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CHAPTER 1 INTRODUCTION

1.1 Reactive Oxygen Species
1.1.1 General Occurrence of ROS

A free radical can be defined as any molecular species that includes one or more unpaired
electrons in the outmost atomic orbital.* Due to the presence of unpaired electron(s), a free radical can
either donate an electron to or accept an electron from other molecules and become highly reactive,
therefore behaving as oxidants or reductants. Reactive oxygen species (ROS) is a free radical involving an
oxygen atom.? Among various ROS produced in the biological process, the common and also most
important ones are hydroxyl radical, superoxide anion radicals, hydrogen peroxide, singlet oxygen,
hypochlorite, nitric oxide radical, and peroxynitrite radical. ROS are formed either from internal sources
such as normal essential metabolism in the human body and other organisms, or from external sources
such as exposure to X-rays, 0zone, cigarette smoking, air pollutants, and industrial chemicals.® The
consequence of enzymatic and non-enzymatic reactions in the metabolic processes lead to continuous
ROS formation in the cells. Enzymatic reactions, which serve as a source of ROS, include those involved
in the respiratory chain, in phagocytosis, in prostaglandin synthesis, and in the cytochrome P-450 system.”
Non-enzymatic reactions, another source of ROS, includes reactions of oxygen with organic compounds
as well as those initiated by ionizing reactions.> Some internally generated sources of ROS are
mitochondria xanthine oxidase, peroxisomes, inflammation, phagocytosis, arachidonate pathways,
exercise, ischemia/reperfusion, and injury.® The redox system of cells plays an important role in
maintaining cellular homeostasis by scavenging ROS via variety of oxidases which complete the ROS
elimination process.” For instance, superoxide as an ROS can be produced by adding an electron to
oxygen. Then it can be degraded by superoxide dismutase to form H,O, and O,, which finishes the

process of generation and elimination of ROS.?

1.1.2 Adverse Effects of ROS

The generation of ROS, a type of free radical most often produced in vivo,>*° is tightly regulated
in biological systems as overproduction can lead to oxidative stress and result in a number of disease
states including oxidative damage,** inflammatory reactions,**** necrotic cell death,**>and DNA
damage.® The production of ROS has been observed in the oxidative metamorphism of food products as
well as in the pathogenesis of several human diseases such as atherosclerosis, diabetes mellitus, chronic
inflammation, neurodegenerative disorders and certain types of cancer.”*® Based on the negative effects

of ROS on environment and human, the protective function of antioxidants against ROS and its adverse



oxidative-induced reactions have received growing attention recently, especially within biological,

medical, nutritional, and agrochemical fields.?

1.1.3 Nanoparticle Generation of ROS

With the advance of nanotechnology, large amount of NPs are released to the environment,
including water, soil and air system. These NPs could enter into biosystem through multiple ways
including membrane penetrating, respiration and active uptake. After that, NPs could accumulate in the
body and cells to form ROS and induce oxidative toxic effects. NPs such as titanium dioxide (TiO,NP),
zinc oxide (ZnONP), copper oxide (CuQ), fullerenes and also some quantum dots could also generate

external ROS and have toxic effect to organism.?*%*

1.2 Introduction to Antioxidant
1.2.1 Definition and History

An antioxidant is a molecule that inhibits the oxidation of other molecules. It was originally used
to refer specifically to a chemical that inhibited the consumption of oxygen. In the late 19" and early 20"
century, extensive studies were devoted to the uses of antioxidants in important industrial processes, such
as the prevention of metal corrosion, the vulcanization of rubber, and the polymerization of fuels in the
fouling of internal combustion engines.?® Early research on the role of antioxidants in biology focused on
their use in preventing the oxidation of unsaturated fats, which is the cause of rancidity.?® Antioxidants
are compounds that form exogenously (natural or synthetic) or endogenously and act in multiple ways to
remove O,, scavenge ROS or their precursors, inhibits ROS formation and bind metal ions needed for
catalysis of ROS generation.?” To reduce ROS efficiently, the antioxidant must be a stable enough to
scavenge and neutralize ROS by donating electrons." Antioxidants can delay or inhibit cellular damage
mainly through their ROS scavenging property.”® Low-molecular-weight antioxidants are involved
directly in the conversion of ROS to more stable species and result in chain reaction termination before

vital molecules are damaged.”

1.2.2 Natural Antioxidants

Generally, traditional antioxidants can be summarized into two categories: non-enzymatic and
enzymatic. Non-enzymatic antioxidants including glutathione, melatonin, ubiquinol and uric acid, are
formed in the normal essential metabolic processes in the body.® Other lighter antioxidants such as
vitamins including the principle micronutrient (vitamins) antioxidants are vitamin E (a-tocopherol),

vitamin C (ascorbic acid), and p-carotene.®! These antioxidants cannot be synthesized independently by



the body and must be supplied in the diet or through supplements or medicine. The primary enzymatic
antioxidants include superoxide dismutase (SOD), catalase and glutathione system. This network of
antioxidant enzymes react with ROS and in order to protect cells from oxidative damage.* This
protection pathway results from multiple antioxidant enzymes, the first step is catalytic function of
superoxide dismutases and then the hydrogen peroxide is eliminated by catalases and various

peroxidases.*®

1.2.3 Non-enzymatic Antioxidants
1.2.3.1 Ascorbic Acid (Vitamin C)

Ascorbic acid is commonly known as “vitamin C”, a monosaccharide antioxidant found in both
animals and plants. However, humans must obtain that from the diet.** Ascorbic acid plays an important
role for the conversion of the procollagen to collagen by oxidizing proline residues to hydroxyproline.®
In cells, it is maintained in its reduced form by reaction with glutathione, which can be catalyzed by
protein disulfide isomerases and glutaredoxins.® As an antioxidant, it can reduce ROS such as hydrogen
peroxide.*® Additionally, it acts as a substrate for ascorbate peroxidase, an antioxidant enzyme compared

to its direct antioxidant effects.®’

1.2.3.2 Tocopherols and Tocotrienols (Vitamin E)

Vitamin E is the collective name for a set of eight related tocopherols and tocotrienols, a fat-
soluble antioxidants.® a-tocopherol, the most important of these lipid-soluble antioxidant scavenges lipid
radicals in the lipid peroxidation and protects membranes from oxidation.® This removes the excess ROS
intermediates and prevents the sequence propagation reactions. Oxidized a-tocopheroxyl radicals
produced from this reaction can be recycled back to the active reduced form through reduction by other

antioxidants, such as ascorbate, retinol, or ubiquinol.40

1.2.3.3 Glutathione
Glutathione is a cysteine-containing peptide existing in most forms of aerobic life.*! It is a very
important cellular antioxidant because of its high concentration in humans and its central role in

maintaining the redox state of cell.**

Different from ascorbic acid, it can be synthesized in the human
body. The antioxidant activity of glutathione comes from the thiol group, a reducing agent that can be
either reversibly oxidized or reduced. In cells, the enzyme glutathione reductase stabilizes glutathione in
its reduced form making it readily available to reduce other metabolites, enzyme systems and other

oxidants.*



1.2.3.4 Melatonin

Melatonin, or N-acetyl-5-methoxytryptamine, is a naturally occurring hormone in animals and
other living organisms, including algae.** It is a powerful antioxidant that can easily get through cell
membranes and the blood-brain barrier.*® Unlike other antioxidants, melatonin interacts with ROS and
once oxidized, it forms stable end-products and stops redox cycling. Therefore, melatonin has been

referred to as a terminal (or suicidal) antioxidant.*®

1.2.3.5 Uric Acid

More than 50% of the antioxidant capacity of blood plasma is from uric acid.* In fact, uric acid
may have substituted for ascorbate in human evolution.*” However, like ascorbate, uric acid can also
mediate the production of reactive oxygen species and oxidative stress by donating electrons.*’ In
addition, urate can act as a chelator to scavenge metal ions such as iron and copper to prevent them

catalyzing hydroxyl radicals via Fenton reaction.*®

1.2.4 Enzymatic Antioxidants
1.2.4.1 Superoxide Dismutase

Superoxide dismutases (SODs) are a class of closely related enzymes that catalyze the breakdown
of the superoxide anions into oxygen and hydrogen peroxide.**° SOD enzymes are present in almost all
aerobic cells and in extracellular fluids.>* There are three major families of superoxide dismutase,
depending on the metal cofactor: Cu/Zn (which binds both copper and zinc), Fe and Mn types (which

bind either iron or manganese), and finally the Ni type which binds nickel.*

1.2.4.2 Catalase

Catalase is used to catalyze the reaction that hydrogen peroxide decomposed to oxygen and water
molecules. As a common enzyme, it exist in almost all living organisms exposed to oxygen.>® Hydrogen
peroxide is an important intermediate but overproduction is a harmful by-product of normal metabolism.
Therefore, it must be rapidly decomposed into other, less dangerous substances in order to prevent
oxidative damage. From this reason, catalase is used frequently by cells to catalytically decompose
hydrogen peroxide into less reactive gaseous oxygen and water molecules.> All known animals use

catalase in every organ, with particularly high concentrations occurring in the liver.>

1.2.4.3 Glutathione System
The glutathione system includes glutathione, glutathione reductase, glutathione peroxidases, and

glutathione S-transferases. This system is found in animals, plants, and microorganisms.* Four selenium-



cofactors were included in glutathione peroxidase to catalyze the breakdown of hydrogen peroxide and
organic hydroperoxides. At least four different glutathione peroxidase isozymes are known in animals.”’
Glutathione peroxidase 1 is the most abundant and is a very efficient scavenger of hydrogen peroxide,
while glutathione peroxidase 4 is most active with lipid hydroperoxides. The glutathione S-transferases
show high activity with lipid peroxides. These enzymes are at particularly high levels in the liver and

serve a major role in detoxification metabolism.>®

1.2.5 Disadvantages of Natural Antioxidants

Most of the natural antioxidants and antioxidant systems mentioned above come from natural
product extraction or chemical synthesis, and have been accepted and widely applied as conventional
therapies in medical science, food science, pharmacy and clinic. However, the disadvantages are many of
these natural antioxidants are their poor bioavailable and low efficiency™ due to instability,% inefficient
permeability,®* extracellular degradation,®® and poor solubility.>®®® In addition, the antioxidant capability
of enzyme antioxidants depends on body temperature. All these issue will limit further use and
development of natural antioxidants. Therefore, novel antioxidants are being explored to overcome the

disadvantages of natural antioxidants.

1.2.6 Nanoparticle Antioxidants

Nanoparticles (NPs) can be defined as particles between 1 and 100 nanometers in all the three
dimensions in size. The physicochemical properties of many NPs change are different from their
corresponding bulk materials. The reason is typically that NPs have a greater specific area (surface area
per mass) than bulk materials which allows them to have more reactive surface area. Based on the high
reactivity and catalytic activity of NPs, new inorganic antioxidants constituted as NPs are being
investigated for applications in public health and pharmacy. NP antioxidants open a new era of
antioxidant therapies for disease prevention and treatment in the realm of oxidative damage caused by
ROS. NP antioxidants exhibit the ability to scavenge and reduce concentrations of ROS, and finally act as
antioxidants to prevent oxidative damage.*"*® Furthermore, NP antioxidants can compete even better than
some natural antioxidants. For instance, a number of studies showed some vacancy antioxidant NPs metal
oxide such as cerium and yttrium oxide act by mimicking the antioxidant capacity of enzyme antioxidants
like catalase or superoxide.®”® The antioxidant capacity of gold decorated diamond NP was twice that of
glutathione.®® NP antioxidants have been demonstrated to complement and overcome the limitation of
natural antioxidants. For instance, gold NPs carrying glutathione can penetrate cell membranes to deliver
and release drug molecules in cells.”* Low bioavailability and solubility of raw taxifolin limited its

biomedical applications. Recently, Zu et al. used raw taxifolin to prepare taxifolin NP and significantly



improved its bioavailability, solubility as well as antioxidant capacity.” Nanoparticle capsules (PEG-
decanyl polymetric, wheat gliadin and PLGA NP) can be used to entrap antioxidants (vitamin E) to
improve their antioxidant efficiency by controlling the release rate and extracellular degradation of the
antioxidant.”"
To summarize, NP antioxidant are more promising than natural antioxidant because of their

o Higher bioavailability

o Higher cell penetration efficiency

o Higher stability

o Higher solubility

e Lower extracellular degradation

e Higher antioxidant capacity
Some NP antioxidants can possess intrinsic antioxidant activity. In addition, NP can act as antioxidant
delivery systems to be functionalized with natural antioxidants. On the basis of antioxidant functionality,
NP antioxidants can be generally classified in two groups, inorganic NP with intrinsic antioxidant

properties as free radical scavengers and functionalized and composite inorganic NP antioxidants.™

1.2.7 Inorganic NP with Intrinsic Antioxidant Properties

Inorganic nanoparticles made of silver, gold and platinum or metal oxides (eg. zinc oxide, iron
oxide, nickel oxide, ceria, yttria and silica) have intrinsic antioxidant capacities, which reduce ROS and
protects cells. Their antioxidant behavior arise from their physicochemical properties such as redox and
catalytic activity, high surface-volume ratio and electronic configuration. Some NP antioxidants such as
silver, zinc oxide, ceria and iron oxide NPs produce ROS and oxidative toxicity in vivo. The main reason
is the free ions released from the surface of the NPs that can act as catalysts to produce ROS and cause

toxicity in living systems.

1.2.7.1 Silver Nanoparticle (AgNP)

Mani et al. found that AgNP could be an antioxidant by offering effective protection from free
radicals.” Ranjbar et. al also investigated the possible antioxidant protective role of AgNP biomarkers in
rats. The result showed that AgNP with 500mg/kg induced activities of superoxide dismutase and
decreased total antioxidant capacity. And the antioxidant capacities of AGNP was dose dependent.” This
research also showed that AgNP antioxidant protected against oxidative liver injury was only in low

doses.”’



1.2.7.2 Gold Nanoparticle (AuNP)

The antioxidant activity of AuNP results from redox properties in scavenging free radicals,
quenching singlet and triplet oxygen or decomposing peroxides.®* AuNP is found to inhibit oxidative
stress mediated diabetic progression during hyperglycemia in mice, and in this experiment, no toxic
effects were observed which indicats the therapeutic potential of AuNP in diabetic treatment.”® Du et. al
used danshensu-gum Arabic to stabilize AuNP. The results showed that the AuNP could alleviate
celloxidative damage, Thus, AUNP may provide potential opportunities for the application in

nanomedicine.”

1.2.7.3 Platinum Nanoparticle (PtNP)

As another noble metal, PtNP stabilized with polyacrylate act as antioxidants and have been
found to be effective in alleviating smoke-induced respiratory inflammation. It is associated with the
capability of PtNP to quench ROS.* PtNP was also shown to eliminate ROS in a dose dependent manner
indicating that it is a more potent dismutase/catalase mimetic than EUK-8, a synthetic superoxide
dismutase and catalase mimetic. PtNP were also shown to prolong the worm lifespan, regardless of

thermotolerance or dietary restriction.®

1.2.7.4 Ceria Nanoparticle

Ceria NP is composited with mixture of cerium oxide (Ce,05) and cerium dioxide (CeQ,), its
antioxidant activity comes from the presence of highly mobile lattice oxygen at its surface and a large
diffusion coefficient of the oxygen vacancy which facilities the conversion between tetravalent and
trivalent cerium, allowing oxygen to be released or stored in its cubic structure.?2 There have since been
a number of studies that reported the antioxidant behaviors of ceria NP. Among all the metal oxide
antioxidant NPs, ceria NP has been the most explored one. Ceria NP has been shown to act as a catalyst
that mimics SOD, the result showed that it has higher catalytic rate constant when compared to SOD.®’
Another study found that a reduced trivalent cerium was related to its catalase mimetic activity.® In
addition, the hydroxyl radical scavenging activity of ceria was demonstrated using methyl violet. This
activity depended on the size range of the particles and was correlated with reduced trivalent state at the
surface of the ceria NP.%® The reduced cerium state was suggested as a reason for nitric oxide radical
scavenging capability ceria NP.*” Besides using simple ceria NP, some NPs such as titanium dioxide and
zirconium dioxide doped with or mixed with ceria displayed greater antioxidant activity.® This is due to
the fact that ceria could modify local oxygen environment and facilitate the transfer of oxygen atom from
bulk material to the surface as ceria is mixed or doped with other rare-earth or other transitional metal

oxide %



1.2.7.5 Other Nanoparticle Metal Oxide

Other metal oxide NPs such as ZnO, CuO, NiO, Y,0; and iron oxide NPs have antioxidant
capabilities. ZnONP scavenge ROS and may protect cells from deleterious oxidative stress.*® This was
due to the fact that ZnONP had the capability of forming excitonic pair electrons and holes.*® Das et. al
evaluated the antioxidant capacity of CUONP using 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH)
assay”" and found that CUONP could donate electrons to free radicals located at nitrogen atom in DPPH
and its antioxidant capacity was up to 85% in 1 h.”* The same assay was also used to evaluate the
antioxidant capacity of NiONP evaluation through in vitro testing which showed that NiONP could
scavenge ROS.*> Moreover, other metal oxide NPs such as Y,O;NP and iron oxide NP have been shown

to have the antioxidant capability which could mimic superoxide dismutase or catalase.”**

1.2.8 Functionalized and Composite Inorganic NP Antioxidants

NP functionalized with antioxidants are another of group of NP antioxidants. The attachment of
naturally occurring or synthetic antioxidants onto the surface of NPs could enhance its antioxidant
activity, bioavailability, solubility, or target to delivery. For instance, a significant increase in antioxidant
activity was found in AuNP embedded 3,6-dihydroxyflavone with other native dietary nutrients.”> AuNP
functionalized with Trolox, a water soluble Vitamin E analogue, showed that the antioxidant activity of
AuNPfunctionalized with Trolox was about eight times higher than that Trolox alone in a DPPH assay.*
AUNP functionalized with glutathione were more bioavailable and permeable through cell memberanes
than bare AuNP.®

1.3 Antioxidant Assays

Given the importance of oxidative stress and the potential for certain NPs to alter ROS balance, it
is important to have a rapid, reproducible, robust, systematic assay for the qualitative and quantitative
analysis of NP chemical behaviors. A lot of scientific research has been devoted to establishing an assay
based on redox properties of NPs that may prove useful in predicting toxic properties. Assays such as the
Oxygen Radical Absorbance Capacity, Terephthalic acid, 1°, 1’-Diphenylpicryl-hydrazyle, and 5, 5-
dimethyl-1-pyrroline-N-oxide assay have been employed to investigate the relationship between redox
activity and toxic properties of NPs to some extent. Yet, each method utilized to date has specific

limitations that preclude its use as a rapid, systematic assay for studying nanoparticle redox activity.



1.3.1 Oxygen Radical Absorbance Capacity (ORAC)

The Oxygen Radical Absorbance Capacity (ORAC) method, developed initially by Cao and
colleagues, was originally developed to assess the antioxidative properties of organisms.”” This method
was based on the fluorescence decay of the probe along time under the addition of 2, 2'-Azobis(2-
amidinopropane) dihydrochloride (AAPH), which constantly generates free radical from the thermal
decomposition process in the solution.” The fluorescence decay is inhibited in the presence of antioxidant.
The antioxidant capacity is assessed from the net area under the curve (AUCantioxidant - AUCblank)?
Recently, it was used to examine the antioxidant capacities of nanomaterials such as selenium
nanoparticles (nanoSe0)-ascorbic acid (Vc) sol and nanSe0/Vc/selenocystine (SeCys) sol-gel
compounds.® However, the ORAC assay is sensitive to temperature so that it must be held constant
throughout the study. While incubation of the assay buffer at 37°C prior to adding the AAPH decreased
the intra-assay variability®, the wells at the edge of the microplate could not be used due to slight

100 Moreover, reaction time was about 1h which

temperature differences which influence the reaction rate.
decreased the efficiency of assay although it had been partially solved by development of high-throughput
methodologies that could be adapted for the ORAC Assay.'® Finally, the calculations for antioxidant

capacity, area under the curve (AUC), are not simple either.

1.3.2 Terephthalic Acid (TPA)

Terephthalic acid (TPA) has been used as a fluorescence probe to capture hydroxyl free radicals
(-OH). TPA (nonfluorescent) scavenges -OH to yield 2-hydroxyterephthalic acid (HTPA) and displays
fluorescence’® and can be used to examine the ability of NPs to produce -OH. This methodology has
been used to evaluate the antioxidant capacity of palladium oxide nanoparticle modified electrodes.'®
The same assay was also used to evaluate the quantum yield of hydroxyl radical production during TiO,
photocatalysis.’® A major limitation of TPA is that it is poorly soluble in water and alcohols. It is better
to prepare its sodium salts and dissolve in alkaline solutions as a fluorescent probe. But as pH of the
solution increases, more H,O, tends to photodecompose to O, and H,O instead of generating -OH [Eg.
(1), (2)].** Moreover, oxidizing species hydrogen anion (HO,) is also formed in alkaline medium,
which will react with both -OH and H,0, and continue to scavenge -OH [Eq. (3), (4)]."" This will cause
the ability of NPs to cleave H,0, and produce -OH to be underestimated.

h
H,0, —-OH+-0H PH=1~3 (1)
hu
2H,0, —— 0, + 2H,0  PH>3 (2)
H,0,+ HO; — -OH + O,+ H,0 PH>3 (3)

-0H+ HO; —— 0O; + H,0 PH=3 (4)
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1.3.3 1,1’- Diphenylpicryl-hydrazyle (DPPH) Assay

1,1’- Diphenylpicryl-hydrazyle (DPPH) is a free radical scavenger which has an unpaired
electron at one atom of the nitrogen bridge.'® In the DPPH assay, a deep violet color radical (DPPH:)
reduced by an antioxidant decolorizes the solution to colorless or pale yellow.'®® The antioxidant capacity
is estimated by measuring the absorbance decrease between the start and end of the reaction or by
electron spin resonance (ESR).™? It has been applied to test the antioxidant property of the nickel oxide
particles in an in vitro system.* However, the problem is that DPPH is insoluble to water, it is only
applied in hydrophobic environment. DPPH radical is very stable, the stability is due to the resonance
structure and steric hindrance of the three benzene rings so that the activity of unpaired electron on the
nitrogen atom is decreased. However, steric hindrance is also a major determinant of the reaction. Small
antioxidant can more easily get into the radical site and thus show higher antioxidant capacity. In contrast,
some large antioxidant which should react rapidly with free radicals may react slowly or even be inert to

DPPH radical.™** Another limitation of DPPH assay is that it is time consuming (20min~6h)."

1.3.4 5,5-dimethyl-1-pyrroline-N-oxide (DMPQO) Assay

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) has been used as a spin trap agent for testing free
radicals through electron paramagnetic resonance (EPR), also called ESR. It can trap -OH, which can
only exist very short time to produce DMPO-OH, a relatively stable radical. DMPO-OH has its own ESR
signal, the intensity of ESR decreases with the addition of antioxidants. DMPO was used to assess
antioxidant-potential of gold-chitosan nanocomposites."? As with DMPO assay, non-radical reactions
may cause an ESR signal response very similar to DMPO-OH.™* Measurement of -OH would be
overestimated by radical adducts of the former spin traps which require a careful analysis to recognize the
response of -OH produced by ESR,"* ESR spectrometers are not common in laboratories and the
measurements require low temperature. These limitations inhibit the accurate evaluation of antioxidant

capacity across many laboratories.

1.3.5 TEAC Assay

In this article, a Trolox Equivalent Antioxidant Capacity assay (TEAC), based on ABTS*
/H,0,/HRP (Horseradish Peroxidase) decoloration method, was used to assess the antioxidant capacity of
6 lanthanide metal oxide nanomaterials. It was first described by Miller et al (1993).* In this assay, -OH
was generated from the reaction between H,0O, and HRP then oxidised colorless ABTS? to a long-lived
green-blue radical anion (ABTS"),'® After addition of NP antioxidants. The decrease in absorbance is
used for measuring the antioxidant capacity of NPs. The benefit of this assay over the previously applied

assays is that it is very simple and sensitive, and ABTS" scavenger used is stable at a broad range of pH,
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hence it can be used to study pH effects on activity.*” In addition, the TEAC assay can be applied in
estimation of both hydrophilic and lipophilic samples compared to the DPPH assay and the reaction time
is short (1-30 min)® and can be conducted at room temperature. Because this assay has been widely used

118-120

and applied infood science, it is amenable to the assessment of complex matrixes, such as

nanoparticle dispersions.

1.4 Chelators

lons released from NP are usually accompanied by electron transfer process between NP surfaces
and the solution, which is high related to the redox potential of NP. Therefore without considering the
dissolution rate of NP, the assays just described cannot accurately quantify the inherent AOC of the NP.
In simple media (pure water or buffer solution), ions released from NPs adsorb onto the NP surface and

P.121 When NPs release ions into

inhibit further dissolution of ions, potentially altering the AOC of the N
more complex solutions that include biological entities, these ions can be consumed by local
biomolecules, changing the dissolution rates and altering NP AOCs. Therefore, there is a need to
eliminate the ions as confounding factors in the assay in order to better approximate the inherent AOC of

NPs in solution.

There are several methods that can be used to remove dissolved ions from nanoparticle
dispersions. Membrane filtration is an effective method at removing ions but it is costly to perform due to
the price of filters which must be replaced routinely.*® Chemical precipitation is a commonly used
method to remove unwanted ions. However, this method is not amenable for NP dispersions because the
precipitatant can coat and passivate the NP surface thereby altering both dissolution and AOC.**
Chelators, such as ethylenediamine tetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid
(DTPA), are widely used in aqueous environments due to their strong ability to sequester metal ions.***
Chelators can bind most metal ions to form stable and soluble complexes.'?>'?® Moreover, sorption of the
entire complex of metal ions bound to EDTA or DTPA onto the NP surface is low allowing for minimal
impact to the NP surface.” While dissolution rates can be enhanced by chelators, high levels of chelators
can be maintained to continually sequester released ions. In addition, chelators not only remove ions
released from the NP surface but also provide stability to NP suspensions through electrostatic repulsion.
Finally, the low cost of chelators makes them a more advantageous method to remove ions from a NP

suspension than chemical precipitation or membrane filtration.*?
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CHAPTER 2

Commonly used nanoparticle stabilizers and
chelators alter the antioxidant activity of gold and

silver nanoparticles
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ABSTRACT

The ability of silver and gold nanoparticles (Ag/AuNPs) to readily take part in reduction/oxidation
(redox) reactions makes them of great interest in designing therapeutics to scavenge free radicals and
guench high levels of reactive oxygen in biological systems. In the present study, the antioxidant capacity
of Ag/AuNPs was investigated using a modified Trolox equivalent antioxidant capacity (TEAC) assay. In
this assay, NPs acting as antioxidants were added to a pre-formed radical solution and assessed for
guenching of the radicals spectrophotometrically. Two commonly used NP stabilizers (citrate and
phosphate buffer saline, PBS) and two different chelators [ethylenediaminetetraacetic acid (EDTA),
diethylenetriamine pentaacetic acid (DTPA)] were used to examine their impact on the antioxidant
capacity (AOC) of Ag/AuNPs. The AOC exhibited by the AUNP was more pronounced than AgNP when
ions were not accounted for in the reaction. When the released Ag ions were removed by the addition of
chelators into the dispersion, the AOC of the AgNP was higher than the AUNP. While the AOC of
Ag/AuNPs was enhanced by both EDTA and DTPA, ion chelation by DTPA increased the AOC of the
NPs to a greater extent than EDTA. A comparison of the stabilizer impacts revealed that citrate inhibited
the antioxidant activity significantly more than PBS likely due to its inherent reducing activity. Here, we
discuss the impacts of stabilizers and chelators on the antioxidant activity of Ag/AuNPs and propose a

mechanism by which they alter NP redox reactions.
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2.1 Introduction

Nanoparticle (NP) antioxidants may offer significant advantages over traditional antioxidant
therapies for disease prevention and treatment. The high surface area available to take part in redox
reactions and the ability to precisely engineer the materials at a biologically relevant scale may enable
them to act as more effective therapeutics.! Oxidative stress, a disease caused by overproduction of
reactive oxygen species (ROS), a type of free radical produced in vivo®?, can lead to toxicity and result in
oxidative damage,* inflammatory reactions,>® necrotic cell death,”® and DNA damage.® Due to the
disadvantages of natural antioxidants in clinical trials, it is promising to develop and evaluate novel

engineered NP for their usefulness in the design of antioxidant therapeutics.'**3

Among the NP antioxidants presently being considered, silver and gold nanoparticles (Ag/AuNPs)
have been the most extensively studied and used because of their multidimensional uses in the biomedical
field **°. In recent years, a few studies investigated their antioxidant capacities (AOC) utilizing various
antioxidant assays to estimate their ability of scavenging free radicals in vitro.?>** Dauthal et.al used 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS*) and 2,2-diphenyl-1-picrylhydrazyl (DPPH),
the chemicals for stabilizing free radicals, as probes to investigate the AOC of both Ag/AuNPs. The study
reported that AuNP had higher AOC than AgNP.?° When the antioxidant activity of AgNP was
investigated using the DPPH assay, the results showed that coated silver had antioxidative potential
similar to that of standard Trolox at concentration higher than 100 pg/mL.* In addition, Mani et al. found
that AgNP could be a neoadjuvant antioxidant offering effective protection from free radicals, and AOC

was quantitatively measured using DPPH assay.”

Given the importance of Ag/AuNPs as prospective therapeutics, several data gaps need to be
filled. Although the aforementioned studies reported on differences between the AOC of AuNP and
AgNP, the reasons for those observed differences were not formally studied, such as the influence of the
constituent atomic properties, surface chemistry and ion dissolution rate. Since the valence state of the
ions released from NPs are directly related to the number of electrons transferred, we hypothesized that
the valence of ions released from NPs could be used to predict their theoretical AOC. Differences in AOC
between Au and AgNP could also be attributed to their surface chemistry once dispersed in solution.?***
Common stabilizers used on AgNP such as citrate and PBS allow conjugation with ionic ligands to create

electric repulsion, and thus, stabilization of the NPs.?® However, it was unclear if the interaction between
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stabilizers and the surface of NP could influence their AOC. Therefore, in this study, AgNP stabilized by
citrate and PBS were investigated to better understand the influence of stabilizers on AgNP. We
hypothesized that different stabilizers could affect the ion dissolution of the NP and alter NP AOC.?

In simple media (pure water or buffer solution), ions released from NPs would adsorb onto the NP surface
and inhibit further dissolution of ions, potentially altering NP AOC.?” When NP releases ions into more
complex solutions that include biological entities, these ions can be consumed by local biomolecules,
changing the dissolution rates and altering NP AOC.”® Therefore, there is a need to eliminate the ions as

confounding factors in the assay in order to better approximate the inherent AOC of NP in solution.

There are several methods that can be used to remove dissolved ions from NP dispersions.
Membrane filtration is an effective method at removing ions but it is costly to perform due to the price of
filters which must be replaced routinely.® Chemical precipitation is a commonly used method to remove
unwanted ions. However, this method is not amenable for NP dispersions because the precipitant can coat
and passivate the NP surface thereby altering both dissolution and AOC.* Chelators, such as
ethylenediamine tetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA), are widely
used in agueous environments due to their strong ability to sequester metal ions.** Chelators can bind
most metal ions to form stable and soluble complexes.**** Moreover, sorption of the entire complex of
metal ions bound to EDTA or DTPA onto the NP surface is low allowing for minimal impact to the NP
surface.* Finally, the low cost of chelators makes them a more advantageous method to remove ions from
a NP suspension than chemical precipitation or membrane filtration.*® The time of interaction between NP
and chelator was considered. Two methods including normal and preincubation method were introduced
to measure the effect of interaction time between NP and chelator on their AOC. Therefore, in this study,
we hypothesized that the addition of chelators would reduce the concentration of ions around the surface
of NP, inducing further ion releasing from Ag/AuNPs. Thus, we predict that the AOC of Ag/AuNPs

would be enhanced by the addition of chelators.

The AOC of Ag/AuNPs with various chelators was assessed using a Trolox equivalent
antioxidant capacity (TEAC) assay since it was low cost and sensitive to free radical compared to the
DPPH assay.”>** It depends on measuring ABTS? oxidation into a persistent radical form, ABTS radical
by electron transfer reaction. Our modified method focuses on the scavenging activity of the NPs on
preformed ABTS radicals (ABTS radical), rather than the inhibition of ABTS radical formation.*® This
method provides insight into the action of experimental analytes on persistent radicals without
competitive formation of artifacts by measuring the ability of Ag/AuNPs to quench ABTS radical alone

rather than ABTS radical and free radicals competitively.*® The AOC was determined by measuring the
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ability of Ag/AuNPs to quench ABTS™ alone. In order to avoid the confounding factor of ions released

from the NPs, we used different chelators to remove ions as they are released from the NPs.

2.2 Result and Discussion

2.2.1 Comparison of AUNP and AgNP

A TEAC assay was used to examine the AOC of AuNP stabilized with sodium citrate and AgNP
stabilized with phosphate buffered saline solution (PBS) or sodium citrate. These stabilizing agents
adsorb onto the NP surface, causing an increase of the electric repulsion between particles, providing
increased solution stability. Once on the NP surface, stabilizers such as PBS and citrate are held in place

by covalent bonding or electrostatic interactions.*”*® The calibration curve developed to convert ABTS ~

formation to AOC in the form of Trolox equivelants had a high linear relationship (R-sqr = 0.9998).*
Total AOCs measured as the time-dependent scavenging capacity for Ag/AuNPs are shown in Fig. 1. All
samples exhibited a significant increase in antioxidant activity compared to the blank ABTS™ solution. In
the first 2 minutes, as Ag/AuNPs were added into the solution, the concentration of surface ions was too
low to inhibit ion released from NP. This resulted in the fast quenching reactions observed during this
time, which later slowed due to the ionic absorption on the surface of the NPs (Fig. 2).° The total AOC of
citrate stabilized AuNP increased by 20% in 10 minutes to 18.1+0.4 uM Trolox, which was higher than
both AgNP stabilized by phosphate buffer saline solution (AgNP-PBS, 13.7+0.3 uM Trolox) and AgNP
stabilized by sodium citrate (AgNP-Citrate, 11.0+0.5 pM Trolox) as previous reported.?’ The reactions
showed 1% order kinetics with respect to ABTS" reduction which was similar to previous studies.***?
Since the ABTS™ concentration throughout the experiment was larger than the NP concentration, this 1%

order behavior also indicated passivation of the NP surface and prevention of further metal oxidation.
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Figure 1. Antioxidant capacity (AOC reported as Trolox equivalents) of Ag/AuNPs. Data are
presented as the mean + SEM. Different letters indicate significant differences in AOC between two

nanoparticles at 10 min (P < 0.05).

The reaction kinetics of the native metal species were modeled by exponential regression to find
the overall reaction rate constant. The reaction rate was markedly lower for AUNP (0.42 minute™) than
both AgNP stabilized with PBS and citrate (0.82 minute™ and 0.71 minute™, respectively), indicating a
lower dissolution rate. However, the higher AOC of AuNP may be explained by the higher valence of the
metal product, the AuNP with the Au®" ionic state being prevalent in solution had a higher AOC than the
AgNP that release predominantly Ag** ionic species. In other words, 1 unit of AuNP is needed to donate
3 electrons to produce 1 unit gold ion, whereas 1 unit of AgNP can donate less than 3 electrons to produce
1 unit silver ion. Thus, in the process of producing the same concentration of ions, AgNP donate less
electrons than AuNP. Our results indicate that the AOC of the metal was dominated by the metal's final

stable valency as we predicted.
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Figure 2. Free radical quenching reaction process and mechanism of Ag/AuNPs during 0-2 minutes and

2-10 minutes.

2.2.2 Impact of stabilizers on AOC of NP

Citrate, which differs from PBS as a universal reducing agent,> did not significantly alter AOC

compared to blank ABTS™ solution (data not shown) likely due to its insensitivity to ABTS™. Fig. 3

shows that the AOC of AgNP-Citrate was less than AgNP-PBS just as we predicted. The reason is that

silver ions can be reduced to zero-valent silver by citrate and results in an offset against the oxidation of
AgNP.** The presence of citrate in the assay reduced the AOC (10.0£0.4 uM Trolox) and reaction rate

of AgNP-PBS, see Fig. 3, further demonstrating the inhibiting capacity of citrate on released silver ions.
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Figure 3. AOC of AgNP capped with PBS, citrate, and Ag-PBS with citrate treatment. Data are presented

as the mean£SEM. Significant differences in AOC between each group at 10 min are indicated in the

figure as a and b.

2.2.3 The Inherent AOC of Chelators

Two chelators (DTPA, EDTA) were investigated because of their prevalence in NP applications
and in agueous environments for metal chelation.”* DTPA, which has more tertiary amine groups than
EDTA, was observed to have significantly greater AOC than EDTA (DTPA, 27.9+0.5 uM Trolox;
EDTA, 15.120.6 uM Trolox). This is similar to previous reports using the ABTS? decoloration assay.*
Balcerczyk et.al. previously demonstrated that the AOC of nitrilotriacetic acid (NTA), EDTA, and DTPA
was proportional to the number of amines (1,2, and 3 respectively).*® Taken together, these results
suggested that with similar structure, the AOC could be driven by the oxidation of amino groups (Fig. 4).
In addition, decay in the presence of DTPA and EDTA was nearly constant, indicating that neither

chelator was likely to form complexes with ABTS™ and hinder the electron transfer process.
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Figure 4. Proposed mechanism for radical transfer from AETS ™ to DTPA, EDTA in ascending order.
ABTS was omitted from the products for brevity.

2.2.4 AOC of AuNP/chelators with Long Term Interaction

Preincubation method was used to examine the influence of long term interaction between AuNP
and chelators. The impact of preincubating AuNP with the DTPA on measured AOC (AuNP/DTPA) was
shown in Fig. 5A. The AOC of AuNP/DTPA (19.9£0.3 uM Trolox) increased by 10% relative to the
AUNP alone (18.1+0.4 uM). The likely explanation for this is that DTPA can sequester the released ions
and facilitate oxidation of the NP surface, thus enhancing the perceived NP AOC. However, Fig. 5B
shows the influence of EDTA on the AOC of AuNP in which no significant difference was observed
between AuNP and AUNP/EDTA until 10 minutes in the reaction at which time the presence of EDTA led
to a significant increase the AOC of AuNP by 8% compared to the NP alone (19.6+0.2 uM Trolox). The
similar result that EDTA enhanced the dissolution rate of gold was also found in previous study.” This
may be explained by the fact that gold ions can form a stable complex with DTPA but not EDTA under
the conditions of the TEAC assay. After adding AuNP to the solution, the surface of AuUNP is oxidized by
the ABTS radical and releases Au*, which is at once stabilized by soft sulfur donor on ABTS? and then
further oxidized by ABTS radical to Au**, and chelated by DTPA to form more stable complexes (Fig.
6A). In this process, DTPA likely plays a role in stabilizing Au®* long enough to make it be further
oxidized to Au**. However, EDTA’s Au?* complexes may not be as stable as DTPA, potentially allowing
for a reversible reaction between EDTA and ABTS?* complexes of Au®* (Fig. 6B). Comparing Figs. 4A
and B, the impact of DTPA and EDTA on the AOC of preincubated AuNP suggests that with a significant
period of mixing, the effect of DTPA in enhancing gold oxidation was significantly better than EDTA
prior to 6 min. Since DTPA has more coordinating centers, it may be more effective and fully
sequestering high valent ionic gold, and therefore preventing reduction to lower oxidation states
compared to EDTA.* However, no difference was observed between AUNP/DTPA and AuNP/EDTA after

6 minutes. The probable reason is the dissolution of AuNP is inhibited by the complexation of gold ion
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and EDTA, or the dissolution rate of AUNP is negligible during the experiment, few gold is present after 6

minutes, meaning that the AOC would mostly come from free EDTA in solution.
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Figure 5. Antioxidant capacity (AOC reported as Trolox equivalents) of AUNP (A) with (open triangles)
and without (closed circles) incubation with the chelator DTPA (stars) and (B) with (open squares) and

without (closed circles) EDTA (triangle). AUNP/DTPA and AuNP/EDTA represent preincubation of the
AUNP with DTPA/EDTA for 24 hours before adding them together to solution. Data are presented as the
mean + SEM. * represents a significant difference in AOC between AuNP and AuNP with DTPA/EDTA

at 10 min.
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Figure 6. Reaction process and proposed mechanism of antioxidant activity of AUNP preincubated with
(A) DTPA and (B) EDTA.

2.2.5 AOC of AgNP/chelators with Long Term Interaction

The AOC of AgNP capped with either citrate or PBS, was assessed for the impact of chelators
(DTPA/EDTA) on their AOCs under preincubation method. The results in Fig. 7 suggest that the addition
of chelators significantly increased the AOC of AgNP, which was also supported in previous studies that
EDTA could enhance the dissolution rate of AGNP.>*>** In Fig. 7A, the difference between AgNP-PBS and
AgNP-Citrate was minimal with the addition of DTPA (54.3+1.1 uM Trolox for AgNP-PBS and 51.0+0.8
1M Trolox for AgNP-Citrate), indicating that the NP stabilizers effect is largely negligible compared to
the strong chelating effect of DTPA. However, in Fig. 7B, EDTA was found to enhance the AOC of
AgNP-PBS much more than that of AgNP-Citrate (29.4+0.0 pM Trolox for AGNP-PBS and 25.3+0.2 pM
Trolox for AgNP-Citrate), suggesting that the reducing effect of citrate on dissolution rate of AgNP
becomes significant in the presence of EDTA. Overall, the effect of EDTA on the AgNP AOC was less
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pronounced than that of DTPA just as it was for the AuNP, likely due to the lower stability constant of
silver ion complexed with EDTA (7.32) than DTPA (8.70).%
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Figure 7. (A) Antioxidant capacity (AOC) of AgNP with PBS or citrate capping agents, with and without
DTPA. (B) AOC of AgNP with PBS or citrate capping agents, with and without EDTA. Data are
presented as the mean+SEM. Different letters indicate significant difference in AOC between each group

at 10 min.

The impact of chelators on the AOC of AgNP was greater than AuNP possibly due to the fact that
dissolution rate of AgNP is much faster than AuNP, allowing reduction to occur at a higher rate. When
AUNP reacted with chelators, a significant reduction of the AOC of chelators was observed, see Fig. 5.
One possible explanation for this may be that AUNP consumes more chelating groups (carboxyl and
tertiary amine) than AgNP due to its higher valence releasing ion and reduces the AOC of chelators. In
addition, as the dissolution rate of AuNP is low, the increasing AOC from AuNP is not enough to offset
the reduction of AOC from the chelators completely. In contrast, the increasing AOC from AgNP is

enough to offset the reduction of AOC from chelators due to its high dissolution rate, see Fig. 5.

2.2.6 Long Term vs. Short Term

A normal method of adding chelators just prior to NPs in the solution (AuNP-chelator, AgNP-
chelator) was used to assess the short term impact of chelators on NP AOC and compare with long term
preincubation method. Fig. 8 showed the results of the preincubation versus normal method. For AuNP
and DTPA with normal method, a higher AOC (25.4+0.1 uM Trolox) appeared compared to the
preincubation method (19.9+0.3 uM Trolox). Normal method with EDTA; however, showed no effect on
AUNP (19.4+0.5 pM Trolox) compared to the preincubation method (19.6+0.2 pM Trolox). The same
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results were also observed in the samples of AgNP with chelators except AgNP-PBS with EDTA as
shown in Fig. 8. It was notable that AQNP had a higher AOC with DTPA using the normal method
compared to the preincubation method regardless of the capping agent. In the experiment, ABTS radical
was consumed completely by 6 minutes (80.5£0.0 uM Trolox). Incubation with EDTA using the normal
method increased the AOC of AgNP-Citrate compared to the preincubation method (25.3+0.2 uM Trolox
for normal method; 22.4+0.2 uM Trolox for preincubation). However, no differences in incubation
methods was observed from AgNP-PBS and EDTA.

2.2.7 Summary

As Fig. 9 shows, in preincubation method, NP interact with chelator for longer time than normal
method, thus lead to the higher concentration of chelators with more anion ligands bonding to the surface
of NP, so chelators knocked off citrate and recapped on the surface instead. The high concentration of
chelators inhibits dissolution rate and results in lower AOC. However, in normal method, the low
concentration of chelators only played a role of chelating and removing surface ion released from NP,
which enhanced the AOC of NP. Similar responses were reported for assessing the solubility of AgNP
stabilized with oleic acid.”® We hypothesized this mechanism could explain the similar result of AUNP &
DTPA, AgNP-Citrate & DTPA, and AgNP-PBS & DTPA. The reason for the insignificant result of
AUNP & EDTA and AgNP-PBS & EDTA is not clear, one plausible explanation may be due to the fact
that the interaction of EDTA and AuNP is weaker than EDTA and AgNP.*’ It is more difficult for gold to
bind with the carboxyl group in EDTA since gold ion is softer Lewis acid compared to silver.”® Similarity,
PBS can bond with AgNP surface better than citrate since phosphate is softer Lewis base compared to the

carboxyl group in citrate, which makes it easy to bond with soft Lewis acid AgNP surface.>”*
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Figure 8. The AOC of nanoparticles using either the normal or preincubation method of Ag/AuNPs and
chelators (Ag/AuNPs & chelators). Data are presented as the mean+SEM. * represents a significant

difference in AOC between normal and preincubation method.
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Figure 9. A proposed mechanism of anion exchange processes on Ag/AuNPs with stabilizers and

chelators.

2.3 Conclusion

In this study, we mainly investigated i) differences in AOC between AuNP and AgNP, ii) the
impact of stabilizers on AOC of Ag/AuNPs and iii) the impact of chelators on AOC of Ag/AuNPs. All of
the results are shown in Fig. 10. The results show that AOC of AuNP is higher than AgNP. In addition,
citrate as a stabilizer could inhibit AOC of AgNP more than PBS. Moreover, the influence of DTPA is
more pronounce than EDTA on NP AOC. Given the same mass concentration, the maximum AOC of NP
depends on the valence of predominant ion released from them which is influenced by both the redox
property of stabilizer and the interaction of stabilizer with the NP surface. Chelators are an effective
method to remove the surface ions from NPs in order to better estimate the inherent AOC of NPs. This
study contributes to our understanding of the antioxidant activity of Ag/AuNPs which could be beneficial
for additional promising biomedical applications. In addition, the interaction of Ag/AuNPs and chelators
could also be further applied to investigate the interaction of NPs and chemicals with chelating structure
including amino groups in fields such as phytochelatin, hemoglobin and chlorophyll. This would be

benefit to study the interaction between NP and biological system including those chemicals.
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Figure 10. The AOC of Ag/AuNPs, chelators (DTPA/EDTA) and the interaction of Ag/AuNPs and
chelators and stabilizer (DTPA/EDT A/citrate). Preincubation is represented by hashmarks, open bars

represent normal method. Data are presented as the mean+SEM.

2.4 Methods

2.4.1 Chemicals

All chemicals were reagent grade or higher. Reagents purchased from Sigma Aldrich (St. Louis,
MO) include: ABTS” (2, 2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate acid), 98%) obtained as
diammonium salt, HRP (Horseradish peroxidase) obtained as lyophilized powder, EDTA
(ethylenediaminetetraacetic acid disodium salt dihydrate, 99%-101%), and DTPA (diethylenetriamine
pentaacetic acid, 98+%). Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid) was
purchased from Calbiochem (Darmstadt, Germany). Nanoparticles were purchased from nanoComposix
(San Diego, CA): AgNP (Silver, 90nm, Biopure, 0.86 mg/ml) as dispersions in with PBS (phosphate
buffer saline) capping agent, citrate -AgNP (silver, 100nm, Biopure, 1.0 mg/ml) as dispersion with citrate
stabilization, AuUNP (gold, 100 nm, 0.05 mg/ml). H,O, (hydrogen peroxide, 30%, v/v) and citric acid
(Monohydrate, granular, 99.7%) were obtained from Mallinckrodt Chemicals (Phillipsburg, NJ). Copper
chelating resin (50% slurry in 20% ethanol/water) was purchased from G-Biosciences (Maryland Heights,

MO). Na,HPO, (sodium phosphate, dibasic anhydrous, granular, 99.1%) and sodium hydroxide (Pellet,
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clinical requirements) were purchased from Macron Chemicals (Center Valley, PA), and NaH,PO,
(Sodium phosphate, monobasic anhydrous, 99%) was from Fisher Scientific (Fair Lawn, NJ). UW

(ultrafine water) was purchased from Fisher Scientific (St. Clara, CA).

2.4.2 Measurement of Total Antioxidant Capacity

1 mM Trolox was prepared by dissolving Trolox powder into UW. All buffer solutions used in
this assay were first purified with metal affinity chromatography using a copper chelating resin in order to
remove residual iron and copper impurities. Phosphate buffer saline (PBS) was made by mixing 50mM
Na,HPO, and NaH,PO, stock solutions at a ratio of 21:4 by volume. The final solution volume was 1L
with a pH of 7.45. HRP was used to cleave H,O, and produce hydroxyl radicals (-OH), which then
oxidized ABTS” to the blue/green colored ABTS radical. After complete conversion to the radical form,
an antioxidant agent was added to reduce to ABTS? by donating electrons. The reaction rate was
measured over time as the change in absorbance at 734 nm wavelength. A calibration curve was made for
1 mM ABTS? with 4 U/ml HRP (one enzyme unit (U) is defined as the amount of the enzyme that
catalyzes the conversion of 1 micromole of substrate per minute) and a series of H,O, concentrations (0 ~
131 uM). A 1 ml final ABTS*/H,0,/HRP working solution (solution) was comprised of 1 mM ABTS?, 91
uM H,0,, 4 U/ml HRP and 50 mM PBS (pH = 7.45) which had an absorbance around 1.0. Temperature

was held at 26+1°C and reaction time was 10 minutes. For the AOC assay, solution without NP served as

a control. A calibration curve of a series concentration of Trolox (0 ~ 75 uM) vs. ABTS™ absorbance was

made to determine the relationship between absorbance change and an equivalent concentration of Trolox.

Table 2. Matrix of test solvents used to dilute NP stocks for testing by modified TEAC assay.

Solvents
Solute-Stabilizer
Water Chelator
AgNP-PBS uw EDTA DTPA
AgNP-Citrate uw EDTA DTPA
AuNP-Citrate uw EDTA DTPA

Stock 2mM solutions of DTPA, EDTA and citrate (as citric acid and sodium hydroxide) were
prepared in UW. Nanoparticle stock solutions were prepared at 40 mg/L using UW, EDTA, DTPA or
Citrate as described in Table 1. In the first set of experiments we added chelators to the solution 10
seconds prior to the NPs (normal method), and the second was to mix the NPs with the chelators for 24

hours before testing them in the solution (preincubation method). The total reaction solution volume was
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1 ml. The concentration of NPs in solution was 1.6 ppm and 0.08 mM for both chelators and citrate. A
SpectraMax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA) was used to test the decrease in
absorption at 734 nm for 10 minutes in order to measure the AOC of NPs. All experiments were

performed in triplicate.

2.4.3 Statistical Analysis
Data are expressed as mean = standard error of the mean (SEM). Statistical differences between

two samples were tested using one-way ANOVA using SigmaPlot 12.5 (San Jose, CA) with significance

determined at P < 0.05.

Acknowledgement. This work was partially supported by NIH grants ES017552-01A2, ES016896-01, P30
ES03850.
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Abstract

Lanthanide metal oxide nanoparticles (LnOXNPs) are being exploited for a broad range of
catalytic reaction. The catalytic activity between LnOxXNPs is different and relates to multiple
physicochemical factors. Despite the numerous promising applications of LnOxNPs, design rules for
developing materials with optimal antioxidant electrochemistry are not yet defined. There is an immediate
need to rapidly assess the physicochemical behavior of these materials in order to identify
physicochemical characteristics predictive of anti-oxidative reactivity. In this study, the Trolox
Equivalent Antioxidant Capacity (TEAC) assay was used to determine the redox behavior of eight
LnOxNPs. We determined the antioxidant activity and normalized it to unit surface area. We assessed the
relationships between antioxidant capacity (AOC) and the valance state, the number of unpaired electrons
of 4f orbital, ionic radius, band gap, ionization energy, lanthanum-oxygen bond length and
electronegativity of the atoms that make up the NP. We hypothesized that the AOC of bare NP was
related to their basic elemental periodicity. Two methods were employed to assess the AOC of LnOxNPs:
1) NPs were added to a pre-formed radical solution or 2) NPs were added before the radical formation
was initiated by hydrogen peroxide. Our results showed that only CeO,NP had differed significantly
between the two methods; no significance was observed from the others. The AOC of CeO,NP,
Nd,O3NP, TbO,/Th,03NP, Ho,O3NP was reduced in the preformed solution after 8 minutes. Over the

entire reaction time, AOC was negatively related to the amount of unpaired electrons in 4f orbital and
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lanthanum crystal ionic radius, implying that there is correlation between redox property of LnOXNP and
periodicity of their constituent atoms. Ultimately, the ability to predict simple NP chemical activity from

their constituent atom properties will improve the a priori of nanomaterials for specific needs.

3.1 Introduction

The Lanthanide metal oxides nanoparticle (LnOxNP) are widely used as catalysts, it can be
functionalized as oxidants for forming oxide species which have high electron affinities and is benefit to
ionize molecule or activate the preformed ions to release from the surface as free ions. Catalytic
properties of LNOXNP have been investigated and applied in a variety of industrial reactions. Such as
ortho or para hydrogen conversion,' deuterium exchange reactions of hydrocarbons,? H,-D, equilibration,’
alcohol dehydration,* olefin isomerization,® decomposition of N,O and NO,° and oxidation reactions of

hydrogen,” carbon monoxide® and hydrocarbons.*

The catalytic activity of LnOXNP shows difference between each other in previous studies. Minachev
suggested the binding energy of oxygen with lanthanide ions could affect the activity in the oxidation of
hydrogen and propylene.? Also for the oxidation of hydrogen, the activity of neodymium and erbium
oxides were found lower than cerium, praseodymium and termium oxides." There are also some studies
indicating that the catalytic activity of LnOxNP depends on the periodic electronic configuration of the
inner 4f orbital.>** Still, the catalytic activities of LnOXNP was still fragmentary compared to other alkali

metal oxides.*?

Given the importance of this new material class and the unclear relationship between the catalytic
activities of LnOxNPs, it is important to have a rapid, reproducible, robust, systematic assay to analyze
NP reducing capacity. A number of scientific studies have been devoted to establishing assays based on
redox properties of NPs that may prove useful in predicting their catalytic activity. Among them,
antioxidant assay is well developed to evaluate the redox properties of both organic compounds and NP.
Assays such as the Oxygen Radical Absorbance Capacity (ORAC)," 1°,1’-Diphenylpicryl-hydrazyle
(DPPH),* Terephthalic acid (TPA)™*® and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) have been
employed to investigate the redox activity NPs.!” Yet, each method has specific limitations, which

preclude its use as a rapid, systematic assay for studying NP redox activity (see Table 1).
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Table 1. The antioxidant assays of NP used in previous studies their limitations

Assay Limitation

1819 time consuming,® not easy to calculate AOC

ORAC Temperature sensitive,
TPA  Poor solubility in water
DPPH  Hydrophobic,” time consuming,? steric hindrance to large antioxidant®
the spectrophotometric measurements can be affected by compounds*®

DMPO  Side reactions,” Expensive®

In this article, a Trolox Equivalent Antioxidant Capacity assay (TEAC), based on ABTS*
/H,O,/HRP (Horseradish Peroxidase) decoloration method, was used to assess the AOC of eight
LnOxNPs. In this assay, hydroxyl radical (-OH) are generated from the reaction between H,O, and HRP
then oxidized colorless ABTS? to a long-lived green-blue radical anion (ABTS™),%® The AOC was
determined by measuring the ability of LnOXNPs to quench ABTS™ alone. The benefit of this assay over
the previously applied assay is that it is very simple and sensitive, and ABTS radical (ABTS™) scavenger
used are stable at a broad range of pH, hence it can be used to study pH effect on activity.?” Moreover, the
TEAC assay can be applied in estimation of both hydrophilic and lipophilic samples compares to DPPH
assay and the reaction time is short (1-30 min),'® at room temperature. Because this assay has been widely

28-30

used and conducted to assess complex food matrixes™ " we believe it is amenable to assess complex

dispersions of nanoparticles.

This assay can be operated in two methods. The first method (normal method) focuses on the
scavenging activity of the NP on preformed ABTS", rather than the inhibition of ABTS"™ formation. The
objective of this method is to provide insight into the action of experimental analytes on persistent
radicals without competitive formation effects by measuring the ability of LnOXNPs to quench ABTS
radicals alone rather than ABTS radicals and free radicals competitively. However, the problem may be
that the antioxidant activity of NPs especially for metal oxides are only enough to reduce -OH rather than
ABTS radical, the AOC will be underestimated by the method above. In order to overcome that, another
method (preincubation method) is applied with the addition of NPs prior to HRP which allows for the
NPs to react with -OH directly and approach NPs real AOC. Based on the strong periodicity of lanthanide
atoms, the specific hypothesis we test is that there is a periodicity to the AOC of LnOXNPs that can be
predicted by atomic or ionic parameters displayed in Table 2. Due to the chemical structure similarities
between LNnOxXNPs and other metal oxides, if our hypothesis holds, it may be possible to estimate redox

properties of other metal oxide NP on the basis of their atomic or ionic periodicity.
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Table 2 The atomic parameters that are potential related to the AOC of LnOxXNPs.

2 Ln-O* IR¥ BG* IE® 2
Ln Angstrom  Angstrom eV eV E-4fn  UnE-4fn - EG
Ce 2.27 1.150 4.0 36.76 1 1 2.794
Nd 2.35 1.123 4.7 40.41 3 3 2.808
Sm 2.31 1.098 5.0 41.40 5 5 2.819
Eu 2.30 1.087 4.4 42.70 6 6 2.828
Gd 2.29 1.078 5.4 44.00 7 7 2.809
Tb 2.26 1.063 3.8 39.37 8 6 2.819
Ho 2.25 1.041 5.3 42.50 10 4 2.828
Er 2.24 1.030 5.3 42.70 11 3 2.830

* Ln-O: bond length between lanthanide and oxygen, IR: crystal radius of trivalent lanthanide ion, BG:
band gap, IE: ionic energy, E-4fn: electrons in 4f orbital, UnE-4fn: unpaired electrons in 4f orbital, EG:

electronegativity.

3.2 Material and method

3.2.1 Chemicals

The following reagents were purchased from Sigma Aldrich (St. Louis, MO) : ABTS? (2,2-
azinobis-(3-ethylbenzthiazoline-6-sulfonate acid), 98%) obtained as diammonium salt, HRP (Horseradish
peroxidase) obtained as lyophilized powder, Ho,OsNP (holmium(l1l) oxide, nanopowder, <100nm,
99.9%), Er,O3NP (erbium(l11) oxide, nanopowder, <100nm, 99.9%), Sm,OsNP (samarium(l1) oxide,
nanopowder , <100nm, 99.9%), Gd,O3NP (gadolinium(l1l) oxide, nanopowder , <100nm, 99.8%),
CeO,NP (cerium(lV) oxide, nanopowder, <25nm, 99.9%), Eu,OsNP (europium(l11) oxide, nanopowder,
<150nm, 99.5%), Nd,O3NP (neodymium(l11) oxide, nanopowder, <100nm, 99.9%), Tb,O3/TbO,NP
(terbium(l111, 1VV) oxide, nanopowder, <100nm, 99.5%). UW (ultrafine Water) was purchased from Fisher
Scientific (St. Clara, CA) and NaH,PO, (sodium phosphate, monobasic anhydrous, 99%) was purchased
from Fisher Scientific (Fair Lawn, NJ). H,O, (hydrogen peroxide, 30%, v/v) was obtained from
Mallinckrodt Chemicals (Phillipsburg, NJ). Copper chelate resin (50% slurry in 20% ethanol) was
purchased from G-Biosciences (Maryland Heights, MO). Na,HPO, (sodium phosphate, dibasic
anhydrous, granular, 99.1%) was purchased from Macron Chemicals (Center Valley, PA). All chemicals

and materials were ACS grade or better and were used without further purification.

3.2.2 Prepare Metal Oxide Nanoparticle Suspension
Copper chelate resin slurry was poured into a 2.5 ml plastic column and washed with 100 ml UW.

Phosphate buffer solution (PBS) was passed through the column with a syringe pump (NE1010, New Era
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Pump System, Farmingdale, NY) to achieve pure PBS without Cu?*. PBS solution was made by mixing
50 mM Na,HPO, and NaH,PO, stock solutions at a ratio of 21:4 by volume. The eight uncoated metal
oxide NPs investigated in the current study were CeO,, Nd,O3, Sm,03, Eu,03, Gd,03, Th,05/ThO,,
Ho,0s, and Er,Os. Each stock was prepared by dispersing nanopowder into UW and sonicating at 750
watts (VCX 750, Vibra-Cell-Sonics&Materials, Newtown, CT) for 15 minutes. NP dispersions with final
concentrations of 200 ppm were kept at the room temperature and sonicated again for 3 minutes, just prior
to starting the AOC experiment. For the TEAC assay, NP stock dispersions were diluted to concentrations
of 40 ppm in PBS.

3.2.3 Characterization of LnOXNP
A Zetasizer (ZEN3600, Malvern Instruments, Westborough, MA) was used to determine the
hydrodynamic diameter (HDD) and polydispersity index (PDI) of the NPs in PBS at 0 and 8 minutes

based on the reaction time of TEAC assay. The standard deviation of NP size distribution (&) was
determined via equation (5) on the basis of PDI and average hydrodynamic diameter () of NP.

Considering the impact of agglomeration on the surface reactivity of LnOxNPs, we report AOC per unit
surface area (AOC/Area) to normalize antioxidant activity of NPs based on agglomerate size. The total

surface area of NP in PBS was determined using equation (6).

a2 S —
PDI:(E_) - g = d=\VPDI (5)

1 pee , lx=d)®
m— 2 Er |
o xle x
Total Suface Area = 6 * e (6)
1 oo 3 ¥ - p

In the equation (6), m, p and x represented total NP mass, density of metal oxide and HDD of NP
measured by dynamic light scattering (DLS).

3.2.4 Measurement of Total AOC

For the TEAC assay, a SpectraMax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA)
was used to test the absorption change of ABTS ™ and the inherent absorbance of LnOXNPs at 734 nm. A
calibration curve was made for 1 mM ABTS? with 4 U/ml HRP (one enzyme unit (U) is defined as the
amount of the enzyme that catalyzes the conversion of 1 microMole of substrate per minute) and a series
of H,0, concentrations (0~51 uM). A 1 ml ABTS radical (ABTS") working solution was comprised of 1
mM ABTS?, 51 uM H,0,, 4 U/ml HRP, 50 mM PBS (pH = 7.45). Temperature was held at 26+1°C. For

the AOC assay, ABTS" solution without NP served as a control. The inherent absorbance of LnOxNPs at
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734 nm was tested as a baseline to determine differences from control. The AOCs of eight LhnOXNPs were
measured by the normal and preincubation methods. The total reaction time was 8 minutes from ABTS"™
generation to the end of assay. In both methods, the decrease in absorption compared to control in 0 and 8
minutes as used to measure the AOC of NPs. 1 mM Trolox stock was prepared by dissolving Trolox
powder into UW. A calibration curve of a series concentration of Trolox (0 ~ 25 uM) vs. ABTS™ working
solution was made to determine the relationship between aborption decrease and an equivalent
concentration of Trolox. The antioxidant activity of LnOxNPs is presented as AOC per unit surface area
AOC/Area and the unit of AOC/Area was pM Trolox/cm®. All experiments were performed at least in

triplicate.

3.2.5 Statistical Analysis

Statistical analysis was done using SigmaPlot 12.5 (San Jose, CA). Data are expressed as mean +
standard error of mean (SEM). Statistical significance was determined by one-way ANOVA. The
correlation between AOC and different explanatory variables was determined by multivariate linear

regression using R-studio (Boston, MA) (p < 0.05).

3.3 Results

3.3.1 Characterization of Nanoparticle

The size of all the LnOxNPs at 40 ppm is presented in Fig.1, The results show the size of
LnOxNPs in PBS in 0 and 8 minutes, CeO,NP was the smallest size at both time points. In addition, the
size of Sm,0O3NP and Th,0,/TbO,NP decreased significantly whereas the difference in size was not
observed or the other material between 0 and 8 minutes. The total surface area of LnOxNPs in PBS was

calculated on the basis of HDD using equation (5) and (6). Data are displayed in Table 3.
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Figure 1. Size of LnOxNPs described above by constituent atoms at 40 ppm in PBS in 0 and 8 minutes.

Data are presented as the mean+SEM. * represents a significant difference in size of NPs between 0 and 8

min.

Table 3. The average HDD, PDI and surface area of eight LnOxNPs in PBS at 0 and 8 minutes.

Average HDD

Average PDI

Average Surface

Density Area
LnOxNP 0 min 8 min 0 min 8 min 0 min 8 min
(gem®) (nm) (nm) (cm®) (cm®)
Ce 6.77 544.60 788.20 0.38 0.37 0.42 0.29
Nd 7.01 735.10 963.90 0.25 0.25 0.33 0.25
Sm 7.52 2411.67 2714.33 0.68 0.59 0.07 0.07
Eu 5.24 808.63 774.17 0.57 0.55 0.32 0.34
Gd 7.90 1340.33 1017.40 0.69 0.38 0.12 0.19
Th 8.23 4236.67 1339.67 0.96 1.00 0.03 0.10
Ho 8.79 1513.00 1173.67 0.66 0.63 0.10 0.13
Er 9.07 1332.67 1193.53 0.58 0.73 0.11 0.15
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3.3.2 TEAC Assay
A calibration curve of H,0O, concentration vs. ABTS radical (ABTS") absorbance had a high

linear relationship (R-sqr = 0.9996) that demonstrated the kinetics of scavenging -OH of ABTS radical,
After starting the TEAC assay, the absorbance reached the highest point around 150 s. As ABTS™ began
to be reduced to ABTS?, the absorbance decreased by about 1% per minute during the first 2 minutes,

and continued to decrease for the last 6 minutes.

3.3.3 Time Effect on AOC
The ABTS" scavenging activity exhibited over time for the LnOXNPs is shown in Fig. 2. The

AOC/Area of CeO,NP, Nd,O3;NP and Ho,O3NP decreased significantly after 8 minutes in normal
method, and a negative AOC of ThO,/Th,O3;NP was also observed with its absolute AOC/Area value also

decreased during this time. However, no significant differences were observed in preincubation method

(data not show).

60
I 0 min

I S min
40 -

20 1

-20

AOC/Area (OM Trolox/cmz)

-40 T r T T T T T T
Ce Nd Sm Eu Gd Tb Ho Er

Lanthanide Metal Oxide Nanoparticle
Figure 2. AOC/Area of LnOxXNPs described above by constituent atoms at 40 ppm in normal method at 0
and 8 minutes, data are presented as the mean = SEM. * represents a significant difference in AOC/Area

of NP in between start and end points.

3.3.4 Incubation Method Effect on AOC
Fig. 3 shows the effect of preincubation on the AOC/Area of only CeO,NP, no significant effects
were observed from the other NPs (data not show). The result showed the AOC/Area of CeO,NP in
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normal method was significant lower than that in preincubation method. The model in equation (7) used
to predict the AOC/Area of LnOXNPs was established via multiple linear regression. From the model, the
AOC/Area in both 0 and 8 min could be predicted from a linear combination of the crystal ionic radius
(IR) and unpaired electrons in 4f orbital (UnE-4fn) (P < 0.01). Moreover, the data points of AOC/Area
between 0 and 8 min were also investigated and all the points fit the model well (data not show).
AOC/Area = By+ By IR + B, » UnE_4fn (7)

10
I Normal Method

I Preincubation Method

[ee]

£

AOC (OM Trolox/cmz)
D

0 minute 8 minute
Figure 3. AOC/Area of CeO,NP at 40 ppm in 0 minute and 8 minutes with normal and preincubation
method separately. Data are presented as the mean + SEM. * represents a significant difference in

AOC/Area of NP between the different methods.

3.3.5 Inherent Physicochemical Properties Effect on AOC

Fig. 4 illustrates the relationship between AOC/Area and two explanatory variables (IR and UnE-
4fn). AOC/Area of NPs corresponded negatively to crystal ionic radius except for ThO,/Th,O3NP which
had lower AOC/Area compared to that we predicted from model (7), see Fig. 4A. In addition, results also
showed that the AOC/Area increased first then decreased as unpaired electrons in 4f orbital increased and

the maximum value appeared when there were 4 electrons in 4f orbital, see Fig. 4B.
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Figure 4. The influence of (A) crystal ionic radius and (B) unpaired electrons in 4f orbital on the AOCs

of LnOxNPs at 40 ppm. Data are presented as the mean + SEM.

3.4 Discussion
Trolox Equivalent Antioxidant Capacity assay (TEAC) based on ABTS*~/H,0,/HRP

2631 {0 estimate the

(Horseradish peroxidase) decoloration method has been widely applied in food science
total amount of radicals which can be scavenged by antioxidants in food homogenates, i.e. the AOC. Here
we employed this assay to investigate the antioxidant activity of LnOXNPs due to their strong elemental
periodicity. This research method can also be used to investigate other simple NPs which are in periodic
series. In control, ABTS? was first oxidized to its radical form ABTS" then began to be reduced back as
it was a reversible reaction and ABTS was less stable than ABTS?.* Since the size of NP is negatively
correlated with its surface area; when the total AOC of NP was normalized by AOC to surface area, the

impact of size on AOC/Area of NP was minimized.

A decrease AOC/Area was observed as the time passed for some NP but only in normal method
(Fig. 2). The reason may be that some LnOXNP such as Nd,O3;NP have the ability to stabilized free
radicals to form a metastable state complexation, which was reported in a previous study.* Thus, it is
probable that when ABTS™ was produced via oxidation of ABTS™ by -OH, it was stabilized by the
addition of LnOxNPs to form a complexation (LnOXNP-ABTS") which decreases the effective
concentration of ABTS™ and inhibits the reduction process of ABTS ™ to ABTS". Due to the metastable

state LnOXNP-ABTS "complexation, as more ABT5 ™ is reduced to ABTS", the concentration of ABTS”

decreases and result in more ABTS" released from complexation to be further reduced, see Fig. 5.
However, under preincubated condition, LnOXNPs react with both -OH and ABTS™, and ‘OH will be

stabilized by NPs prior to ABTS™ due to its stronger oxidizing ability and smaller steric hinderance which
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results in passivation of NP surface and inhibition of further stabilization of ABTS". Therefore, reaction

time effect was not significant for AOC/Area change in preincubation method.

Radical Production Radical .S‘r.'m'euged f)_l.' LnOxNP Radical Released from LnOxNP
£ N
£ ~ Control
= 2 — g — s —
E ~ ABTS™ = ABTS* ABTS = ABTS®
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— —— ke
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.. H0, e _ LnOxNP . — n
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Figure 5. A possible mechanism of stabilization and releasing of ABTS™ by LnOXNP in normal method.

The AOC/Area of CeO,NP in normal method was significantly lower than in preincubation
method, which can be explained that the AOC/Area comes from the impurity of low valence state cerium
metal oxide (Ce,03) which is less stable than CeO,NP and easily oxidized by free radicals.** However, at
such low concentration, it can not be oxidized by ABTS" as effectively as ‘OH. Since there is only

ABTS™ in the working solution of normal method while both ABTS™ and -OH of preincubation method,
thus, CeO,NP has a higher AOC/Area in the preincubation method (Fig. 3). However, no significant

results are observed for ThO,/ Th,OsNP which includes unstable valence metal oxide as CeO,NP. The
reason might be that the precipitation of TbO,/ Th,O3;NP is far greater than CeO,NP. Much precipitation
of ThO,/ Th,O3NP on the bottom of cuvette could result in exposure surface area reduction to inhibit its
functional AOC/Area.

Among the inherent physicochemical properties of lanthanide elements, only crystal ionic radius
and unpaired electrons in 4f orbital had a significant effect on the AOC/Area of LnOxNPs. Crystal ionic
radius is used since it corresponds more closely to the physical size of ions in a crystal lattice of
LnOxNPs, which is helpful to study the AOC/Area of LnOxNPs.* We found in that AOC/Area of
LnOxNPs decreased as their crystal ionic radius increased (Fig. 4A). The reason is that trivalent
lanthanides are hard Lewis acids*® while hydroxyl groups in -OH and amine groups in ABTS" are hard
Lewis bases,*! the acidity of trivalent lanthanides with large crystal ionic radius will be softer compared to
small one,* thus the NPs with larger crystal ionic radius have a more difficult time scavenging free
radical (-OH and ABTS") due to the fact that hard acids prefer binding to the hard bases to give ionic

complexes, whereas the soft acids prefer binding to soft bases to give covalent complexes according to
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hard and soft acids and bases theory (HSAB).*® This theory can explain the relationship between
AOC/Area of LnOxNPs and crystal ionic radius. Similarly, due to the large ThO,/Th,Os;NP precipitation,
its ability to scavenging radical is also reduced thus the AOC/Area of ThO,/Th,O3NP is lower than the
other LnOXNPs.

Unpaired electrons in 4f-orbital of lanthanum atoms are an important factor to estimate redox
potential of LnOXNPs because the redox potential of atom is established on the basis of its electron
transfer. As there are seven 4f orbitals, the number of unpaired electrons can be as high as 7. As long as
unpaired electrons reach 7, the 4f orbitals will be in half-filled state, and the electron transfer from 4f
orbital is difficult that makes the lanthanum atoms stable and reduces the redox potential. Therefore, as
Fig. 4B shows, except for CeO,NP, the AOC/Area of NP decreased as the number of UnE-4fn increased.
The AOC/Area of CeO,NP with only one UnE-4fn also has much lower AOC/Area compared to
Nd,O3sNP. The reason may be that tetravalent cerium without UnE-4fn is the principal component of
CeO,NP, only tiny amount of trivalent cerium with one UnE-4fn exist in the CeO,NP. As tetravalent
cerium is fairly stable and should not contribute to the redox activity of NP, the AOC/Area of CeO,NP
only comes from trivalent cerium with small amount which is not enough to show as much AOC/Area as
Nd,O;NP.*

3.5 Conclusion
In this study, the AOC of eight LnOxNPs was investigated using a TEAC assay. Two methods

were employed to test the interaction between NPs and free radicals. Considering the impact of
agglomeration on the AOC of NPs, we used AOC per unit surface area of NPs instead of its total AOC as
response and considered the physicochemical properties of component atom of NPs. The importance of
this study is to change the traditional way of exploring chemical reactivity of the NPs, which only focus
on the external factor such as interaction between solution properties and NPs. Here we discussed why
various NPs present different redox properties in the same environmental condition via their inherent
physicochemical properties and established a preliminary model to predict this correlation. It could be a
useful guidance for studying the influence of inherent properties of NPs on their behavior in the

environment.
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CHAPTER 4 CONCLUSION

Reactive Oxygen Species (ROS) are important intermediates produced during normal metabolic
processes in our human body. However, overproduction of ROS would cause oxidative stress and can
induce various disease states. Novel NP antioxidants are extensively studied at present, due to their
potential to overcome many of the limitations of traditional antioxidants, such as time, pH sensitivity and
bioavailability. It is important to have a rapid, reproducible, robust, systematic assay for the qualitative
and quantitative analysis of NP chemical behaviors. This thesis work focused on the antioxidant study of
1) Ag/AuNPs and 2) eight lanthanide metal oxide NPs and used a modified TEAC assay to quantify their
total AOC relative to Trolox.

For the eight LnOXNPs, two methods were used to study the interaction between NPs and free
radicals. Because most chemical reactivity sites are distributed on the surface of NP, the antioxidant
activity of NP is directly driven by the reactive surface area. However, NP is unstable in the buffer
solution and form agglomerates that reduce reactive surface area. To reduce the influence of this
confounding factor, the data were normalized by using antioxidant capacity per unit surface area of NPs
based on their polydispersity index and size in phosphate buffer solution, rather than the total AOC as
response. The result showed that CeO,NP, Nd,O3NP, ThO,/Th,0sNP and Ho,O3;NP likely form a
metastable state LnOXNP-ABTS" complexation and inhibit the reducing process of ABTS™ to ABTS”.
CeO,NP showed different AOCs between two methods likely due to the small amount of trivalent cerium

impurities that can be only oxidized by -OH rather than ABTS".

This work revealed that the AOC of LnOXNPs was negatively correlated to the unpaired electrons
in 4f-orbtial and the crystal ionic radius of their component ions. The mechanism could be well explained
via hard and soft (Lewis) acids and bases (HASB) theory. Crystal ionic radius was an important
parameter due to the fact that trivalent lanthanides are hard Lewis acids while hydroxyl groups in -OH and
amine groups in ABTS™ are hard Lewis bases. The acidity of trivalent lanthanides with large crystal ionic
radius will be softer compared to small one, thus the NP with larger crystal ionic radius had a difficult
time to scavenge free radicals (-OH and ABTS") due to the fact that hard acids prefer binding to the hard

bases to give ionic complexes. Whereas, soft acids prefer binding to soft bases to give covalent ? (what?).

Unpaired electrons in 4f-orbital of lanthanum atoms are more related to the redox potential of
LnOxNPs. As there are seven 4f orbitals, the number of unpaired electrons can be as high as 7. As long as

unpaired electrons reach 7, the 4f orbitals will be in half filled state that makes the lanthanum atoms fairly
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stable and reduces their redox potential. The AOC/Area of CeO,NP with only one UnE-4fn had a much
lower AOC/Area compared to Nd,OsNP, This may be because tetravalent cerium without UnE-4fn is the
principal component of CeO,NP, only tiny amount of trivalent cerium with one UnE-4fn exist in the
CeO,NP. As tetravalent cerium is fairly stable and should not contribute to the redox activity of NP, the
AOC/Area of CeO2NP comes predominantly from trivalent cerium with small amount which is not
enough to show as much AOC/Area as Nd,O3NP.

The importance of this study is to change the traditional way of exploring chemical reactivity of
NPs, which only focus on the external factor such as interaction between solution properties and NPs.
Here we discussed why various NPs present different redox properties in the same condition via their
inherent physicochemical properties and established a preliminary model to predict this correlation. Such
models can serve as a useful guide for studying the influence of inherent properties of NPs on their

behavior in the same condition.

For gold and silver NPs, the AOC of AuNP stabilized with citrate and silver stabilized with
citrate and PBS were also assessed via the TEAC assay. In this study, chelators (DTPA and EDTA) were
also used to test their impact of on AOC of these NPs. The result showed apparently that both AuNP and
AgNP showed their antioxidant capacities which was also reported in previous studies, the AOC of AuNP
was stronger because the AuNP with the Au®" ionic state being prevalent in solution had a higher AOC
than the AgNP that release predominantly Ag** ionic species. For silver NP alone with different
stabilizers, AgNP-citrate was observed to have smaller AOC than AgNP-PBS. Since PBS and citrate did
not significantly alter AOC compared to control (data not show). The reason of AOC difference in AOC
between two kinds of AgNP is likely due to the larger size of citrate which covers the NP surface. Silver
ions complexed by citrate can be absorbed on the surface of AgNP and inhibited further ion release more
efficiently than AQNP-PBS. Chelators such as EDTA and DTPA showed their inherent AOCs due to the
reduced capability of tertiary amine group. Compared to EDTA, DTPA even showed higher AOC
because it has more tertiary amine group than EDTA. Moreover, they could both significantly increase
gold and silver NPs AOC, and the impact on AgNP was more obvious, this is possibly because the

dissolution rate of AgNP is much higher than AuNP.

Two methods (normal and preincubation) were used to investigate the effect of interaction time
between NP and chelators on the AOC. Results showed that if a chelating environment was built first in
10 seconds prior to NP by addition of chelators into the solution (normal method), a significant increase
of when compared to the preincubation method. A potential explanation could be that for both Au and
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AgNPs, the surface area available for oxidation declined through the course of the assay. NP release ions
during surface oxidation, and as this process progresses the surface dissolves, reducing the effective
contact area for ABTS radicals. Therefore, the apparent decrease in antioxidant activity of solutions
incubated with a chelator may be attributed to differences in accessible surface area between samples in
normal and preincubation method. A proposed mechanism for the Ag/AuNPs studies is presented in

Figure 1.
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Figure 1. The reaction process and mechanisms of antioxidant activity of (A) gold nanoparticle and (B)
silver nanoparticle and the role of chelators on them: including the electron transfer of EDTA/DTPA and
Ag/AuNPs; the enhancement of AOC by addition of EDTA/DTPA, and the inhibition of citrate in the

process of ion releasing for Ag/AuNPs.
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This study demonstrates the use of antioxidant assays to assess the chemical redox potential of
NPs and predict their behaviors. This study contributes to our understanding of the antioxidant activity of
Ag/AuNPs which could be beneficial for additional promising biomedical applications. In addition, the
interaction of Ag/AuNPs and chelators could also be further applied to investigate the interaction of NPs
and chemicals with chelating structures including amino group in biological fields such as phytochelatin,
hemoglobin and chlorophyll. This information would be beneficial to the nanotoxicology studies on
organisms. Therefore, future work could focus on the interaction between NPs with biological systems,
for instance, toxicology studies could be involved to test different toxicities of NPs and compare to their
antioxidant capacities. Also, some biological molecules like protein and DNA could be used to test their
effects on the NP AOCs.
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