
Carbonate 142.7 4.16E-08 1.000 
Phosphate 251.8 4.02E-08 0.954 

 

Similarly, the LH mechanism was used to model the effect of inorganic anions on 

the formation of photogenerated holes. Here it is essential to take into account the 

competition for the active sites in LH mechanism among inorganic anions. A procedure 

for KA,Anion and KR estimation in the presence of anionic competition for surface 

adsorption is described in Appendix B, in which the equilibrium constant of adsorption 

for iodide was taken from the previous calculation in the absence of other inorganic 

anions. The LH mechanism fits the experimental data well (R2>0.950). Larger values of 
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KA,Anion indicate greater active site occupation by a given anion compared to others at the 

same concentration. Hence, iodide, having the smallest KA,Anion value, is the least favored 

at the TiO2 surface under the present operating conditions. KA,Anion for phosphate was 

much higher than for carbonate and indicates a greater affinity for the TiO2 surface 

which serves to more strongly block iodine from the surface and reduce hole reactivity. 

KA,Anion for nitrate, chloride, and sulfate were not calculated, as no adsorption in the 

presence of iodide was observed. The influence of the associated cation, i.e. potassium, 

on reactivity was considered negligible, in agreement with previous works [314]. 

4.2.3.7 TiO2 Photoreactivity - Hydroxyl Radicals 

The generation of hydroxyl radicals was evaluated by monitoring the 

fluorescence of 2-HTA as a function of inorganic anion concentration. TA is a selective 

hydroxyl radical probe, whose reaction occurs via a single step hydroxylation process in 

the absence of surface adsorption [76]. At pH 7.9, the carboxylic acid groups on TA are 

deprotonated and the molecule is electrostatically repulsed from the negatively charged 

TiO2 surface. 

 

Table 4: Rate constants of hydroxyl radicals and inorganic anions. 

Anionic species Value (M-1 s-1) Reference 
HCO3- 8.5x106 [70] 

Cl- 4.3x109 [70] 
NO3- 1.4x108 [315] 

HPO42- 6x105 [316] 
SO42- 1.0x1010 [317] 
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Concentrations of 2-HTA for various anionic species after 30 minutes of 

irradiation are shown in Figure 27 (a), while relative time series are reported in Figure 27 

(b). For all anions, increasing the concentration in solution decreased the amount of ROS 

detected, as would be expected for potential hydroxyl radical quenchers. However, rate 

constants for the reaction of hydroxyl radicals with each inorganic anion, available from 

literature and reported in Table 4, do not provide a comprehensive explanation for this, 

as the expected impact on �OH detection differs from experimental results. For example, 

the given reactivity of sulfate with hydroxyl radicals (1x1010 M-1 s-1) is four orders of 

magnitude greater than carbonate (8.5x106 M-1 s-1), although in this study carbonate 

produced the greatest decrease in �OH detection and sulfate produced the least. 

While phosphate and carbonate have the smallest reaction rates, their 

introduction decreased total hydroxyl radical production to the greatest extent. This is 

best explained by considering the conditions that lead to hydroxyl radical generation, 

i.e. hole production and aggregate size. The specific interactions between the TiO2 

surface and carbonate and phosphate were shown to initially increase photogenerated 

holes, and for carbonate this is still seen in hydroxyl radical generation, however this 

effect is quickly counteracted by scavenging when increasing the carbonate 

concentration. Phosphate produces a strong initial decrease in �OH generation at 0.5mM 

despite the observed aggregate stabilization and increase in hole production, after which 

the impact of additional anion is relatively small. Indeed, by 12.5 mM the quenching 
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�OH detection for carbonate is equal that of phosphate. By 25 mM, the addition of 

carbonate decreased �OH production by c.a. 70%. This greater effect of carbonate than 

phosphate, contrary to what is observed for hole oxidation is likely due to the order of 

magnitude increase in k*OH for carbonate. Furthermore, the strong impact of both anions, 

given their relative inactivity with �OH compared to sulfate, chloride, and nitrate 

(greater than two orders of magnitude smaller reaction rate), is attributable to their 

being drawn to and interacting with the TiO2 surface. This not only limits the number of 

surface hydroxides capable of reacting with the photogenerated hole to produce �OH, 

but it also increases the local concentration of quenching agents (carbonate and 

phosphate) near the NP surface relative to tests using the same concentrations of the 

other anions, thus decreasing both the lifetime of generated hydroxyl radicals. 
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Figure 27: (a) 2-Hydroxyterephthalic acid concentration (mean±std) vs. anion 
concentration after 30 minute irradiation as a function of species in solution. (b) 

Hydroxyl radical generation normalized to 0.5 mM anion concentration (mean±std). 

The trend for nitrate, chloride, and sulfate is more difficult to discern. A large 

initial decrease in �OH at 0.5 mM compared to DI is observed for sulfate and nitrate, 
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whereas chloride initially has little discernable impact. Surprisingly, the addition of up 

to 25 mM sulfate only decreased �OH detection by c.a. 3%. Since the interaction between 

TiO2 surface and TA is negligible [76] and TiO2 aggregate characteristics are similar, the 

negative influence of nitrate and chloride on terephthalic acid oxidation can be 

considered the result of the interplay of two primary phenomena: (i) a reduction in 

hydroxyl radical generation due to the occupation of active sites by anionic species 

instead of hydroxyl ions, (ii) the direct quenching of hydroxyl radicals by inorganic 

anions. The absorption of incoming photons by inorganic anions resulting in reduced 

NP photoactivation, is considered negligible [16]. The poor description given by the LH 

mechanism (R2 < 0.7) supports this assertion that the impact on �OH is due to a 

combination of phenomena, where mass transfer and electrostatic interactions possibly 

play a relevant role. 

4.2.4 Conclusions 

In this work, TiO2 reactivity has been explored both at the NP surface 

(photogenerated hole oxidation) and in the bulk solution (�OH detection). Only 

carbonate and phosphate inhibited the oxidation of iodide through specific surface 

interactions. Chloride, nitrate and sulfate either do not interact with TiO2 or create 

relatively weak bonds (with respect to carbonate, phosphate) on the TiO2 surface that do 

not hinder iodide. For sulfate, it would appear that while the anion does specifically 

interact with the surface, these interactions are not sufficient to limit iodide from 
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reaching and reacting with the surface. The lack of aggregate stabilization and the 

measured IEPs corresponding to bare TiO2 suggest that for nitrate and chloride, no 

specific interactions take place. The response of �OH reactivity to the addition of anions 

is more complicated and arises from the multiple existing pathways by which the NPs 

can be impacted. The overall influence on bulk �OH concentration was observed to 

follow the trend carbonate > phosphate > nitrate > chloride ≈ sulfate. 

Previous studies looking at the impact of anions on TiO2 photocatalysis have 

monitored the overall degradation of pollutants using the LH mechanism, without 

differentiating direct hole oxidation from hydroxyl radicals [285, 291]. Others, such Chen 

et al. investigating the degradation of dichloroethylene, assumed adsorption as a 

necessary precursor to degradation, but ruled out the likelihood of direct hole oxidation 

[286]. The intensity of inorganic anion influence on TiO2 reactivity differs in this study 

from what has been reported, among which, however, there is no general consensus. 

Differences between studies seem to be strongly related to experimental conditions, 

namely solution pH, degradation target chemistry, and TiO2 characteristics (e.g. 

aggregate size, dispersed versus fixed catalyst), affecting the balance among the 

involved chemical-physical processes. As a result, generalization between studies is 

difficult. Often, little attempt has been made to discern surface reactivity from bulk 

oxidation, however as is evidenced here, the anion impact on hole generation can be 

different than the impact on ROS generation. Thus, the mechanism by which a 
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compound or organism is impacted will play a large role in determining the effect of 

changes in reactivity. 

This work highlights the fact that the reactivity of NPs will be strongly 

influenced by the waters they are released into, due to the interplay of several 

phsyicochemical phenomena. Inorganic anion adsorption on the TiO2 surface happens 

via a Langmuirian model and creates a competition for active sites with other 

compounds in solution, both contaminants and hydroxyl ions. The effect of this 

adsorption can consist of: (i) stabilizing NPs, (ii) hindering the interaction of pollutants, 

(iii) suppressing hydroxyl radical generation by substituting hydroxyl ions. Some waters 

containing chloride and nitrate may have little impact on reactivity but will reduce NP 

transport via aggregation, while waters containing even low levels of phosphate and 

carbonate may decrease “acute” reactivity but stabilize NPs such that their lifetime in 

the water column is increased. The ultimate impact of NP photoreactivity in 

environmental waters (risk) will be the combination of reactivity (hazard) and stability 

or transport (exposure). 
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4.3 Chlorpyrifos Degradation via Photoreactive TiO2 
Nanoparticles: Assessing the Impact of a Multi-Component 
Degradation Scenario 

ABSTRACT 

High concentrations of pesticides enter surface waters following agricultural 

application, raising environmental and human health concerns. Bioremediation, while 

an attractive strategy for mitigating the risk associated with contaminated waters, can 

require can require extensive periods of time. Furthermore, high concentrations of 

pollutants may be toxic to or limit the efficacy of bacteria. Alternatively, the use of 

photoreactive nanoparticles has shown promise for contaminant degradation and 

surface water remediation. However, it remains uncertain how the complexity of natural 

waters will impact the photodegradation process. Here, we investigate the 

photoreactivity of titanium dioxide nanoparticles, the capability to degrade the pesticide 

chlorpyrifos (CPF), and the effect of and impact on bacteria during the 

photodegradation process. Loss of chlorpyrifos in solution resulted solely from 

photocatalytic oxidation. Degradation of chlorpyrifos to chlorpyrifos oxon (CPF Oxon) 

and 3,5,6-trichloro-2-pyridinol (TCP) was observed and effectively modeled for the 

given reactor conditions. The relative affinity of bacteria and chlorpyrifos for the 

nanoparticle surface decreased the amount of ROS present in the bulk, measured using a 

hydrophilic probe, indicating that measurements in simplified systems are likely to 

overestimate reactivity in complex environments. 
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4.3.1 Introduction 

Chlorpyrifos (CPF) is an organophosphate pesticide used for agricultural 

applications such as cotton, corn, and fruit trees, as well as at high concentrations in 

wood for anti-termite applications [318-321]. As a result, CPF has been frequently 

observed in agricultural runoff and urban streams [322-325]. Both CPF and its primary 

oxidation products, chlorpyrifos oxon (CPF Oxon) and 3,5,6-trichloropyridinol (TCP), 

are of considerable environmental concern due to high fish and aquatic invertebrate 

toxicity, as well as known human health concerns [322, 326-334]. 

CPF was designed to be susceptible to base catalysis, with a half-life in water on 

the order of days, though studies of adsorbed CPF indicate that the half-life can range 

from hundreds of days to years [321, 326, 335-337]. Gebremariam et al., in reviewing the 

literature, observed a significant spread in the extent of CPF adsorption to various soil 

types, though a strong linear relationship was seen with soil organic content, implicating 

the hydrophobic binding sites present on organic matter [321]. Rose et al. observed that 

the loss of CPF from a water column in the presence of natural colloidal matter occurred 

more rapidly than other common pesticides studied [338]. However, rainfall has been 

shown to be sufficient for CPF-particle resuspension, which may lead to increased 

bioavailability and transport [321, 326, 327]. 

Photocatalytic degradation holds promise for dealing with aquatic contamination 

[14, 15, 339-343]. Nanoscale TiO2 is widely studied for remediation applications due to 
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its photochemical properties and ability to provide a steady, continual source of reactive 

oxygen species (ROS) [344, 345]. CPF degradation experiments employing TiO2 as the 

radical generator often employ high concentrations of the catalyst (0.1 – 12 g L-1) in an 

effort to maximize radical production and minimize treatment time, with CPF loss often 

occurring within hours [344, 346, 347]. What remains unclear, however, is to what extent 

the observed loss of CPF from the solution is due to sorption versus degradation. CPF’s 

affinity for soils may not translate to TiO2, as sorption of CPF increases with organic 

content [321]. Furthermore, little absorption has been seen for similar pesticides when 

employing metal oxide nanoparticles (NPs) [337, 348-350]. This question is of particular 

importance in light of the high surface area of NPs and their potential to act as pollutant 

transport vectors should incomplete degradation occur [351-353]. 

Additionally, many types of bacteria have been observed to degrade CPF, 

including Bacillus and Acinetobacter strains isolated from groundwater sources, either 

using the pesticide as the sole carbon source or cometabolically [319, 336, 354-358]. 

Biodegradation may be an appealing approach to CPF remediation, though longer 

residence times are necessary compared to chemical or external remediation techniques 

[359].  

High levels of pollutants may also be toxic to bacteria and hinder bioremediation 

efforts. Toxicity studies of CPF and its degradation products have shown that there is an 

impact on both individual species and entire bacterial communities [360-362]. When 
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concentrations of CPF are high, pretreatment of contaminated water may improve 

remediation efforts. TCP was calculated to be 2.5 times less toxic than CPF for a model 

bacterium, indicating that pretreatment achieving even partial degradation of a 

pollutant may facilitate bioremediation efforts [322].  

A mixed or sequential approach combining nanoremediation with a biological 

component may be a more efficient and cost effective treatment method. Within this 

context, our understanding of the microbial response in a UV/TiO2 remediation system 

is currently lacking, with the concern existing that any nanoremediation strategy will 

harm the natural bacterial community. ROS production by the UV/TiO2 system will 

possibly be of more consequence than the pollutant [146, 222, 360, 363-365]. 

In this paper we investigate the process of CPF loss in water utilizing UV/TiO2, 

hypothesizing that CPF loss in the system is primarily due to photocatalytic 

degradation, rather than sorption. Additionally, we test the hypothesis that the UV/TiO2 

process will inactivate bacteria to a greater extent than will CPF or its degradation 

products, reducing the likelihood of bioremediation.  

4.3.2 Materials and Methods 

4.3.2.1 TiO2 Suspension and Characterization 

Experiments were performed with P25 Aeroxide TiO2 (Evonik Industries, Essen, 

Germany), a nanoparticulate TiO2 consisting of fused rutile and anatase crystalline 

phases at roughly a 20/80% ratio, respectively. TiO2 NPs were suspended in a Minimal 
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Davis media (MD) designed to stabilize the particles, buffer the pH at 7.5, and maintain 

bacterial viability, as described by Lyon et al. [366] Suspensions were produced via 

probe sonication (Q700, QSonica, Newton, CT, USA) run in pulse mode (12s on, 3s off) 

for 6 minutes total, following the protocol from Taurozzi et al., and subsequently 

characterized in terms of aggregate size, surface charge, and ROS production [178]. 

Dynamic light scattering (ALV-CGS3, ALV-GMBH, Langen, Germany) and transmission 

electron microscopy (TEM) (Tecnai G² Twin, FEI, Hillsboro, OR, USA) were performed 

to determine aggregate size, while electrophoretic mobility measurements (EPM) were 

taken with the Zetasizer Nano ZS (Malvern, Bedford, MA, USA).  

4.3.2.2 UV Irradiation and Photoreactivity 

CPF was exposed to TiO2 both in the presence and absence of UV light to 

investigate the relative effects of sorption and degradation. UV-A irradiation was 

performed with two 15 W fluorescent bulbs (Philips TLD 15W BLB, Koninklijke Philips, 

Eindhoven, The Netherlands) having a peak emission at 365 ± 15nm. Samples were 

placed in batch reactors and continually stirred using glass stir bars via magnetic stir 

plates with UV irradiation from above. For UV experiments involving CPF, reactors 

were covered with glass petri dishes to minimize loss due to volatilization. The 

temperature inside the reaction chamber was kept at 23oC. The net irradiance at the 

suspension surface was 2.3 mW cm-2 for bacterial inactivation experiments and 2.0 mW 

cm-2 for CPF degradation tests, measured by a UVX radiometer with UV-A filter (UVP, 
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inc., Upland, CA, USA). TiO2 reactivity was also characterized with and without CPF to 

explore how CPF affinity for the TiO2 surface relative to other species in water impacts 

degradation efficacy. 

ROS production was measured via probe compounds and quenching agents. For 

hydroxyl radical (�OH) measurements, terephthalic acid (TA) (98% Sigma-Aldrich, St. 

Louis, MO, USA) and N-acetyl-L-cysteine (N-AC) (Sigma-Aldrich) were used as probe 

and quencher, respectively, where �OH generation was measured as the increase in 

fluorescent units (FSU) resulting from the oxidation of 125 µM TA to 2-

hydroxyterephthalic acid (2-HTA) (ex. 315 nm / em. 425 nm). Superoxide (O2�-) was 

detected as the increase in FSU at 586 nm (excitation at 510 nm) resulting from the 

transformation of 50 µM dihydroethidium (DHE) in solution to 2-hydroxyethidium (2-

HE) (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Superoxide dismutase 

(SOD) (Sigma-Aldrich) was used as the O2�- quenching agent.  

Dark controls were run to test CPF adsorption to the NP surface, CPF was spiked 

into MD media containing TiO2 nanoparticles at 0ppm (control), 20 mg L-1, and 40 mg L-1 

and allowed to mix in the dark. Reaction vials were covered tightly in aluminum foil 

and were periodically sampled over 24 h. All concentrations were run in triplicate. 

4.3.2.3 Bacterial Cultures 

Gram Positive Bacillus subtilis strain 168 ATCC 23857 and Gram Negative 

Acinetobacter baumannii ATCC 49466 (ATCC, Manassas, VA, USA) were chosen as model 
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bacteria based upon their environmental relevance, documented ability to biodegrade 

CPF, and cell membrane structure. Pure cultures of A.baumannii and B.subtilis were 

grown overnight at 37oC in tryptic soy broth. Cells were pelleted at 8,000 rpm for 10 

minutes and washed thrice with MD. Cells were then resuspended in MD to a final 

concentration of 109 cells mL-1. 2 mL aliquots of the bacteria suspension were added to 

each batch reactor. 

To determine if CPF degradation products impact bacteria, we have exposed 

cultures of B.subtilis and A.baumannii to CPF, CPF oxon, and TCP, individually. Toxicity 

of the products arising from photocatalytic degradation was investigated by exposing 

CPF for 60 minutes to UV/TiO2. Suspensions of B. subtilis and A. baumannii were then 

dosed with the resulting combination of CPF, TiO2 nanoparticles, and CPF degradation 

products present in the system. Additionally, bacteria were exposed to the UV/TiO2 to 

evaluate the biological impact of remediation attempts.  

Samples taken from the reactors for inactivation measurements were serially 

diluted to obtain a final concentration of 103 CFU mL-1. 100 μL of the final dilution was 

then spread onto tryptic soy agar plates in triplicate and allowed to grow overnight at 

37oC. The resulting colonies were then counted, and ROS and CPF toxicity was 

calculated as log inactivation relative to time zero. 
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TEM images of Bacteria and TiO2 NPs were obtained by depositing samples on 

lacey carbon grids. These were fixed with 2.5% glutaraldehyde, and sequentially 

dehydrated and washed with graded ethanol and 1x PBS, respectively. 

4.3.2.4 Chlorpyrifos 

Chlorpyrifos (99.5%, Chem Service, West Chester, PA, USA) stocks were made in 

methanol at 1.5 g L-1, which were diluted in MD to working stocks at 1.5 mg L-1. For all 

experiments, CPF was spiked into samples at 375 µg L-1. Stocks of CPF degradation 

products CPF Oxon (analytical standard, AccuStandard, New Haven, CT, USA) and 

3,5,6-trichloro-2-pyridinol (TCP) (analytical standard, Sigma-Aldrich) suspensions were 

similarly prepared. 

4.3.2.5 Sample Preparation and Analysis 

At each sampling point, a 0.2 mL aliquot was transferred to a 1 mL tapered base 

glass reaction vial (Kimble Chase, Vineland, NJ) along with 10 μL formic acid to 

aggregate TiO2 nanoparticles. Samples were centrifuged for 2 min at 9,000 rpm and the 

supernatant transferred to an LC/MS vial and spiked with 100 μL each of 1 μg	mL-1 

deuterated chlorpyrifos and 13C6-3,5,6-trichloro-2-pyridinol (Cambridge Isotopes, 

Cambridge, MA) and diluted to a final volume of 0.5 mL in 20% acetonitrile (ACN, 

Honeywell Burdick & Jackson, Muskegon, MI) to match initial LC mobile phase 

conditions (described below). Residue in the reaction vial was extracted three times with 

300 μL ACN and 10 μL formic acid via sonication for 5 min followed by centrifugation 
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(described above).  Extracts were combined, concentrated to 100 μL under N2, spiked 

and diluted as described above. Glass pipettes were used at all times (e.g. when 

sampling individual time points and transferring aliquots during extractions). 

Table 5: Multiple reaction monitoring transitions used in the quantification of 
CPF and its degradation products. 

Compound1 Description Transition2 
Collision 

Energy (V) 
S-Lens 

(V) Polarity 

D10-CPF Internal standard 359.9 > 98.9 (Q) 33 70 + 

CPF Target analyte 349.9 > 96.9 (Q) 33 70 + 

  
349.9 > 197.8 (c) 20 70 + 

CPF Oxon Target analyte 334 > 277.8 (Q) 16 70 + 

  
334 > 197.8 (c) 29 70 + 

13C6-TCP Internal standard 2.9200 > 162.9 (Q) 19 60 - 

TCP Target analyte 195.9 > 160.9 (Q) 18 60 - 

    195.9 > 35.1 (c) 35 60 - 

1 Target analytes listed below an internal standard were quantified using that internal 
standard. 

2 Transitions used for quantitation are designated "Q" in parentheses; transitions used 
for confirmation are designated "c" in parentheses. 
 

CPF and its degradation products were analyzed by LC/MS-MS using electrospray 

ionization in positive (CPF and CPF Oxon) and negative (TCP) modes with a Thermo 

Accela UPLC system and Thermo TSQ Vantage mass spectrometer (Thermo Scientific).  

Separation was achieved on a Synergi Polar RP column (50 mm x 2.0 mm, 2.5 µm 

particle size, Phenomenex, San Jose, CA) and a 400 μL min-1 gradient of 5 mM formic 
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acid (A) and 5 mM formic acid (B) in ACN with the following conditions: 0-0.2 m 70:30 

A:B to 1:99 A:B at 3-4 min with return to initial conditions at 5 min and re-equilibration 

for 4 m.  Source conditions included spray voltages +3.5 kV/-2.5 kV, vaporizer 

temperature 350ºC, capillary temperature 375ºC, sheath gas 45 psi and auxiliary gas 10 

psi. Target analytes and internal standards were monitored using the transitions 

described in Table 5. 

4.3.2.6 CAKE software package 

The computer-assisted kinetic evaluation (CAKE) v3.1 software package, 

developed by Tessella (Abingdon, UK) was used to determine degradation rates and 

pathways. Single first order (SFO) fitting was employed for CPF degradation as well as 

CPF Oxon and TCP formation. CPF degradation was assumed to proceed to CPF Oxon, 

TCP, or an undetermined sink. CPF Oxon degradation was assumed to proceed to TCP 

or an undetermined sink. TCP degradation was assumed to proceed to an undetermined 

sink. Using this kinetic schema, the software then fits the data to the proposed 

pathways, returning rate constants and relative weights of each pathway. 

4.3.3 Results 

4.3.3.1 TiO2 Characterization and Reactivity 

Sonicating P25 in MD produced a narrow distribution of aggregates with an 

average radius of 94.7 nm and a polydispersity index (PDI) of 0.06 as determined by 

DLS, and confirmed with TEM. The resulting suspensions were stable, with no 
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aggregation observed over 6 h via time resolved DLS (Figure 57). TiO2 aggregates were 

negatively charged at pH 7.5, with an electrophoretic mobility of -3.79 ± 0.11 x10-8 m2 V-1 

s-1 (ζ potential of -48.4 ± 1.4 mV), and the presence of the media decreased the isoelectric 

point from the point of zero charge of bare P25 (pH ~6.5)
 
to a pH of approximately 1.5 

(Data in Appendix C). Both �OH and O2�- generation was observed, with production 

rapidly reaching steady state. The use of N-AC and SOD effectively quenched �OH and 

O2�- production, respectively (Figure 58). 

4.3.3.2 CPF Interactions with the TiO2 Surface 

No significant loss of CPF from solution is observed under dark conditions for 

either of the NP concentrations or the controls (Figure 28). Concentrations of CPF 

observed in extracts were minimal, though no trend was observed either with increased 

time or TiO2 concentration. Additionally, this occurs in the control samples as well as in 

the presence of TiO2 and likely represents sorption of CPF to the glass walls of the 

sampler vials after the aliquot has been taken. When combining the supernatant and 

extract concentrations, CPF recovery compared to t = 0 for both dark and control 

samples ranged from 89.5 to 101.5%.   
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Figure 28: Supernatant CPF concentration vs. time as a function of TiO2 
concentration (0 - 40 mg L-1 dark and 20 mg L-1 UV). 

4.3.3.3 CPF UV/TiO2 Degradation 

Suspensions of CPF and TiO2 were exposed to UV light to initiate 

photodegradation. Approximately 50% of the CPF was removed after 9 h given the 

conditions of the photoreactor setup and TiO2 concentration (20 mg L-1). CPF can be 

susceptible to base catalyzed hydrolysis, however no degradation products were 

observed for any of the dark series (Data in Appendix C). Additionally, the working 

stock solutions showed no decrease in concentration with time (Data in Appendix C).  
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Figure 29: CPF and degradation product concentration vs. time in suspensions 
of 20 mg L-1 TiO2 exposed to UV. 

 

Degradation of CPF and CPF Oxon and TCP production are shown in Figure 29. 

Summing the three analytes returns an acceptable mole balance (90.8-105.3% recovery), 

indicating that the formation of additional primary degradation products is unlikely. 

After 24 h of continual UV exposure, 81% of CPF was degraded, and the rate of CPF 

Oxon formation slowed, though a decrease in CPF Oxon concentration was not observed 

over the sampling period.  

Data were fit using the CAKE software package and followed first order reaction 

kinetics (Data in Apendix C). The half-life of CPF was calculated to be 443 minutes 

under the given conditions, while half-lives for CPF Oxon and TCP were calculated to be 

on the order of hundreds of hours (Figure 29, inset). CPF Oxon is the predominant  
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Figure 30: Potential degradation pathways considered by CAKE software. 

 

degradation product produced via oxidation of the sulfur in the phosphorothioate 

group, and this pathway represents 84% of the calculated CPF Degradation. TCP 

formation, formed through ester cleavage, makes up the balance at 16%. In agreement 

with the mole balance achieved, no significant loss of CPF to an unidentified sink was 

identified, though this pathway was included as an option as illustrated in Figure 30. 

The further oxidation of CPF Oxon to TCP was not quantifiable, most likely due to 

reactor conditions resulting in little CPF Oxon degradation over 24 h. 

4.3.3.4 Impact of UV/TiO2 on Bacteria 

The hydroxyl radical is primarily responsible for bacterial inactivation as 

determined through the use of ROS quenchers (Data in Appendix C). The addition of 

SOD did not alter the inactivation rate of either A. baumannii or B. subtilis, indicating 
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superoxide was not generated at sufficient concentrations to contribute to bacteria 

toxicity. Conversely, no inactivation was observed when bacteria were irradiated in a 

TiO2 suspension to which the �OH quencher N-AC was added, further implicating �OH 

as the primary active agent. Strong inactivation was observed for both A. baumannii and 

B. subtilis when exposed to UV irradiated TiO2. For A. baumannii, fewer than 10% of CFU 

remained after 60 minutes of irradiation, while B. subtilis was completely inactivated 

over the same timeframe.  
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Figure 31: Inactivation of bacteria (A. baumannii and B. subtilis) under the 
following conditions: (UV+) 20 mg L-1 exposed to UV, (SOD) 20 mg L-1 TiO2 exposed to 

UV in the presence of SOD, (N-AC) 20 mg L-1 TiO2 exposed to UV in the presence of 
N-AC, (D+) 20 mg L-1 TiO2 in the dark, and (UV-) 0 mg L-1 TiO2 exposed to UV. 

TEM of bacteria exposed to UV light both in the presence and absence of NPs for 

60 minutes show small clusters of nanoparticles observed in close proximity to ruptured 

segments of cell membranes (Figure 32). These images further support the evidence 
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indicating that locally generated reactive oxygen species are most likely responsible for 

loss of membrane integrity and cell death. 

 

 

Figure 32: TEM images of B. subtilis with 20 mg L-1 TiO2 (a) prior to UV 
exposure and (b) after 60 minutes UV exposure. Scale bars are 500nm. 

To investigate if the sorption of an organic contaminant affects bacterial 

inactivation (either positively or negatively), bacteria were irradiated in the UV/TiO2 

system in the presence of CPF at 375 µg L-1. Inactivation was measured after allowing 

CPF to sorb to the mineral surface for 60 minutes in the dark and compared to 

inactivation from TiO2 not exposed to CPF. The presence of CPF did not produce a 

significant difference in inactivation from suspensions without CPF, as shown in 

Appendix C, Figure 61. 
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4.3.3.5 Impact of CPF and Degradation Products on Bacteria 

The presence of CPF had no appreciable impact on bacterial inactivation rates 

(Data in Appendix C), either when irradiated immediately or following 60 minutes of 

mixing in the dark. Additionally, no inactivation was observed following incubation of 

bacteria for up to 1 h in the resulting combination of CPF, TiO2 nanoparticles, and CPF 

degradation products created by 60 minutes of UV irradiation. Furthermore, CPF by 

itself did not inactivate A. baumannii or B. subtilis over 60 minutes of exposure. Finally, 

CPF oxon, and TCP, the primary degradation products, were dosed at the equivalent 

molar concentrations used for CPF to simulate complete transformation of the pesticide 

to a degradation product. Neither CPF Oxon nor TCP was found to be acutely toxic to 

either A. baumannii or B. subtilis (Data in Appendix C). 

4.3.3.6 Impact of Bacteria and CPF on TiO2 Reactivity 

To determine the impact that the presence of additional constituents in 

suspension had on reactivity, �OH production was measured in both the presence and 

absence of CPF and B. subtilis. CPF was added to a TiO2 suspension and mixed briefly in 

the dark prior to the addition of TA and exposure to UV-A for 5 minutes. The resulting 

suspensions contained 1.098 µM CPF and 125 µm TA. 2-HTA fluorescence represents 

the amount of hydroxyl radicals that are detected in the bulk. As can be seen in Figure 

33(a), the presence of CPF decreased the amount of hydroxyl radicals detected by TA by 

88±1.3%. No change in reactivity was observed compared to initial values when CPF and 
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TiO2 were mixed up to 60 minutes before the addition of TA and illumination (Figure 

33(b)). This is consistent with the lack of sorption observed in Section 5.3.2. Furthermore, 

time resolved DLS did not indicate TiO2 aggregation in the presence of CPF (Data in 

Appendix C).  
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Figure 33: Reactivity measurements of 20 mg L-1 TiO2 exposed to UV. (a) 
Detected �OH in the presence of various constituents. (b) Detected O2�- and �OH in 

the presence of CPF over 60 minutes. 

 

Similarly, B. subtilis was added to a suspension of TiO2 at a concentration of 108 

cfu ml-1 and reactivity was subsequently measured via TA. The presence of bacteria 

decreased 2-HTA fluorescence by 56±10%. When both CPF and B. subtilis are present in 

suspension, fluorescence decreased by 94±0.4%. This value is greater than dark controls 

(96±0.8%), indicating that a small amount of hydroxyl radicals are still detected by the 

probe compound.  

4.3.3.7 Impact of Bacteria on CPF Degradation 

CPF degradation tests were performed in the presence of B. subtilis at 20 mg L-1 
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TiO2. Given the reactivity measurements observed in Section 5.3.6, it was expected that 

TiO2 association with the bacteria would reduce the degradation rate of CPF. In fact, no 

difference was seen in CPF loss rates with bacteria compared to without (Figure 34). 

Dark controls indicated negligible CPF Oxon or TCP production, and 92-115% recovery 

over 24 h. (Data in Appendix C).  
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Figure 34: Degradation of CPF in the presence and absence of bacteria. 

4.3.4 Discussion 

4.3.4.1 TiO2 Photocatalysis 

Photodegradation rates depend upon many factors (e.g. UV flux, contaminant 

concentration, and photocatalyst loading) making direct comparisons of studies 

difficult. In this work, reactor conditions were selected to better observe the interactions 

between TiO2, CPF, and bacteria. The CPF concentration used in this study (375 µg L-1) 
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was selected due to the low aqueous solubility of the pesticide. However there is great 

variability reported in the literature for CPF solubility, Solubility values as low as 300 µg 

L-1 have been reported, although Gebremariam et al. report an average of 600±330 µg L-1 

in distilled water [321]. Frequently, degradation studies have far exceeded this 

solubility, with concentrations ranging from mg L-1 to hundreds of mg L-1, often by using 

significant concentrations of co-solvents [346, 347, 367, 368]. By selecting a lower 

concentration of the pesticide, we minimize unexplained losses arising from the 

compound’s hydrophobicity and the use of co-solvents that may quench produced ROS. 

In addition to large CPF concentrations, degradation studies have often 

employed high catalyst loading with the goal of maximizing the photodegradation rate 

[344]. Generally, ROS production is seen to improve with increasing TiO2 concentration 

up to the point when light penetration becomes the limiting factor in photoexcitation. 

The concentration at which this optimal production occurs varies widely depending on 

experimental setup [347, 369]. Even at the lower end, nanoparticle particle 

concentrations frequently employed are an order of magnitude greater than the 20 mg L-

1 applied in the current study. Using a lower catalyst loading effectively prolongs the 

degradation process, allowing better insight into the potential pathways of CPF removal 

from solution. 
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4.3.4.2 CPF Adsorption 

While high affinity of CPF for soil particulate matter has often been observed 

[322, 348, 370], generally, few attempts have been made to identify sorption versus 

degradation of CPF using TiO2. Devi et al. report an 8% loss of CPF from suspension 

after mixing in the presence of 150 mg anatase for 10 minutes in the dark, which is 

ascribed to adsorption [332]. It is unclear, however what concentrations of CPF were 

used in this study, and an attempt to extract the pesticide off of the TiO2 to validate the 

proposed does not appear to have been made.  

Studies focusing on the interactions and surface catalyzed hydrolysis of 

chlorpyrifos methyl and other related pesticides using metal oxides have generally 

found little to no sorption. Nair et al., looking at adsorption of CPF onto Al2O3 found 

complete removal of the pesticide when the mineral surface was coated with Au and Ag 

NPs, but that no significant adsorption occurred with bare Al2O3 spheres [348]. 

Furthermore, Torrents et al. observed the slow loss of chlorpyrifos methyl from solution 

in a 10 g L-1 TiO2 suspension, but concluded this decrease was likely due to hydrolysis 

rather than sorption [349]. The rate of hydrolysis by TiO2 was greater than that for 

equivalent concentrations of Al2O3 or FeOOH. Clausen and Fabricius, utilizing α- and γ-

FeOOH, showed that absorption, while significant for ionic pesticides, was negligible for 

nonionic pesticides [350].  
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These studies support our current observations for the nonionic chlorpyrifos, 

and suggest that the use of TiO2 NPs alone will not contribute practically to CPF 

adsorptive removal from solution in a remediation scenario. As a result, loss of CPF is 

likely to occur almost entirely through photocatalysis. The timeline for TiO2 surface 

catalyzed hydrolysis presented by Torrents et al. indicate that the order of days is 

necessary for tens of g L-1 of NPs to degrade CPF appreciably, while this study, using a 

thousand-fold less TiO2, is capable of achieving a 50% reduction in CPF in 9 h [349]. 

Furthermore, the lack of specific interactions implies that other components of natural 

waters, such as bacteria or NOM, which may show a stronger affinity for TiO2, are likely 

to further limit access to the TiO2 surface. 

4.3.4.3 CPF Degradation and Oxidation Products 

Duirk et al. observed both CPF Oxon and TCP formation from oxidation of CPF 

using HOCl as the oxidant [371]. The relative amounts of the degradation products 

produced are in good agreement with the current study, in which the fraction of CPF 

transformed via oxidation of the sulfur, far exceeds cleavage of the ester bond to create 

TCP. Devi et al. present a similar pathway [332]. Thus, while ester cleavage may be the 

predominant pathway for surface catalyzed hydrolysis, oxidation produces an 

intermediary, which is then capable of forming TCP or further degrading via an 

alternative pathway. 
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4.3.4.4 Comparison of TiO2 Reactivity in the Presence and Absence of CPF 

The formation of ROS occurs at the surface of the TiO2 nanoparticle, which then 

diffuses away from the surface into the bulk solution, nonspecifically reacting with 

targets it comes across [40]. As each compound in solution competes for a fraction of the 

finite amount of ROS generated, delivery depends not only on individual reaction rates 

but also proximity to the NP surface. Because �OH generated by heterogeneous 

photocatalysis is produced at a specific point (versus homogenous photocatalysis, e.g., 

hydrogen peroxide which is uniformly mixed in aqueous solutions) the closer a target is 

to the photocatalyst, the greater the subsequent radical dose. The use of a probe 

compound such as TA is capable of providing a benchmark of the �OH concentration in 

the bulk solution. In this study, CPF is observed to outcompete TA for hydroxyl radicals, 

as evidenced by the strong decrease in fluorescence observed in Figure 33 when CPF is 

introduced. This could result either from a greater reaction rate with �OH or from closer 

association with the TiO2 surface.  

The �OH reacts with TA and CPF at roughly equal rate of 3.3x109 M-1 s-1 and 

4.4x109 M-1 s-1, respectively [88, 372]. Given that the concentration of CPF present in 

solution (1.098 µM) was two orders of magnitude less than that of TA (125 µM), one 

would expect the presence of CPF to have a negligible impact in 2-HTA formation, and 

thus fluorescence. That this is not the case implies a hierarchy of affinity for the NP 

surface that brings CPF closer to the radical generator and increases the probably of CPF 
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oxidation over TA.  

Though sorption of CPF onto the surface of TiO2 is not observed (Section 5.3.2), 

relatively weaker hydrophobic interactions are likely to draw the nonionic CPF towards 

the NP surface. Additionally, the two partially positive ethyl functional groups attached 

to the more electronegative phosphorothioate in CPF will produce a small dipole 

moment that may encourage interaction with the negatively charged NP surface. These 

ion-dipole interactions are likely to be smaller in magnitude compared to ion-ion 

repulsive forces between TiO2 and the negatively charged carboxylic groups on TA (pKa 

3.5, 4.5) [88], but the effect will be the same in either case. These electrostatic interactions, 

coupled with the hydrophobic interactions of CPF, will draw CPF molecules closer to 

the surface of the negatively charged TiO2 and relegate TA to a position further out in 

the bulk solution resulting in a greater exposure to hydroxyl radicals for the pesticide 

and effectively shielding the water-soluble probe compound. 

4.3.4.5 Reactivity in the Presence of CPF and Bacteria 

The nature of these interactions drawing CPF to the NP surface, however, is not 

so strong that it displaces bacteria or alters the rate of inactivation, as observed in 

Appendix C, Figure 61. These data, coupled with TEM images in which NPs are 

observed at the surface of bacteria both prior to and following UV exposure, indicate 

that NPs attach to the cell providing a direct pathway for �OH delivery. These results 

imply that the CPF remediation process itself (i.e. photoactivated TiO2) will likely have a 
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greater impact on microbial viability than either the pesticide or its degradation 

products at concentrations below the solubility limit given the lack of acute toxicity 

observed. 

Conversely, nor does the presence of bacteria impact CPF degradation over 24 h. 

This implies that, despite TiO2 affinity for the bacterial surface, there remains sufficient 

�OH production for CPF degradation to continue unaffected. These data are in contrast 

to the decrease in detected �OH by TA in Section 4.3.3.6, and further indicate that 

differences in relative affinity for the NP act as significant deciders of delivered ROS 

dose. 

4.3.5 Conclusions 

The picture that emerges from the given system is one in which components of 

the water environment are impacted relative to their affinity for the TiO2 NPs. Thus, 

association of TiO2 with bacteria and with the hydrophobic CPF results in a greater �OH 

dose delivery than for the probe molecule TA for which there is less affinity. Arising 

from this are the implications that while investigating reactivity in simplified systems 

can provide a benchmark of NP reactivity, it may also overestimate photocatalytic 

efficiency in realistic environments, especially for hydrophilic contaminants, and that 

more research in complex systems should be undertaken to better understand the role 

that non-targeted entities may play in remediation scenarios. 
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5. Conclusions 
The experiments described in this dissertation were designed to improve our 

understanding of how changes in NP surface chemistry impact the photoreactivity of a 

nanoparticle. This has been carried out through investigations focusing on surface 

functionalization, specific and non-specific interactions with anions in solution, and 

association with biological surfaces and organic molecules.  NPs were characterized in 

terms of aggregate morphology (size and structure) and particle stability in addition to 

photoreactivity endpoints (radical probes, microbiological impact, and contaminant 

degradation). The results of this work have highlighted the important role that the NP 

surface will play in determining reactivity in a natural aquatic environment and have 

supported the hypotheses outlined in Chapter 1, namely 1) that functionalization of 

FNPs will reduce aggregation and impact ROS generation, 2) that water chemistry and 

interactions with organic or ionic compounds at the NP surface will determine the 

reactivity of the system, and 3) that multiple, coexisting constituents will compete for 

ROS delivery. 

5.1 Bacteriophage Inactivation by UV-A Illuminated Fullerenes: 
Role of Nanoparticle-Virus Association and Biological 
Targets 

Engineered functionalization of FNPs was shown to impact ROS production, 

reduce aggregation, and alter viral proximity, resulting in the following hierarchy of 

MS2 virus inactivation: aqu-nC60 < C60(OH)6 ≈ C60(OH)24 < C60(NH2)6, which 
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followed Chick-Watson inactivation kinetics. Changes to FNP surface functionalization 

were observed to significantly impact photoreactivity, with the addition of 24 hydroxyl 

groups to the C60 cage influencing the surface charge and increasing singlet oxygen 

production. As a result these fullerol aggregates were smaller and more stable than nC60, 

and are expected to have a longer lifetime in the water column, which, combined with 

the increase in observed singlet oxygen production, would result in greater potential 

exposure and hazard, respectively. 

The addition of amine functional groups both decreased the size of aggregates 

and the magnitude of surface charge while increasing the amount of ROS produced, 

suggesting that antiviral properties of fullerenes can be increased by adjusting the type 

of surface functionalization and extent of cage derivatization, thereby increasing the 

ROS generation rate and facilitating closer association with biological targets. 

When comparing the extent, rather than type, of derivatization, few differences 

in aggregate characteristics were observed between C60(OH)6 and fullerol, that latter of 

which has often been used in research due to its relative ease of suspension. While the 

average fullerol aggregate was smaller than C60(OH)6, measurements of electrophoretic 

mobility are indistinguishable at the circumneutral pH of PBS.  Furthermore, singlet 

oxygen generation of C60(OH)6 was only slightly less than that of fullerol. Thus, the 

hydroxylation of fullerenes expected to occur to in natural waters following UV 
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exposure will rapidly result in products that behave similarly to their more 

functionalized counterparts, capable of generating significant amounts of ROS. 

What remains unclear is how engineered functional groups will impact the 

phototransformations that are expected to occur. As FNPs are tailored to specific 

products or uses, highly functionalized FNPs will become increasingly more prevalent, 

with pristine fullerenes becoming increasingly less likely to be released into the 

environment. This work implies, however, that these advanced FNPs will retain a 

significant degree of photoreactivity despite any transformations (e.g. degradation, 

oxidation, cleavage) that occur to large functional groups existing on the surface. How 

the aggregation state and affinity of a specially functionalized FNP for a biological 

surface changes with these transformations may be the largest factors in determining the 

delivered dose in natural waters. 

5.2 Influence of Inorganic Anions on the Reactivity of TiO2 
Nanoparticles 

Unlike the functionalization of fullerenes, changes to the crystalline lattice of 

TiO2 nanoparticles following environmental release are unlikely, though this may 

indeed occur with some metal oxide nanoparticles, such as nano ceria, due to redox 

chemistry. While intrinsic properties of TiO2 are expected to remain constant, surface 

interactions with organic matter, colloids, or, as shown in this work, inorganic anions 

present in water will significantly impact the reactivity of the system. 
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The influence of anions on surface reactivity and bulk ROS production has been 

demonstrated though the response is not always straightforward, as the greater impact 

of phosphate on direct hole oxidation compared to hydroxyl radical generation 

demonstrates. Thus, determining the potential hazard of a NP depends at least partially 

on the mode of action. For hydrophobic entities sorbed to the NP surface, a decrease in 

bulk ROS levels due to radical quenching by an anion may have no impact in perceived 

reactivity. 

Furthermore, specific interactions with anions such as phosphate and carbonate 

undergoing in inner sphere ligand exchange have been shown to stabilize NPs due to 

increased negative surface charge. EPM was measured versus pH to demonstrate the 

specific interactions of phosphate and carbonate for which the pH of the IEP was 

concentration dependent. No change in IEP was observed in the presence of nitrate or 

chloride illustrating the lack of specific interactions. As a result, small concentrations of 

these anions may increase the overall risk of a nanoparticle, evidenced by the increase in 

both ROS generation and particle stability in waters containing 0.5 mM phosphate and 

carbonate compared to nitrate or chloride. Ultimately, this work demonstrates that to 

understand the reactivity of TiO2 nanoparticles, the aquatic environment must be 

considered. Furthermore, this research suggests that reactivity is not static; that the 

transition of NPs from water of a given ionic composition to another of similar ionic 

strength may result in either an increase or decrease in reactivity. 
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5.3 Chlorpyrifos Degradation via Photoreactive TiO2 
Nanoparticles: Assessing the Impact of a Multi-Component 
Degradation Scenario 

Chapter 4.3 studied the influence of ancillary components on bacterial 

inactivation or contaminant degradation by TiO2, and ROS delivery was shown to 

depend on the coexisting constituents of a suspension. The presence of either bacteria or 

CPF strongly decreased bulk measurements of hydroxyl radicals, with almost no �OH 

detection in solutions containing both, indicating that proximity to the NP surface is 

important in determining ROS dose. However, the presence of bacteria had no impact 

on CPF degradation rates, nor did the presence of CPF diminish the rate of bacterial 

inactivation. Thus, while TEM images show aggregates of TiO2 sorbed to the surface of 

bacteria, sufficient hydroxyl radicals are generated and escape delivery to the bacteria, 

reacting instead with CPF. 

Ultimately, the implication of this study is that components in suspension will be 

impacted by photoreactive nanoparticles relative to their affinity for the NP surface. This 

agrees well with findings described in Chapter 4.1 in which various FNPs were observed 

to have differing affinities for a viral surface. This point source nature of photoreactive 

NPs, in which ROS is not uniform in solution, is a significant complicating factor in 

assessing NP risk and emphasizes the importance of the physical characteristics of an 

aggregate. This work suggests that estimating risk based off of simplified systems may 

poorly estimate photocatalytic efficiency in realistic environments; for hydrophilic 
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targets, the presence of constituents with greater affinity for the NP surface is likely to 

diminish the delivered dose. 

5.4 Summary of Conclusions 

This dissertation has demonstrated that the reactivity of a system is largely 

determined by the surface chemistry of a NP. These surface interactions may be 

intentional, such as functionalized FNPs, or incidental and resulting from the aquatic 

environment into which a NP is introduced. Additionally, the photocatalytic impact of a 

NP will depend on the characteristics of potential targets as on the characteristics of the 

NP itself. 

5.5 Continuations of This Work 

The studies described herein have necessarily employed simplified systems in 

order to understand the trends that impact reactivity. By no means have all the 

components of natural waters that may influence reactivity been considered in this 

work; prime candidates for future investigation include NOM and colloids such as clays 

or silicates, as well as engineered waters with greater complexity. 

5.5.1 Natural Organic Matter 

NOM presents a particularly intriguing case, as it can act both as a sensitizer and 

quencher of radicals. Studies have shown NOM exposed to sunlight produces sufficient 

amounts of ROS to inactivate bacteria and degrade organic compounds. Additionally, 

NPs coated in NOM have shown increased stability and mobility in column studies. 
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Understanding the conditions in which NOM may increase or decrease the total ROS of 

a NP containing system will greatly contribute to predictions of risk related to NP 

release. Furthermore, comparing the relative contribution of NP and NOM on ROS 

production can provide a benchmark of environmental impact. 

5.5.2 Natural Colloids 

Colloids, ubiquitous in rivers lakes and streams, are anticipated to outnumber 

NPs in all but the most concentrated release scenarios, and it is reasonable to expect 

heteroäggregation to dominate in most cases. Currently, heteroäggregation studies have 

been limited to the impact on aggregate formation and morphology. The influence of 

aggregate size and morphology in homoäggregates on ROS production (e.g., shielding 

of UV light and radical quenching) has been demonstrated, but the formation of 

heteroaäggregates is likely to add further pathways of excitation (e.g., charge transfer, 

electron or hole trapping). 

5.5.3 Photoreactivity in Natural Systems – Towards Functional 
Assays 

While investigations of simplified systems are important tools in understanding 

photoreactivity, the results presented in Chapter 4.3 illustrate the complexity that arises 

in conditions containing even mild resemblance to natural waters. Developing a 

comprehensive understanding of reactivity will require testing FAs in agreed upon 

representative environmental conditions. Among the necessary tasks then, are to 

determine reasonably simple reactivity endpoints and characterize anticipated exposure 
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conditions and relevant forms of released NPs. Water chemistry will impact NP 

aggregation, dissolution, fate and transport, and these physicochemical changes to NPs 

should continued to be studied to better inform risk assessment. Organismal impacts 

may vary between levels of complexity (e.g., fish versus bacteria) or even at the same 

level (e.g., gram positive versus gram negative bacteria), highlighting the need to 

identify appropriate endpoints. 

5.5.3.1 Functional Assay Endpoint Considerations 

Given the complexity in assessing potential toxicity, an appropriate FA endpoint 

such as exogenous ROS production could help identify combinations of NPs and 

situations for which hazard may be high. The goal should not be to measure each 

specific impact of a NP, but to identify and investigate the most likely impacts or types 

of NPs associated with higher risk. Similarly, instead of testing each susceptible 

organism under a number of conditions, a stronger and more productive approach 

would be to look at photoreactivity in cases for which that’s the likely mode of action. 

An example would be the release into aqueous environments of photocatalytic 

metal oxides that have the potential to be toxic to a number of microorganisms. Risk 

assessments of these particles ought reasonably to take into account their fate and 

transport in the anticipated environment as well as endpoints related to photoreactivity. 

The potential impact of these particles is unlikely to be the same if one considers their 

introduction into a stream or lake versus a WWTP, in which the majority of NPs have 
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been found to partition into the biosolids and may be later land applied as part of soil 

amendments. For these scenarios, the appropriate FAs would differ. 

TiO2 and Fullerenes are attractive model NPs for establishing FAs, as they are 

generally stable and mostly non-toxic in the absence of light. However, as has been 

demonstrated, their photoreactivity results in toxicity, measurements of which could 

serve as a realistic FA. In this dissertation, investigations into ROS generation have given 

a better understanding of potential for toxicity and degradation, measurements that 

incorporate the significant influences of aggregate size and morphology. Measuring ROS 

production does not invalidate the need for NP characterization or system property 

measurements; but with the understanding that NP aggregation will impact the 

underlying phenomena, it may be sufficient to measure ROS production as a 

determinant of hazard for a given set of conditions. Using this as a quantifiable 

endpoint, we can easily and systematically investigate what affects reactivity of NPs in 

the environment. 

5.5.3.2 Environmental Release Considerations 

Challenges to predicting risk for photoreactive nanoparticles include 

uncertainties in both aquatic chemistry and light exposure. While the intensity of 

sunlight can be largely predicted on a coarse (daily) scale based on season, geographic 

location, etc., results presented in this dissertation highlight the fact that NP 

transformations such as aggregation resulting from the aquatic chemistry are likely to 
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take place on a much finer scale (minutes to hours). As a result, NPs released into 

exposed waters at noon on a sunny day will present a greater hazard than those released 

into shaded waters or late in the evening. It may be sufficient to study reactivity under 

the worst-case scenario (i.e., using the greatest reasonable light flux) and apply a “light 

factor” ranging from 0 to 1 to adapt experimental results to anticipated release 

conditions. However, while this approach appears to be straightforward for unchanging 

NPs or aggregates, the impact of transformations my not be easily separated from UV 

exposure. It would be useful to measure reactive endpoints at high, low, and average 

light exposure conditions to determine what can be reasonably estimated. 

Waters containing stabilizing agents such as phosphate, carbonate or natural 

organic matter are likely to increase the duration of NPs in the water column, thereby 

increasing the net flux of light to which they are exposed. Furthermore, water chemistry 

may impact the type of ROS produced. For example, irradiated FNPs in the presence of 

an electron donor favor superoxide production over single oxygen. In high nitrate 

waters, peroxynitrate may be generated or the carbonate radical in high carbonate 

waters. These secondary radicals, which have less oxidizing capacity, are largely 

dependent on a priori �OH generation and are less likely to necessitate quantification, 

though in waters where they are the predominant form of ROS to which organisms are 

exposed, they could be appropriate endpoints. 



 

148 

The identification of realistically anticipated environmental conditions would 

greatly facilitate the design of photoreactivity FAs. Initially, multiple ROS endpoints 

should be tested to adequately describe the reactivity of a NP. Priority should be given 

to the primary expected ROS endpoints (singlet oxygen for FNPs, superoxide and 

hydroxyl radical for semiconductors) as well as measurements of surface reactivity 

(direct hole oxidation). Ultimately the precise ROS measurement for a photoreactivity 

FA will depend on the water chemistry of the release scenario. 

5.5.3.3 Nanoinformatics, Data Visualization, and Comparison 

This work has shown that changing the anion concentration significantly impacts 

ROS generation in simplified systems. As we consider more realistic conditions, 

however, it will become important to rank or compare reactivity between greatly 

differing water chemistries. For example, it will be more difficult to understand and 

predict the reactivity of waters in which ionic strength, suspended solid content, and 

organic matter all vary. 

The further development and employment of nanoinformatics databases, such as 

those being developed within CEINT (NIKC, N4mics) or by the EPA (NaKnowBase) will 

provide platforms for data visualization and comparison that enable complex 

relationships to be discerned from multiple studies consisting of multiple parameters. 

Comparisons of NP response between these relevant environmental conditions will help 

to identify the primary variables in determining reactivity. This, coupled with the 
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establishment of reasonably simple, appropriate FAs will move the process of NP risk 

assessment away from a case-by-case handling of each NP and enable regulation to keep 

pace with the advancements of nanotechnology. 
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Appendix A – Supporting Information for Chapter 4.1: 
Bacteriophage Inactivation by UV-A Illuminated 
Fullerenes: Role of Nanoparticle-Virus Association and 
Biological Targets 
Suspension Preparation 

A colloidal suspension of fullerene (aqu-nC60) in ultrapure water (UPW) was 

prepared by sonicating 200 mL of UPW (resistivity > 18 MΩ cm and TOC< 30 µg/L) 

containing 100 mg C60 powder using a high-energy probe (S-4000, Misonix, Qsonica, 

LLC, Newtown, CT) for 10 hours (pulse time: ON for 10 min; OFF for 20 min) in the 

dark. Following the dispersion, the suspension was filtered through a 100 nm nylon 

membrane filter (Magna, GE Osmonics, Minnetonka, MN). The filtrate was then 

concentrated via rotavaporator (Büchi, Flawil, Switzerland). DLS measurements of the 

suspension pre- and post-concentration indicated no change in average aggregate size. 

The number weighted and unweighted particles size distributions of FNPs in aqueous 

suspension are shown in Figure 35. 
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Figure 35: (a) Number weighted intensity and (b) unweighted intensity of 
fullerenes in suspension measured using dynamic light scattering at 90 degrees 

scattering angle. 

Electrophortic Mobility Measurements 

The Electrophoretic mobilities of the FNP suspensions as well as of MS2 virus are 

summarized in Table 6. As can be seen, all suspensions were negatively charged under 

our experimental conditions. 

 

Table 6: Electrophoretic mobility and zeta potential of FNP suspensions and 
MS2 virus. 

 EPM (m2/V.s) x10-8 ZP (mV) 
Suspension avg std (n=6) avg std (n=6) 
C60(NH2)6 -1.09 0.10 -13.9 1.2 
C60(OH)6 -3.65 0.30 -46.6 3.9 
aqu-nC60 -1.76 0.29 -22.4 3.7 
C60(OH)24 -3.57 0.30 -45.6 3.8 
MS2 -1.09 0.09 -13.9 1.1 

 

Standard Curve Preparation 
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Singlet oxygen production was determined by comparing the measured 

fluorescence of SOSG in fullerene suspensions versus a Rose Bengal (RB) standard 

curve.  All SOSG measurements were performed in the absence of MS2 virus. RB 

standards produced a linear fluorescence response over a concentration range of 0.005 – 

0.1 µM shown in Figure 36. 
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Figure 36: Change in fluorescence measured over one minute irradiance versus 
rose bengal standard concentration. Error bars indicate the standard deviation of 

triplicate measurements. 

The rate of photons hitting the sample in photons per second was calculated as 

follows: 

 rphoton =
irr ⋅a ⋅λ
h ⋅c

 (Eq 34.) 

where irr is the irradiance in W/cm2, a is the illuminated area of the reaction vial, c is the 

speed of light, λ is the wavelength, and h is plank’s constant. Combining this with the 

RB standard solution absorption at 365nm, ABS365, the quantum yield, Φ, and 
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Avagadro’s number, NA, gives the rate of singlet oxygen production, r1O2, in molar 

concentration per time: 

 r1O2 =
rphoton (1−10

−ABS365 )φ
V ⋅NA

 (Eq 35.) 

Figure 3 shows the fluorescence response of SOSG versus singlet oxygen 

production in the RB standards. Concentrations of irradiated fullerene suspensions were 

adjusted to maintain fluorescent responses within this linear standard range 
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Figure 37: Rate of change in fluorescence measured over one-minute irradiance 
vs. calculated singlet oxygen production by the RB standards indicated in Figure 39 
and calculated by Equations 34 and 35. Error bars indicate the standard deviation of 

triplicate measurements. 

The UV-A Irradiance of the RB standards was 2.3 mW/cm2 as measured by a 

UVX radiometer (UVP, Inc. Upland, CA). The output spectrum of the UV bulbs used in 

the study are shown in Figure 38. 
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Figure S4. Excitation spectra of the UV bulb used in experiment (provided by Koninklijke 
Philips Electronics N.V.) 

Wavelength*
(nm)*

amount*of*energy*
(watts/cm^2)*

(joules/cm^2/sec)*

340$ 0.0000021$
341$ 3.57509E,06$
342$ 4.61162E,06$
343$ 5.8859E,06$
344$ 7.43303E,06$
345$ 9.28777E,06$
346$ 1.14829E,05$
347$ 1.40469E,05$
348$ 1.70023E,05$
349$ 2.03622E,05$
350$ 2.41288E,05$
351$ 2.82904E,05$
352$ 3.28198E,05$
353$ 3.76727E,05$
354$ 4.27868E,05$
355$ 4.80824E,05$
356$ 5.34632E,05$
357$ 5.8819E,05$
358$ 6.40285E,05$
359$ 6.89639E,05$
360$ 7.34959E,05$
361$ 7.74993E,05$
362$ 8.08585E,05$
363$ 8.34731E,05$
364$ 8.52629E,05$

Product data

Bulb T26
Main Application Blacklight Blue
Useful Life 5000 hr
Life to 50% failures EM 8000 hr
Rated Lamp Wattage 15W
Technical Lamp Power 15.9 W
Lamp Voltage 54 V
Lamp Current 0.335 A
Mercury (Hg) Content 5.0 mg
Colour Code 108 [08 lead free glass]
Colour Designation Blacklight Blue
UV-A Radiation 100hr (IEC) 3.0 W
UV-B/UV-A (IEC) 0.2 %

TL-D/08/108 G13

Cap-Base G13

TL-D/08/108

TL-D/08/108

2

25/2/2011

 

Figure 38: Output spectrum of the Philips 15W TL-D BLB bulbs used in the 
study. Output is centered at 365nm, and UV-A irradiance was measured at 2.3mW/cm2. 

Inactivation Kinetics and Singlet Oxygen Dose 

To determine the steady state singlet oxygen concentration, [1O2]ss, first the 

accumulation of singlet oxygen in suspension can be modeled as follows 

 d[1O2 ]
dt

= r1O2 − kd[
1O2 ]  (Eq 36.) 

where kd is the rate of quenching in water (kd = 2.4x105 sec-1)[373]. Making the 

steady state approximation, an equation for [1O2]ss, in moles, can be calculated as 

 [1O2 ]ss =
r1O2
kd  (Eq 37.) 

Thus, from the Rose Bengal standard suspensions, the fluorescence response due 

to a given steady state singlet oxygen concentrations can be calculated as 

 
dFSU
dt

= k1O2 [1O2]ss[SOSG]  (Eq 38.) 
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where FSU is the detected fluorescence resulting from the cumulative reaction of SOSG 

with the produced 1O2 over the irradiance time t, k1O2 is the second order rate constant, 

and [1O2]ss is the steady state 1O2 concentration. By using a sufficiently large [SOSG] 

compared to produced 1O2 and short irradiance times, the concentration of unreacted 

SOSG in solution can be assumed constant, giving the pseudo first order kinetics: 

 
dFSU
dt

= k '1O2 [1O2]ss  (Eq 39.) 

Here, k’102 is the pseudo-first order rate constant whose units are FSU uM-1 min-1. 

Typically, pseudo-first order and first order rate constants have units of concentration 

per concentration per time, which reduces to simply units of per time. In this study, we 

are modeling the increase in fluorescence, which does not have units of concentration, 

thus we arrive at our slightly modified rate constant. When plotting the observed 

increase in fluorescence versus calculated singlet oxygen concentration (Figure 39), the 

slope is k’102 = 5.8x109 FSU uM-1 min-1. This value can then be used to convert the 

observed rate of fluorescence into the singlet oxygen concentration in solution and is the 

result of our experimental conditions, including the excitation and emission 

wavelengths of the Modulus fluorimeter used.
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Figure 39: Change in fluorescence over given steady state singlet oxygen 
concentrations, determined from a Rose Bengal standard curve. Error bars indicate the 
standard deviation of triplicate measurements. The slope of this line is k’ as indicated 
in Equation 39. Error bars indicate the standard deviation of triplicate measurements. 

The method for calculating CT, the dose measurement for conventional 

disinfectants [275] and cationic fullerenes [33], is shown below 

 CT = FSU(t)
k '1O2

= [1O2 ]0 t  (Eq 40.) 

where CT is the disinfectant concentration, C, multiplied by the contact time, t. The 

disinfectant concentration, C, in the FNP suspensions is taken to be the steady state 1O2 

concentration probed by SOSG on or very near the surface of the NP, calculated using 

the Rose Bengal experimental standard curve, above. Inactivation data for the FNP 

suspensions over 5 minutes is shown in Figure 15 and inactivation versus CT is shown 

in Figure 20 (These data are found in Chapter 4.1). 
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Table 7: MS2 inactivation rate constant during control experiments in UV-A. 
Average rate constant and standard deviation are shown here. 

Chemicals added Rate constant (min-1) 
MS2+ UVA 0.034± 0.001 
MS2+C60(NH2)6  + β-carotene+UV-A 0.034 ± 0.003 
MS2+C60(OH)6   + β-carotene+UV-A 0.033 ± 0.003 
MS2+C60(OH)24 +β-carotene+UV-A 0.035 ± 0.002 
MS2+aqu-nC60 + β-carotene+UV-A 0.035 ± 0.004 

 

The results in Table 7 show that in the presence of β-carotene the inactivation 

rate is similar to UV-A alone indicating that the inactivation in the absence of β-carotene 

is mediated solely by UV-A sensitized 1O2. 

Table 8: MS2 viability during control experiments in the dark.  

Chemicals added 0 min 5 min 
MS2 dark (1.75 ± 0.06) x 107 (1.75 ± 0.05) x 107 
MS2+aqu-nC60 dark (1.72 ± 0.09) x 107 (1.75 ± 0.06) x 107 
MS2+C60(OH)24 dark (1.70 ± 0.07) x 107 (1.69 ± 0.08) x 107 
MS2+C60(OH)6 dark (1.72 ± 0.05) x 107 (1.73 ± 0.07) x 107 
MS2+C60(NH2)6 dark (1.73 ± 0.07) x 107 (1.76 ± 0.05) x 107 

 

Results in Table 8 show that in the absence of UV-A, fullerenes had no effect on 

the viability of MS2. 

Hyperspectral image analysis 

Figure 40 illustrates the sequence of steps involved in processing a hyperspectral 

image of aqu-nC60 and MS2 virus sample. High resolution spectral and spatial 

information from hyperspectral images (Figure 40 (a) and (b)) were obtained by first 

applying the minimum noise fraction transform to estimate and segregate the noise to 
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generate coherent data (Figure 40 (c) and (d)). Next using two-cascaded principle 

component transformations, the noise in the image was converted to unit variance and 

the bands were resolved into corresponding standard principal components [374]. The 

Eigen values were analyzed using the minimum noise fraction bands (images) to aid in 

retrieving the most coherent images (images with Eigen values near 1 are mostly 

comprised of noise) (Figure 40 (e)). The coherent image was then analyzed in terms of 

pixel purity index (PPI) values computed by repeatedly projecting n-dimensional scatter 

plots onto a random unit vector (Figure 40 (f)). The extreme or spectrally “pure” pixels 

in each projection (those pixels that fell onto the ends of the unit vector) were recorded 

and the PPI image was created by noting the total number of times each pixel was 

marked as extreme. Next, the data cloud was rotated using the interactive n-

Dimensional Visualizer (NDVI) algorithm to select, classify, and extract the endmembers 

(spectrally pure materials) of the nanoparticles and viruses (Figure 40 (g) and (h)). The 

selected endmembers were classified by mixture tuned matched filtering (MTMF) 

(Figure 40 (i) and (j)), which mapped the nanoparticles and viruses in the hyperspectral 

image. The final step in the analysis is supervised image classification (Figure 40 (k)-(n)). 

Similar steps were used for other nanoparticle-virus combinations to determine their 

relative association/proximity. Figure 40 (i) and (j) shows the infeasibility vs. MF score 

images, where MF-score =1 indicates perfect match. All materials with a score ≥ 0.7 and 

infeasibility <20 are chosen as a match to spectral signatures. Figures k-n shows the map 
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of MS2 and aqu-nC60 in noise-free image (Figure 40 (k) and (l)) and hyperspectral image 

(Figure 40 (m)-(n)), respectively. 
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 8 

 

 

 

 

 
Figure S6 Hyperspectral image analysis of MS2+aqu-nC60 in aqueous phase. Mixture tuned matched filtering 146 
was applied to map the distribution of MS2 and aqu-nC60 in the image. 147 

 

Figure 40: Hyperspectral image analysis of MS2+aqu-nC60 in aqueous phase. 
Mixture tuned matched filtering was applied to map the distribution of MS2 and aqu-

nC60 in the image. 
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Table 9: Infrared frequencies (wavenumbers) and associated band assignments 
for MS2 bacteriophage. 

Wavenumber (cm-1) Assignment 
1733 C=O, carbonyl groups 
1710 Glu, ν(C=O) 
1695-1670 Intermolecular β-structure 
1690-1680 Intramolecular β-structure 
1666-1659 ‘3-turn’ helix 
1657-1648 α-helix 
1645-1640 Random coil 
1640-1630 Intramolecular β-structure 
1625-1610 Intermolecular β-structure 
1606-1 Tyr-O-1 
1580 Gln,  
1573 HisH, ν(C=C); Asp, νas(COO-) 
1550-1510 N-H, secondary amide 
1504 C=C, aromatic 
1474 δas (CH3) 
1449 Pro, ν(C-N) 
1405 Glu, νs(COO-); Asp, νs(COO-) 
1352-1361 
1334-1342 

Trp 

1420-1181 Ser 
1273-6 Trp; Trp-O- 
1244 RNA νas(PO2-) 
1218 RNA C-H, ring bend 
1184 RNA νs(PO2-) 
1160 RNA ribose, ν(C-O) 
1120 RNA ribose, ν(C-O) 
1060 RNA ribose, ν(C-O) 
1043 RNA ribose, ν(C-O) 
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Figure S7. ATR–FTIR spectra of MS2 alone and MS2+fullerenes after exposure UVA for 5 mins. (a) to (d) show the evidence 154 
for carbonyl content and protein secondary structures. 155 
 156 
Figure S7 shows the peak fits of amide I band of MS2 in the mid-infrared regions. This region specially 157 
represents all the vibrational frequencies associated with protein secondary structures. 158 
 159 
Table S5 Shown here are the location of amino acid (AA) on A-and coat-protein sequences that have potential to react 160 
with 1O2 at high second order reaction rates at physiological pH 7.1 [1, 5]. 161 
Protein sequence No. of AA targets (A–protein+ coat 

protein) for 1O2 ; approx. 2nd order rate 
constants, M–1s–1 ; neutral pH 

A-protein (1 copy/MS2) (GeneBank: ACV72076.1) A-protein+ coat protein 
         1 mrafstldre netfvpsvrv yadgetedns fslkyrsnwt pgrfnstgak tkqwhypspy 
       61 srgalsvtsi dqgaykrsgs swgrpyeeka gfgfsldars cyslfpvsqn ltyievpqnv 
      121 anrastevlq kvtqgnfnlg valaearsta sqlatqtial vkaytaarrg nwrqalryla 
      181 lnedrkfrsk hvagrwlelq fgwlplmsgi qgayemltkv hlqeflpmra vrqvgtnikl 
      241 dgrlsypaan fqttcnisrr iviwfyinda rlawlsslgi lnplgivwek vpfsfvvdwl 
      301 lpvgnmlegl tapvgcsyms gtvtdvitge siisvdapyg wtverqgtak aqisamhrgv 
      361 qsvwpttgay vkspfsmvht ldalalirqr lsr 

   
5+0: h (Histidine); k= 3.2x107 
12+360: w (Tryptophan);  
                 k=2-7x107 (physical reaction) 
                 k=3x107 (chemical reaction) 
                                                                        
16+720: y (Tyrosine); k=0.8x107 
  8+360: m (Methionine); k=1.6x107 
  3+360: c (Cysteine); k=8.9x106 
All other amino acids: k <0.7x107 
 
 

Coat protein (180 copies/MS2) (GeneBank: ACY07219.1) 
         1 masnftqfvl vdnggtgdvt vapsnfangv aewissnsrs qaykvtcsvr qssaqnrkyt 
       61 ikvevpkvat qtvggvelpv aawrsylnle ltipifatns dcelivkamq gllkdgnpip 
      121 saiaansgiy 

 

Figure 41: ATR-FTIR spectra of MS2 alone and MS2+fullerenes after UV-A 
exposure for 5 minutes showing evidence for carbonyl content and protein secondary 

structures. 

Figure 41 shows the peak fits of amide I band of MS2 in the mid-infrared regions. 

This region specially represents all the vibrational frequencies associated with protein 

secondary structures. 
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Table 10: Location of amino acids (AA) on A- and coat-protein sequences that 
have the potential to react with 1O2 at high second order reaction rates at physiological 

pH 7.1 [273, 373] 

Protein	sequence	 No.	 of	 AA	 targets	 (A–protein+	 coat	
protein)	 for	 1O2	 ;	 approx.	 2

nd	 order	
rate	constants,	M–1s–1	;	neutral	pH	

A-protein	(1	copy/MS2)	(GeneBank:	ACV72076.1)	 A-protein+	coat	protein	
									1	 mrafstldre	 netfvpsvrv	 yadgetedns	 fslkyrsnwt	 pgrfnstgak	
tkqwhypspy	
							61	srgalsvtsi	dqgaykrsgs	swgrpyeeka	gfgfsldars	cyslfpvsqn	ltyievpqnv	
						121	anrastevlq	kvtqgnfnlg	valaearsta	sqlatqtial	vkaytaarrg	nwrqalryla	
						181	 lnedrkfrsk	 hvagrwlelq	 fgwlplmsgi	 qgayemltkv	 hlqeflpmra	
vrqvgtnikl	
						241	dgrlsypaan	fqttcnisrr	iviwfyinda	rlawlsslgi	lnplgivwek	vpfsfvvdwl	
						301	 lpvgnmlegl	 tapvgcsyms	 gtvtdvitge	 siisvdapyg	 wtverqgtak	
aqisamhrgv	
						361	qsvwpttgay	vkspfsmvht	ldalalirqr	lsr	

			
5+0:	h	(Histidine);	k=	3.2x107	
12+360:	w	(Tryptophan);		
													k=2-7x107	(physical	reaction)	
													k=3x107	(chemical	reaction)	

																																																																								
16+720:	y	(Tyrosine);	k=0.8x107	
		8+360:	m	(Methionine);	k=1.6x107	
		3+360:	c	(Cysteine);	k=8.9x106	
All	other	amino	acids:	k	<0.7x107	

	
	

Coat	protein	(180	copies/MS2)	(GeneBank:	ACY07219.1)	
									1	 masnftqfvl	 vdnggtgdvt	 vapsnfangv	 aewissnsrs	 qaykvtcsvr	
qssaqnrkyt	
							61	ikvevpkvat	qtvggvelpv	aawrsylnle	ltipifatns	dcelivkamq	gllkdgnpip	
						121	saiaansgiy	

 

Detailed Procedure of OxyBlot Protein Oxidation Assay.  

The protocol provided by the manufacturer was adapted for quantification of 

protein oxidation products, specifically carbonyl groups formed by the reactions of 1O2 

with amino-acid side chains on MS2. Prior to quantifying the protein carbonyl, the MS2 

samples from various treatments (at 5 min) were separately pooled together and 

concentrated to get a total protein concentration to between 3–4 µg µL-1. The total 

amount of proteins was measured using the Modified Lowry Protein Assay Kit (Pierce 

Biotechnology, Rockford, IL) with bovine serum albumin (BSA) standards. The protein 

concentration was calculated by measuring the absorbances at 750 nm using UV-vis 

spectrophotometer. The procedure is as follows: 5 µl protein samples (3.5 µg µL-1) were 
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first denatured using 5 µl 12% SDS and then mixed with 1x 2,4-dinitrophenylhydrazine 

(DNPH) incubated for 15 min during which 2,4-dinitrophenylhydrozone (DNP-

hydrazone) derivative was formed upon reaction with carbonyls. After 15 min, the 

reaction was stopped by adding 7.5 µl of neutralization solution. A negative control was 

also prepared as described without protein. The derivatized proteins were separated 

into individual proteins by 12% sodium dodecyl sulfate polyacrylamide electrophoresis 

followed by Western blotting. The protein bands were transferred onto a PVDF 

membrane filter and then incubated first with the primary antibody (rabbit anti-DNP 

antibody) and then with secondary antibody (goat anti-rabbit IgG (horseradish 

peroxidase-conjugated). The filters were then treated with chemiluminescent reagents 

(luminol and enhancer). The luminol was converted to the light-emitting form at 

wavelength 428 nm by the antigen/primary antibody/secondary antibody/peroxidase 

complex (bound to the membrane) in a H2O2 catalyzed oxidation reaction. The light was 

detected by short exposure to blue light sensitive films. The oxidative status of each 

protein was then analyzed quantitatively by comparing the signal intensity of the same 

protein in different lanes on the same gel. 

SDS-PAGE.  

SDS-PAGE was performed using standard Laemmli gel method [375] to examine 

1O2 induced modifications in phage capsid proteins. Pre-cast SDS/12% (w/v) 

polyacrylamide gels (Tris-glycine gels) for the BioRad gel apparatus systems used 
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according to the manufacturer’s instructions. The Tris-glycine running buffers and 

sample buffers were purchased from Invitrogen (Carlsbad, CA, USA). Phage samples 

were diluted by 50% (v/v) in 2x Tris-glycine sample buffer, incubated at 85 oC for 2 min, 

and then loaded directly into the wells on the gel. Each well contained 8 µg of protein. 

Electrophoresis was carried out for 2-3 h at 30 mA/gel and the gels were stained with 

0.1% Coomassie brilliant blue R250 solution according to manufacturer’s instructions 

and photographed. 

Protein conformational changes are due to the oxidation by 1O2  

Figure 42 shows SDS–PAGE analysis of phage proteins obtained from various 

treatments:  (1) MS2 in dark, (2) MS2+C60(NH2)6 in dark, (3) MS2+UV-A, (4) 

MS2+C60(NH2)6+UV-A, (5) MS2+C60(OH)6+UV-A, (6) MS2+aqu-nC60+UV-A, and (7) 

MS2+C60(NH2)6+β-carotene+UV-A. MS2 was mainly composed of A-protein (molecular 

mass: 44,000 Da) and coat protein (13,700 Da). Similar mobilities of A- and coat-protein 

in lanes B and C indicate that C60(NH2)6 in dark had no effect on MS2, which is consistent 

with dark inactivation results under these conditions. The A- and coat-protein bands in 

lanes D and H are present at slightly higher location (indicates higher molecular mass) 

on the gel suggesting that UV-A alone could induce cross–linkages in proteins. Protein 

bands in Lanes E (or I), F and G appears to migrate slower when compared with the 

bands in Lanes B or C, which is due to oxidation by 1O2. Note that A–protein in Lane E 

exhibits a higher molecular mass (> 44 KDa) than any other proteins in other lanes. 



 

166 

Similarly, A-proteins in Lanes F and G showed masses > 44 KDa but lower than the mass 

of A–protein in Lane E. Coat proteins in Lanes E (or I) F and G showed masses between 

14.7–21.5 KDa, which is a consequence of oxidative damage by 1O2. 

 12

Da). Similar mobilities of A- and coat-protein in lanes B and C indicate that C60(NH2)6 in dark had no effect on 195 
MS2, which is consistent with dark inactivation results under these conditions. The A- and coat-protein bands 196 
in lanes D and H are present at slightly higher location (indicates higher molecular mass) on the gel suggesting 197 
that UVA alone could induce cross–linkages in proteins. Protein bands in Lanes E (or I), F and G appears to 198 
migrate slower when compared with the bands in Lanes B or C, which is due to oxidation by 1O2. Note that A–199 
protein in Lane E exhibits a higher molecular mass (> 44 KDa) than any other proteins in other lanes. Similarly, 200 
A-proteins in Lanes F and G showed masses > 44 KDa but lower than the mass of A–protein in Lane E. Coat 201 
proteins in Lanes E (or I) F and G showed masses between 14.7–21.5 KDa, which is a consequence of oxidative 202 
damage by 1O2. 203 
 204 

 205 
Figure S8. Analysis by SDS–PAGE showing the altered migrations of MS2 capsid proteins (A-protein and coat protein) 206 
following exposure to UVA sensitized 1O2. Lane A: molecular mass markers; Lane B: MS2 in dark; Lane C: MS2+C60(NH2)6 in 207 
dark; Lane D: MS2+UVA; Lane E: MS2+C60(NH2)6+UVA; Lane F:  MS2+C60(OH)6+UVA; Lane G: MS2+aqu-nC60+UVA; Lane H: 208 
MS2+C60(NH2)6+β-carotene+UVA; Lane I: MS2+C60(NH2)6+UVA 209 

 210 
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Figure 42: Analysis by SDS-PAGE showing the altered migrations of MS2 
capsid proteins (A-protein and coat protein) following exposure to UV-A sensitized 

1O2. Lane A: molecular mass markers; Lane B: MS2 in Dark; Lane C: MS2+C60(NH2)6 in 
dark; Lane D: MS2+UV-A; Lane E: MS2+ C60(NH2)6+UV-A; Lane F: MS2+C60(OH)6+UV-
A; Lane G: MS2+aqu-nC60+UV-A; Lane H: MS2+ C60(NH2)6+β-carotene+UV-A; Lane I: 

MS2+ C60(NH2)6+UV-A 
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Appendix B – Supporting information for Chapter 4.2: 
Influence of Inorganic Anions on the Reactivity of TiO2 
Nanoparticles 
Radiation intensity as a function of emission wavelength at the upper liquid surface 

The emission spectrum of the UV lamps, as provided by the manufacturer, was 

used to determine the radiation intensity as a function of the emission wavelength at the 

liquid upper surface of the samples. Results are reported in Figure 43. A normal 

distribution with mean 365 nm and standard deviation 10 nm was assumed for Philips 

TL-D 15W BLB SLV spectrum. Radiometric readings were corrected by taking into 

account the spectral response of the sensor, as suggested in [376]. 

2 
 

deviation 10 nm was assumed for Philips TL-D 15W BLB SLV spectrum. Radiometric readings were 1 

corrected by taking into account the spectral response of the sensor, as suggested in [1]. 2 

 3 

  4 

Figure SI1 Radiation intensity vs. emission wavelength at the liquid upper surface of samples. 5 

 6 

SI2. Characterization of size distribution of TiO2 aggregates as a function of operating conditions 7 
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Figure 43: Radiation intensity vs. emission wavelength at the upper liquid 
surface of samples. 

Characterization of size distribution of TiO2 aggregates as a function of operating 

conditions 
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3 
 

(a) (b) 

  

(c) (d) 

  

Figure SI2 TiO2 aggregate size distribution as a function of KI concentration (0, 50 mM) at various times              1 

(0, 30 min) (a,b). TiO2 aggregate D50 versus time as a function of KI concentration (0,50mM) (c,d). 2 

Experimental results are expressed both as particle number weighted (a,c) and volume weighted (b,d). 3 

 4 

SI3. Aggregation of TiO2 NPs in inorganic anions 5 
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Figure 44: TiO2 aggregate size as a function of KI concentration (0, 50 mM) at 
various times (0, 30 min) (a,b). TiO2 aggregate D50 vs. time as a function of KI 

concentration (0, 50 mM) (c, d). Experimental results are expressed both as number 
weighted (a, c) and volume weighted (b, d). 

Aggregation of TiO2 NPs in inorganic anions 
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3 
 

  

Figure SI2 TiO2 aggregate size distribution as a function of KI concentration (0, 50 mM) at various times              1 

(0, 30 min) (a,b). TiO2 aggregate D50 versus time as a function of KI concentration (0,50mM) (c,d). 2 

Experimental results are expressed both as particle number weighted (a,c) and volume weighted (b,d). 3 

 4 

SI3. Aggregation of TiO2 NPs in inorganic anions 5 

 6 

(a) (b) 

  

Figure SI3.1 TiO2 aggregate size over 30minutes as a function of anion at 0.5mM, number weighted D50 (a) and 7 

volume weighted D50 (b). 8 
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Figure 45: TiO2 aggregate size over 30 minutes as a function of anion at 0.5mM, 
(a) number weighted D50, and (b) volume weighted D50. 
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(a) - Carbonate (b) 

  

(c) - Phosphate (d) 

  

(e) - Nitrate (f) 
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(g) - Chloride (h) 

  

(i) - Sulfate (j) 

  

Figure SI3.2 TiO2 aggregate size over 30minutes as a function of anion concentration, number weighted D50 1 

(a,c,e,g,i) and volume weighted D50 (b,d,f,h,j). 2 
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Figure 46: TiO2 aggregate size over 30 minutes as a function of anion 
concentration, (a, c, e, g, i) number weighted D50 and (b, d, f, h, j) volume weighted 

D50. 
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(i) - Sulfate (j) 

  

Figure SI3.2 TiO2 aggregate size over 30minutes as a function of anion concentration, number weighted D50 1 

(a,c,e,g,i) and volume weighted D50 (b,d,f,h,j). 2 
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Figure 47: TiO2 aggregate size over 14 minutes as a function of anion 
concentration, volume weighted D50 for (a) nitrate and (b) sulfate. 

Gouy Chapman Calculations 

DLVO potential energy curves were calculated using the Gouy Chapman 

approximation for two identical spheres, in which electrostatic repulsion, Φr, and Van 

der Waals attraction, Φa, can be calculated as follows: 

 φr =
32πεkB

2T 2γ0
2a

e2z2
e−κx  (Eq 41.) 

and 

 φa = −
A
6

2
s2 − 4

−
2
s2
+ ln s2 − 4

s2
"

#
$

%

&
'

(

)
*

+

,
-  (Eq 42.) 

Where 

 s = 2a+ x
a

 (Eq 43.) 

 

and 
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 γ0 =
exp 2eψ0

2kBT
!

"
#

$

%
&−1

exp 2eψ0

2kBT
!

"
#

$

%
&+1

 (Eq 44.) 

Here, ε is the dialectric constant (ε = ε0*εr), kB is the boltzman constant, T is 

temperature, a is the radius of the particle, x is the separation distance, A is the 

hammaker constant for TiO2 (A= 60 x 10-21 J), e is the charge of an electron, I is the ionic 

strength, Ψ0 is the surface potential (assumed to be equal to the measured zeta potential), 

and κ is the inverse debeye length, calculated as 

 κ −1 =
εkBT
2NAe

2I
≈
0.304

I
 (Eq 45.) 

Calculations were performed for TiO2 in the 1:1 electrolyte KCl from 0.5 to 25 

mM. As the ionic strength increases, the zeta potential at pH 7.8 diminishes in 

magnitude (see Figure 50 (c), and compression of the double layer is observed, resulting 

in wholly negative potential energies for the highest two concentrations. Ionic strengths 

for which the zeta potential was not measured were estimated from available data. 
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(a) (b) 

  

Figure SI4.1 Potential energy curves of DLVO theory using the Gouy Chapman approximation for 20 mg L-1 TiO2 1 

as a function of KCl concentration. Blue dashed lines are electrostatic repulsion, red dashed lines are Van der 2 

Waals attraction, and black solid lines are the summation of repulsive and attractive forces for a given ionic 3 

strength. Full plot (a) and detail (b). 4 
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SI5. Fractal Dimension of TiO2 NPs 6 
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Figure 48: Potential energy curves of DLVO theory using the Gouy Chapman 
approximation for 20 mg L-1 TiO2 as a function of KCl concentration (0.5 – 25 mM). (a) 
Full plot and (b) detail. Blue dashed lines are electrostatic repulsion, red dashed lines 

are Van der Waals attraction, and black solid lines are the summation of repulsive 
and attractive forces for a given ionic strength. 

Fractal Dimension of TiO2 NPs 
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(a) – 0.5mM Carbonate (b)  

  

(c) – 25mM Carbonate (d)  

  

(e) – 0.5mM Phosphate (f)  
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(g) – 25mM Phosphate (h)  

  

(i) – 0.5mM Chloride (j)  

  

(k) – 25mM Chloride (l)  
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(i) – 0.5mM Nitrate (j)  

  

(i) – 25mM Nitrate (j)  

  

(i) – 0.5mM Sulfate (j)  
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(i) – 25mM Sulfate (j)  

  

Figure SI5 – Representative SLS data and calculated fits at 0 and 30 minutes for each anion.  1 

 2 

SI6. Zeta potential versus pH as a function of anion concentration 3 
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Figure 49: Representative SLS data and calculated fits at 0 and 30 minutes for 
each anion. 

Zeta potential versus pH as a function of anion concentration 
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(a) - Carbonate (b) - Phosphate 

  

(c) - Chloride (d) - Nitrate 

  

(e) - Sulfate  
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SI7. Influence of initial iodide concentration on hole detection 2 
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Figure 50: Zeta potential vs. pH as a function of anion concentration 

Influence of initial iodide concentration on hole detection 
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(a) (b) 

  

Figure SI7 Absorption from iodo-starch method versus time as a function of initial iodide concentration (a) and 1 

photogenerated hole detection (measured as oxidized iodide concentration) after 30 minutes irradiation 2 

versus initial iodide concentration (b). 3 

 4 

SI8. Time series for iodide oxidation as a function of inorganic anion concentration 5 

(a) (b) 

  

Figure SI8 Oxidized iodide concentration (mean±st.dev.) vs. time as a function of inorganic anion 6 

concentration: carbonate (a) and phosphate (b). 7 
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SI9. Langmuir-Hinshelwood linearization procedure for KA and kR constants estimation 9 

By neglecting the presence of inorganic anions other than iodide, equation 3 in the manuscript 10 

can be simplified and expressed showing the linear relationship between the inverse of initial 11 

reaction rate and the inverse of initial iodide concentration, as follows [2]: 12 
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Figure 51: (a) Absorption from iodo-starch method vs. time as a function of 
initial iodide concentration and (b) photogenerated hole detection (measured as 

oxidized iodide concentration) after 30 minutes irradiation versus initial 
concentration. 

Time series for iodide oxidation as a function of inorganic anion concentration 
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Figure SI7 Absorption from iodo-starch method versus time as a function of initial iodide concentration (a) and 1 

photogenerated hole detection (measured as oxidized iodide concentration) after 30 minutes irradiation 2 

versus initial iodide concentration (b). 3 
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SI8. Time series for iodide oxidation as a function of inorganic anion concentration 5 
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Figure SI8 Oxidized iodide concentration (mean±st.dev.) vs. time as a function of inorganic anion 6 

concentration: carbonate (a) and phosphate (b). 7 
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Figure 52: Oxidized iodide concentration (mean±std) vs. time as a function of 
inorganic anion concentration: (a) carbonate and (b) phosphate. 

Langmuir-Hinshelwood linearization procedure for KA and kR constants estimation 

By neglecting the presence of inorganic anions other than iodide, Equation 33 in 

Chapter 4.2 can be simplified and expressed showing the linear relationship between the 
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inverse of initial reaction rate and the inverse of initial iodide concentration, as follows 

[313]: 

 
1
r0
=

1
K

A,I−
KR

1
[I − ]0

+
1
KR

=m 1
[I − ]0

+ q  (Eq 46.) 

With 

 KR =
1
q

 (Eq 47.) 

and 

 KA =
q
m

 (Eq 48.) 

The rate r0 is obtained from experimental data by calculating the oxidized iodide 

concentration for each [I-]0 over time. KA and KR values were calculated by fitting 

experimental data shown with a linear regression, estimating m and q values by the 

least squares method, as in Figure 53. 

13 
 

 
1
!!
!= ! 1

!!,!−!!!
! 1
!! !

+ ! 1!!
!= !!! 1

!! !
!+ !! (e.SI1) 

  with 1 

!! = ! !!                 !! = !
! 2 

The rate r0 is obtained from experimental data by calculating the oxidized iodide concentration for 3 

each [I-]0 over time. KA and KR values were calculated by fitting experimental data shown in figure 2 4 

with a linear regression, estimating m and q values by least square method, as in figure SI5. 5 

 6 

 7 

Figure SI9.1 Experimental data linear regressions (1/r vs. 1/[I-]0) for iodide adsorption via Langmuir-Hinshelwood  8 

mechanism for sonicated TiO2. 9 
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Figure 53: Experimental data linear regressions (1/r vs 1/[I-]0) for iodide 
adsorption via Langmuir-Hinshelwood mechanism for sonicated TiO2. 
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Equation 33 in Chapter 4.2 can be transformed so as to highlight the linear 

relationship between the inverse of the initial reaction rate and the initial inorganic 

anion concentration, as it follows [286]: 

 
1
r0
=

KA,Anion

K
A,I−
KR[I

− ]0
[Anion]0 +

1+K
A,I−
[I − ]0

K
A,I−
KR[I

− ]0
=m[Anion]0 + q  (Eq 49.) 

With 

 KR =
1+K

A,I−
[I − ]0

qK
A,I−
[I − ]0

 (Eq 50.) 

and 

 KA =m ⋅KRKA,I−
[I − ]0  (Eq 51.) 

Experimental values at 0 and 12.5 mM were neglected in calculations because of 

the modifications on TiO2 suspension characteristics. Results for linearization of 

experimental data by the proposed procedure are reported in Figure 54. 
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14 
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In calculation procedure experimental values at 0 and 12.5 mM were neglected because of the 3 

modifications on TiO2 suspension characteristics. Results for linearization of experimental data by the 4 

proposed procedure are reported in figure SI6. 5 

 6 

(a) 7 

 8 

(b) 9 

 10 

Figure SI9.2 Experimental data linear regressions (1/r vs. [Anion]) for the competitive adsorption of inorganic 11 

anions with iodide via Langmuir-Hinshelwood mechanism for various anionic species, i.e. carbonate (a) and 12 

phosphate (b). 13 
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Figure 54: Experimental data linear regressions (1/r vs. [Anion]) for the 
competitive adsorption of inorganic anions with iodide via Langmuir Hinshelwood 

mechanism for (a) carbonate and (b) phosphate. 

Time Series for terephthalic acid oxidation as a function of inorganic anion 

concentration 
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SI10. Time series for terephthalic acid oxidation as a function of inorganic anion concentration 1 

(a) (b) 

  

(c) (d) 

  

(e) 

 

Figure SI10 2-hydroxyterephthalic acid concentration (mean±st.dev.) vs. time as a function of inorganic anion 2 

concentration for various anionic species, i.e. carbonate (a), chloride (b), nitrate (c), sulfate (d) and 3 

phosphate (e).  4 
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Figure 55: 2-Hydroxyterephthalic acid concentration (mean±std) vs. time as a 
function of inorganic anion concentration for various anionic species: (a) carbonate, 

(b) chloride, (c)nitrate, (d) sulfate, and (e) phosphate. 

Normalized hydroxyl radical generation as a function of inorganic anion 

concentration. 
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SI11.  Normalized hydroxyl radical generation as a function of inorganic anion concentration 1 

 2 

 3 

Figure SI11 Normalized hydroxyl radical generation vs. inorganic anion concentration after 30 minute 4 

irradiation time as a function of anionic species in solution.  5 
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Figure 56: Normalized hydroxyl radical generation vs. inorganic anion 
concentration after 30 minute irradiation time as a function of anionic species in 

solution. 
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Appendix C – Supporting Information for Chapter 4.3: 
Chlorpyrifos Degradation via Photoreactive TiO2 
Nanoparticles: Assessing the Impact of a Multi-
Component Degradation Scenario 
TiO2 Characterization and Reactivity 1. TiO2 Characterization and Reactivity 

 
(a) (b) 

  

(c) (d) 

  

Figure SI-1 - TiO2 Characterization a) Time resolved DLS b) TEM image of TiO2 
aggregate in MD media; scale bar is 50nm c) DLS of TiO2 in MD media, unweighted, d) 
ZP vs pH of 20ppm TiO2 in MD, adjusted with HCl. EPM measurements for TiO2 in MD 

titrated with 0.1N HCl indicate that the IEP occurs at a pH of roughly 1.5. 
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Figure 57: TiO2 Characterization: (a) time resolved DLS, (b) TEM image of TiO2 
aggregate in MD media; scale bar is 50nm, (c) DLS of TiO2 in MD media, unweighted, 

(d) ZP vs. pH of 20 ppm TiO2 in MD, adjusted with HCl. 
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Figure SI-2 – Reactivity measurements of Hydroxyl Radical and Superoxide from 20ppm 
TiO2 in MD exposed to UV, in the presence of quenching agents, and in the dark.  

 
2. Stability of TiO2 in CPF 

The presence of CPF was not observed to induce TiO2 aggregation. Time resolved DLS 
was performed over 200 minutes during which time the aggregate size remained constant. 
 
 

 
Figure SI-3 – Number weighted TRDLS of 20ppm TiO2 in presence of 385ppb CPF 
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Figure 58: Reactivity measurements of hydroxyl radical and superoxide from 
20 ppm TiO2 in MD exposed to UV, exposed to UV in the presence of quenching 

agents, and in the dark. 

Stability of TiO2 in CPF 

The presence of CPF was not observed to induce TiO2 aggregation. Time 

resolved DLS was performed over 200 minutes during which time the aggregate size 

remained constant. 

  

Figure SI-2 – Reactivity measurements of Hydroxyl Radical and Superoxide from 20ppm 
TiO2 in MD exposed to UV, in the presence of quenching agents, and in the dark.  

 
2. Stability of TiO2 in CPF 

The presence of CPF was not observed to induce TiO2 aggregation. Time resolved DLS 
was performed over 200 minutes during which time the aggregate size remained constant. 
 
 

 
Figure SI-3 – Number weighted TRDLS of 20ppm TiO2 in presence of 385ppb CPF 
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Figure 59: Number weighted TRDLS of 20 ppm TiO2 in the presence of 385 
ppb CPF. 
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CPF UV/TiO2 Degradation 

CPF can be susceptible to base catalyzed hydrolysis, however no degradation 

products were observed for any of the dark series. Additionally, the working stock 

solutions showed no decrease in concentration over time. 

CPF can be susceptible to base catalyzed hydrolysis, however no degradation products 
were observed for any of the dark series. Additionally, the working stock solutions 
showed no decrease in concentration over time. 
 

(a) (b) 

 
Figure SI-4 – a) CPF, CPF oxon, and TCP over time in the dark with 0ppm TiO2 (grey 

icons) and 20ppm TiO2 (black icons) b) Relative working stock concentrations measured 
at 0, 60 minutes in the dark 

 
 

4. Bacterial Inactivation in the Presence of CPF 
 

(a) (b) 

 
 

Figure SI-5 – Bacterial inactivation due to 20ppm TiO2 exposed to UV in the 
presence and absence of CPF. a) B. subtilis and b) A. baumanii. 

 
 

5. CPF Degradation using CAKE Software 
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Figure 60: (a) CPF, CPF oxon, and TCP over time in the dark with 0 ppm TiO2 
(grey icons) and 20 ppm TiO2 (black icons). (b) Relative working stock concentrations 

measured at 0, 60 minutes in the dark. 

Bacterial Inactivation in the Presence of CPF 



 

189 

CPF can be susceptible to base catalyzed hydrolysis, however no degradation products 
were observed for any of the dark series. Additionally, the working stock solutions 
showed no decrease in concentration over time. 
 

(a) (b) 

 
Figure SI-4 – a) CPF, CPF oxon, and TCP over time in the dark with 0ppm TiO2 (grey 

icons) and 20ppm TiO2 (black icons) b) Relative working stock concentrations measured 
at 0, 60 minutes in the dark 

 
 

4. Bacterial Inactivation in the Presence of CPF 
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Figure SI-5 – Bacterial inactivation due to 20ppm TiO2 exposed to UV in the 
presence and absence of CPF. a) B. subtilis and b) A. baumanii. 
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Figure 61: Bacterial inactivation due to 20 ppm TiO2 exposed to UV in the 
presence and absence of CPF (a) B. subtilis and (b) A. baumanii. 

 

 

 

CPF Degradation using CAKE Software 

 
Figure SI-6 – CAKE software fit CPF, CPF Oxon, and TCP concentration versus 

time. Calculated half-lives are presented in the inset. 
 

The following data are reported from the CAKE software package using single first order 
(SFO) kinetic fits of experimental CPF, CPF Oxon and TCP data.  
Initial Values of Sequence Parameters: 

Parameter Initial Value Bounds Fixed 
Parent_0 781 0 to (unbounded) No 
k_Parent 0.1 0 to (unbounded) No 
f_Parent_to_A1 0.3333 0 to 1 No 
f_Parent_to_B1 0.3333 0 to 1 No 
k_A1 0.1 0 to (unbounded) No 
f_A1_to_B1 0.5 0 to 1 No 
k_B1 0.1 0 to (unbounded) No 

Estimated Values: 
Parameter Value σ  Prob. > t Lower 

(90%) CI 
Upper 

(90%) CI 
Lower 

(95%) CI 
Upper 
(95%) 

CI 
Parent_0 786.2 16.73 N/A 757.7 814.7 751.9 820.5 
k_Parent 0.001566 6.30E-005 1.91E-020 0.001459 0.001673 0.001437 0.002 
f_Parent_to_A1 0.8393 0.02498 N/A 0.7967 0.8818 0.788 0.891 
k_A1 1.13E-004 4.71E-005 0.01196 3.25E-005 1.93E-004 1.61E-005 0 
f_A1_to_B1 1.61E-015 16.33 N/A -27.81 27.81 -33.5 33.5 
k_B1 0 0.008901 0.5 -0.01516 0.01516 -0.01826 0.018 
f_Parent_to_B1 0.161 0.02491 N/A 0.1186 0.2034 0.1099 0.212 

χ≤ 
Parameter Error % Degrees of Freedom 

All data 6.87 27 
Parent 4.38 10 
A1 6.16 9 
B1 14.7 8 

Decay Times: 
Compartment DT50 (Minutes) DT90 (Minutes) 

Parent 443 1.47E+03 
A1 6.15E+03 >10,000 
B1 >10,000 >10,000 
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Figure 62: CAKE software fit of CPF, CPF Oxon, and TCP concentration versus 
time. Calculated half-lives are presented in the inset. 
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The following data are reported from the CAKE software package using single 

first order (SFO) kinetic fits of experimental CPF, CPF Oxon and TCP data. 

 

Table 11: Initial values of CAKE sequence parameters 

Parameter Initial Value Bounds Fixed 
Parent_0 781 0 to (unbounded) No 
k_Parent 0.1 0 to (unbounded) No 
f_Parent_to_A1 0.3333 0 to 1 No 
f_Parent_to_B1 0.3333 0 to 1 No 
k_A1 0.1 0 to (unbounded) No 
f_A1_to_B1 0.5 0 to 1 No 
k_B1 0.1 0 to (unbounded) No 

 

Table 12: Estimated values from CAKE software. 

Parameter Value s Prob. > t Lower 
(90%) CI 

Upper 
(90%) CI 

Parent_0 786.2 16.73 N/A 757.7 814.7 
k_Parent 0.001566 6.30E-005 1.91E-020 0.001459 0.001673 
f_Parent_to_A1 0.8393 0.02498 N/A 0.7967 0.8818 
k_A1 1.13E-004 4.71E-005 0.01196 3.25E-005 1.93E-004 
f_A1_to_B1 1.61E-015 16.33 N/A -27.81 27.81 
k_B1 0 0.008901 0.5 -0.01516 0.01516 
f_Parent_to_B1 0.161 0.02491 N/A 0.1186 0.2034 

 

Table 13: χ ≤ the listed values from CAKE software. 

Parameter Error % Degrees of Freedom 
All data 6.87 27 
Parent 4.38 10 
A1 6.16 9 
B1 14.7 8 
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Table 14: Decay time from CAKE software. 

Compartment DT50 (Minutes) DT90 (Minutes) 
Parent 443 1.47E+03 
A1 6.15E+03 >10,000 
B1 >10,000 >10,000 

 

Table 15: Additional statistics from CAKE software. 

Parameter r≤ (Obs v Pred) Efficiency 
All data 0.9954 0.995 
Parent 0.9972 0.9776 
A1 0.9964 0.995 
B1 0.9757 0.973 

 

Inactivation due to Degradation Products 

No inactivation was seen following up to 60 minutes incubation in 1 µM CPF 

Oxon or TCP. These concentrations were selected to test inactivation should complete 

transformation of CPF into either of the degradation products occur, and all samples 

were performed under dark conditions. The lack of inactivation indicates that neither of 

the degradation products are acutely toxic to bacteria. 
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Additional Statistics: 
Parameter r≤ (Obs v Pred) Efficiency 

All data 0.9954 0.995 
Parent 0.9972 0.9776 
A1 0.9964 0.995 
B1 0.9757 0.973 

 
 

6. Inactivation due to Degradation Products 
No inactivation was seen following up to 60 minutes incubation in 1µM CPF Oxon or 
TCP. These concentrations were selected to test inactivation should complete 
transformation of CPF into either of the degradation products occur, and all samples were 
performed under dark conditions. The lack of inactivation indicates that neither of the 
degradation products are acutely toxic to bacteria. 
 

(a) (b) 

 
 
 

Figure SI-6 – Bacterial inactivation tests under dark conditions in the presence of 
CPF Oxon and TCP. a) B. subtilis and b) A. baumanii. 
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Figure 63: Bacterial inactivation tests under dark conditions in the presence of 
CPF Oxon and TCP (a) B. subtilis and (b) A. baumanii. 
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