Environmental
Science

Nano

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Environmental Royal Society of Chemistry peer review process and has been
Science accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/es-nano


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22

Environmental Science: Nano

The redox based regenerative anti-oxidant property of cerium oxide nanoparticles (Nanoceria,
CeO,) has generated deep interest among researchers as a potential tools for medical
applications. However, the observed therapeutic properties of nanoceria can be significantly
influenced by several environmental factors including its interaction with the biological system.
In this report, we discuss the environmental factors which can alter the physicochemical
properties of nanoceria and modify its behavior within biological systems. This article provides
insight to identify and in many cases control the environmental effects of nanoceria for any
biologically relevant application including regenerative nanomedicine.
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Cerium oxide nanoparticles (nanoceria) have gained considerable attention in biological

research due to their anti-oxidant like behaviour and regenerative nature. The current literature
on nanoceria reports many successful attempts on harnessing the beneficial therapeutic
properties in biology. However studies have also shown toxicity with some types of nanoceria.
This article discusses issues associated with the behaviours of nanoceria in biological systems
and identifies key knowledge gaps. We explore how salient physicochemical properties (size,
surface chemistry, surface stabilizers) of nanoceria corresponds to its behaviour in biological
relevant buffers and cell culture media, and this can provide guidelines for potential positive
and negative aspects of nanoceria in biological systems. Based on variations of results reported
in the literature, important issues need to be addressed. Are we really studying the same
particles with slight variations in size and physicochemical properties or do the particles being
examined have fundamentally different behaviours? Are the variations observed the result of
differences in the initial properties of the particles or the results of downstream effects that
emerge as the particles are prepared for specific studies and they interact with biological or
other environmental moieties? How should particles be appropriately prepared for relevant
environmental/toxicology/safety studies? It is useful to recognize that nanoparticles encompass
some of the same complexities and variability associated with biological components.

Introduction There are an unprecedented number of potential nanomaterials

that can manifest as potential therapeutic/toxic agents. Typical
The advancement of nanotechnology has provided new or (molecular) therapeutic  agents, for example aspirin
alternative solutions to many issues facing society. One such field  (acetylsalicylic acid) are normally structurally invariant.
happens to be health. Nanoparticles are being extensively Conversely, nanoceria as a potential therapeutic agent can exhibit
researched for use in drug delivery, diagnostic and therapeutic wide structural distributions, which will influence their
imaging, as biosensors, and to enable high-resolution neural physicochemical properties with implications for their therapeutic
interfacing, and photoactivated interfaces.'” Understanding the potentials.''""* In this article we present the current state of
fate of nanoparticles in the environment and their interactions understanding and ability to control cerium oxide nanoparticles

with and within biological system is the key to 6t(’)Oth useful  (nanoceria) properties which will impact their role as in biological
application and regulation of nanomaterials.” Like  gystem.

pharmaceuticals, various engineered nanomaterials are known to

be advantageous in controlling discase but can still be observed t0  The behaviour of any type of nanoparticle depends upon the
affect human health adversely. Nanomaterials, with potential physical and chemical characteristics of the particles. There are
application as bio-medicinal agents, may exploit the chemical geveral issues needed to be addressed or at least acknowledged:

properties characteristic of a solid, but have the ability to be i Nanoparticles that are thought to be “equivalent” may
transported - like a large molecule - to a variety of bodily have significantly different properties because of major
compartments.'” This opens several new approaches for or subtle differences in their synthesis or processing
functional materials design, (i) exploit change in properties of a history.
nanoscale in comparison to properties at bulk material; (ii) take ii. Often the particles have one set of characteristics and
advantage of the ability to tune material properties as a function properties when they are synthesized, but these
of composition, structure and size. characteristics often evolve with time as the particles are
stored, processed or released into a biological or other
environment.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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iii. The biological system used also plays a major role on
how the nanoparticle behaves. For example, the
transport and fate of a nanoparticle via oral ingestion in
a zebrafish is likely quite different than the absorption
and distribution of an aerosolized nanoparticle in the
lung.

Many lists of important particle characteristics have been
generated describing characteristics of importance for
nanoparticles.'"* > Here we highlight that the size, shape,
composition (bulk, phase, impurities) and nature of the particle
surface can significantly alter particle behaviours. The cumulative
physical and chemical properties of nanoparticles arise from the
grain/particle properties, bulk and elemental composition, surface
features, and surface charge. It is important to note that the
physical and chemical properties of a nanoparticle may be
entangled and difficult to distinguish. A specific morphology
might result from a specific synthesis route that involves
chemicals, temperatures and surfactants each of which might
contribute to the resultant particle properties.

In many cases particles are not stable as stored, handled or
processed for application. Particles purchased from vendors may
no longer have the initial “ideal” properties after shipping and
storage.'®'” One reason that nanoparticles are often different from
when synthesized is that they generally respond to changes in
their environment and may change in several ways.'"" '®
Therefore, it is important to recognize that particles are likely to
change during biological interactions and understanding doses
and biological impact may require knowing the types (and rates)
of transformations that particles undergo during such processes.

For clarity in addressing nanoceria properties and their
behaviours within biological systems, it is wise to understand not
only the starting state of the particles, but what may happen to
nanoparticles in any of the wide variety of environments that the
particles may encounter in association with the preparation,
delivery and transport within a biological system. Issues of
importance include movement (forces), attachment (forces,
binding, coatings), and transformation (dissolution, aggregation,
reformation).

Nanoparticles chemistry within biological
environment

Knowledge of how various environments affect nanoparticle
surface chemistry is required to understand how nanoparticles
interact with living systems. Just as nanoparticles are dynamic
(especially those 10 nm or smaller), the cell surface is dynamic.
Therefore the interaction of a cell with the outside environment
may change the cell surface and impact the colloidal chemistry of
nearby nanoparticles. Some of the complexity of nanomaterial
physicochemical behavior may arise from the responses from
cells which may further modify the microenvironment of
nanoparticles, for example, TGFP signalling in tumour cells
modifies the micro-environment.'*"

Cellular responses from the cellular uptake of nanoparticles will
contribute further to the environment of nanoparticles outside the
cell in addition to placing the captured particles into a new
environment. The types of forces through which a nanoparticle
interacts with its environment including van der Waals,
electrostatic, and steric forces may be alternated by the dynamic
environment around the nanoparticles (including the growth of
surface layers such as protein coronas). Such altered states of
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nanoparticles before and with cell interaction can result in
nanoparticle agglomeration and dissolution®'. It has been argued
that nanoparticles are as responsive to their environment as
proteins.”> Thus the physico-chemical properties of nanoparticles
at biological interfaces are transient and heterogeneous in nature.

Although nanoparticles are often thought to be small and round,
heterogeneity in nanoparticles arises from defects, edges, and
crystalline facets.”” The morphology, surface features and surface
active species of the nanoparticles determine the dynamic
interaction with cell entities, tissues, membranes, proteins,
endocytic vesicles, phospholipids organelles, DNA and biological
fluids within the living system. Such interaction may lead to
desirable or adverse outcomes with respect to biocompatibility or
therapeutic applications.

Recent literature ** identifies three different nano-bio interfaces or
zones: the nanoparticle surface, the solid—liquid interface around
the nanoparticle, and the solid-liquid interface’s contact zone
with biological substrates. Considering only the nanoparticles to
determine the initial or core characteristic properties, such as
chemical composition, crystallinity, porosity, heterogeneity, and
roughness is often essential. However some properties are only
apparent in the environment of application. Which properties of
nanoparticles are more critical will vary with the material system
(metal, metal oxides) and with the application.

Surface functionalization is an important factor in determining
many properties of nanoparticles. Species on the surface may be
deliberately added to control particle behaviours such as
aggregation and surface potential, or those picked from the
surrounding environment. The characteristics of suspending
media, such as pH, ionic strength, and temperature equally affect
the behaviour of nanoparticles just like in a biological
environment. With nanoparticle and medium as the system i.e. at
the solid-liquid interface, the noticeable effects are particle
aggregation, state of dispersion, stability/biodegradability,
dissolution characteristics, hydration, effective surface charge
(zeta potential) and valence of the surface layer. Thus the
physicochemical property of an isolated nanoparticle may
undergo changes when introduced in different media. The
effective behaviour of the nanoparticle-media suspension will
decide the further interaction at biological interfaces. The
nanoparticle/medium can offer a surface for adsorption of ions,
proteins, and natural organic materials; double layer formation;
dissolution; or minimizing free surface energy by surface
restructuring.**

In the following sections we consider a few examples of the how
physicochemical properties of nanoparticles impact biological
systems.

Surface Charge

A nanoparticle suspended in water will have different interaction
forces than suspended in a biological fluid. Consider an example
of SiO, nanoparticles which in contact with water may result in
hydrated surfaces forming (Si—~OH) groups which dissociate to
result in negative surface charges. The repulsive electrostatic
forces may keep the particles separate, however when suspended
in a biological medium, which has high ionic strength, such
electrostatic force may be shielded resulting in aggregation. The
interaction of such nanoparticles with cells varies with the
patchiness, non-rigid compliant membrane and heterogeneity of
the cell surface. Surface charge of nanoparticles can also

This journal is © The Royal Society of Chemistry 2012
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determine aqueous complexation or ligand enhanced dissolution,
as observed for iron or zinc oxides.?"" %

Morphology

Shape, size, and aspect ratio are some of the characteristics which
bring heterogeneity to the nanoparticle surface through which it
interacts at the biological interface. Thus the interactions, such as
cellular uptake and protein binding are strongly dependent on
nanoparticle morphology. The apparent size (hydrodynamic
radius) of nanoparticles is affected by the media parameters, such
as pH, ionic strength. A few researchers have investigated a
threshold radius for cellular entry of particles in nanometers and
optimal particle size for cells to wrap a membrane around the
particles during endocytosis/cell  internalization.’**®  The
threshold radius varies with particle shape (cylindrical and
spherical) which is an indication to active contact points between
nanoparticle and biological species vary with the aspect ratio.”® A
few studies® *° have shown, varying mechanisms (caveolae-
mediated or clathrin-coated pits) for particle internalization
depending on the size. The cell can condition the surface of
nanoparticles, such as binding of proteins to the particle surface,
which  impacts the mechanism (endocytosis, particle
phagocytosis, etc) used for uptake of the nanoparticle. Particle
shape is often critical for nanomaterials aimed for drug delivery
design.

Surface functionalization

The functional groups on the surface of nanoparticles affect
particle interaction with the biological media and the interaction
with cells. The surface charge, dynamic size, and biocompatibility
of nanoparticles can be modified through this surface
functionalization, which will affect the nanoparticle’s behaviour
based on the ligand size, ligand density, functional groups on
surface, etc. Synthesis in different media — as discussed in a
following section will determine the initial surface
functionalization (which can be altered in various ways at later
stages by processes such as ligand exchange).

Functionalization will be impacted by particle morphology.
Particles with high aspect ratio undergo longer wrapping times
than spherical nanoparticles due to greater energy required for
their engulfment, and therefore take longer time to internalize.’'
Other than the aspect ratio/morphology of the particles, surface
charge and/or presence of functional molecules also influence
particle wrapping and therefore cellular internalization. Some
studies®” have suggested high aspect ratio cationic PEG hydrogel
particles undergo internalization rapidly. However it has also
been shown that transferrin particle wrapping is slower in
comparison to bare gold nanoparticles as compared to transferrin
functionalized gold particles. The slower wrapping of transferrin
coated gold nanoparticles may be attributed to increased particle
size leading slower diffusion kinetics.*! Surface functionalization
with PEG has also shown to increase circulation time and modity
the bio-distribution of nanoparticles, by affecting the plasma
protein absorption on PEG functionalized nanoparticles.

Synthesis dependent physicochemical properties of
cerium oxide nanoparticles

Cerium compounds are known as antiemetic, bactericidal,
bacteriostatic, antineoplastic agents and have been used as drug
components and even marketed viz. dymal, ceolat, ceriform,
introcid.**>*” Many technological applications of nanoceria, such
as in solid oxide fuel cells®®, sensors’, chemical mechanical
planarization®’, catalyst*', and UV-shielding®*, arise from the high

This journal is © The Royal Society of Chemistry 2012

oxygen mobility facilitated by the redox changes within the CeO,
lattice. Cerium exhibits dual valence state of +4 and +3 state and
CeO, are unique due to the ease of switching of the Ce valence
state from one to other in favourable environment.** This
characteristic property of nanoceria can have diverse applications
in biology as therapeutic agents, imaging, and drug delivery and
we have extensively researched the implications in different
biological systems.'* *** The most recent and widely studied
therapeutic application of nanoceria stems from the catalytic
reaction with reactive oxygen and nitrogen species, such as
superoxide radical, hydrogen peroxide, hydroxyl radical,
peroxynitrite, nitric oxide radicals, etc.””’> Nanoceria have shown
to possess superoxide dismutase mimetic and catalase mimetic
activity.”>”"

A perfect cerium oxide, CeO,, (ceria) lattice has cubic fluorite
structure (Figure 1a) and in presence of oxygen vacancies it can
exist in Ce,O; (sesquioxide) with a hexagonal lattice. In a ceria
lattice, the removal of an oxygen atom leads to localization of an
electron in the 4f orbital of Ce. The absence of oxygen on the
surface or within CeQO, lattice is accommodated by the switching
of Ce*" to Ce’* states.'® The creation of oxygen vacancies and
stabilization of the defect structure is more favourable in aqueous
solution as the energy of formation of a vacancy is greatly
compensated by the adsorption of water molecules on the CeO,
lattice. Molecular dynamics simulation can aid the experiments to
quantify the physical and chemical properties of nanoceria.”®
Oxygen modulations are critical to many biological processes at
the cell level. The ability to extract, store and release oxygen by
an external agent is therefore pivotal and nanoceria have this
property of oxygen storage capacity.

The three commonly observed surfaces on nanoceria are (111),
(110) and (100) as represented in Figure 1- b, ¢ and d
respectively. It has been shown through atomistic simulations that
it is easier to extract oxygen from (100) and (110) surfaces
compared to the (111) surface.””’® If a CeO, structure model
defines high reactivity by the ease to release oxygen, then the
(100) surface is found to be most reactive and (111) is the least
reactive surface plane. Thus the composition of exposed planes
on surface structure of ceria affects its chemical reactivity. As we
have discussed in the earlier section, physico-chemical properties
of nanomaterials control their behaviours at the biological
interfaces.

Even apparently subtle changes in synthesis routes can have a
dramatic influence on the properties of nanoparticles. Changes in
the initial salt used to produce a form of oxidized iron results in
significant changes in the rate and chemical reaction pathways for
iron metal-core oxide-shell particles ultimately formed after
several stages of processing.”’ Synthesis temperature and sample
processes also apparently alter particle behaviours of cerium
oxide nanoparticles.'> (Detailed discussion in the section
“Influence of environmental factors and aging”) The synthesis
route has also been found to be particularly important for cerium
oxide nanoparticles. The “same” nano-sized material can be
prepared using a wide range of methods and medium with
different synthesis parameters.'* The variety of synthesis routes is
very helpful as physico-chemical properties can be tuned with
size, shape etc. However, the differences in processing may also
produce unintended or anticipated variations in particle
behaviours'%.

Structural and chemical quantification of the nanomaterials

produced are central to reliable therapeutic applications. The
structure of ceria nanoparticles depends upon synthetic protocol
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and atomistic modelling can generate lattice models by simulating
the synthetic protocol. Figure 2 shows the simulated
crystallization of nanoceria (which can mimic experimentally
produced nanoceria by flame pyrolysis) in vacuum from an
amorphous structure to a polyhedral nanoparticle with different
lattice planes emerging on the surface. Simulation can predict the
relative surface area of surface lattice planes in a nanostructure
from which it is easy to extract oxygen.®® Sayle et al. has used
simulation to distinguish the surface reactivity of reduced and
unreduced nanoceria, in vacuum and water environment. Another
remarkable comparison was made for the superoxide radical
scavenging ability between nanoceria in an aqueous environment
with nanoceria which have been dried and rehydrated. The
nanoceria in an aqueous environment, which was never dried, had
higher activity than those tried and re-dispersed.*® Even though
simulations may not be able to represent the experimental
scenario completely, they were effective in showing the changes
in surface reactivity of nanoceria with environmental variation.

Physicochemical properties and redox activity

Figure 3a shows a crystallized polyhedral CeO, crystal from
atomistic simulation with (111) and (100) surfaces exposed
together with steps/edges. Figure 3b shows only the surface
oxygen atoms of the polyhedral nanceria simulated lattice, colour
coded to show the activity, the red oxygen atoms easy to extract,
blue oxygen atoms difficult to extract (red-white-blue gradient
scale). Figure 3 (c and d) show the activity of oxygen in vacuum
and aqueous environment respectively. In  biological
environments the fluid will influence the ease of extracting
oxygen. In water it becomes easier to extract oxygen atoms
because water molecules coordinate to surface cerium ions and
prevent relaxation (oxygen thus ‘held’ less tightly). The nanoceria
suspended in water are more reactive towards oxidative catalysis
because of the ease of extracting oxygen. The simulations suggest
that the reactivity of nanoceria surfaces and thus the activity at
biological interface is dependent on environment of nanoceria as
well as the history of environment which influences both surface
functionalization as well as composition. In the following section
we will briefly discuss the changes in nanoceria properties with
different preparations which have an end effect on its biological
application.

It has been shown that the quenching of reactive oxygen species
and reactive nitrogen species is a strong function of the redox
state of nanoceria which varies with synthesis method and
processing conditions.® A general observation in nanoceria
literature is that the Ce®* state increases with decreasing particle
size.?* 8 We have reported that for simple water based synthesis
of nanoceria without any surfactant or organic ligands, storage
time and environment affects the redox state of nanoceria.'' This
was an interesting observation for nanoceria because even
without self-assembly, aggregation or, particle dissolution the
valence state of nanoceria was non-linearly time-dependent and
partly reversible. The nanoceria were synthesized by treating
nitrate precursor with hydrogen peroxide. The change in the
chemical state of nanoceria with time was apparent with visual
inspection. One such visual comparison of these nanoceria
samples is shown in Figure 4a, where the dark yellow color of the
sample represent predominant Ce in +4 state and light yellow
color of the sample suggest Ce to be in +3 state. The change in
color of the sample occurring due to the reduction of nanoceria
was characterized in detail in earlier studies.'" '® Characterizing
the nanoparticle suspension using transmission spectra collected
from an ultraviolet-visible (UV-Vis) spectrophotometer,'' it was
found that Ce*" concentration reached its peak concentration in a
day after hydrogen peroxide treatment. The sample was dark
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yellow and with time the color changes to light yellow after a few
weeks. The color change of the sample was confirmed with UV-
Vis spectra as reported in earlier study,'' indicating decrease in
concentration of Ce*" with simultaneous increase in Ce®" with
time. The results were also supported by another study'® utilizing
X-ray photoelectron spectroscopy (XPS) to quantify the valence
state of samples over four week time period. Transmission
electron microscopy images were collected for the particles in
solution to determine the size of nanoparticles during the study
and it stayed unchanged.'' The finding was significant as it
suggests two sets of nanoceria particles prepared using the same
synthesis method but tested at different times after particle
synthesis could produce variable results for ‘identical” biological
experiments because of differences in the Ce™*/Ce* ratio.

Preliminary laser Raman measurements (Figure 4b) suggest that
the smallest of these particles can transform in rather complex
ways and that these transformations depend on particle size.
Raman measurements made on small (~ 3 nm grain size) wet
ceria particles, for which Ce*' is observed by UV-Vis'' and
XPS'®, were found to have a Raman signal characteristic of an
oxy-hydroxide. In contrast, when UV-Vis'' and XPS'® indicate
that Ce™ dominates, the Raman spectra is consistent with the
spectrum from ceria. Similar transformations are not observed
for larger particles. These data show that small ceria particles —
in this case having never been out of solution — change their
structure and chemical state in a way not possible for larger ceria
particles. In this case the Ce™ appears to have the fluorite
structure while the Ce*" state for small grained particles is a type
of superoxide. As this type of change is not seen for larger
particles, a difference in biological effect depending upon particle
size should not be a surprise.

Influence of environmental factors and aging

Differences in properties of nanoceria prepared using the same
synthesis was also observed with concentration variation. Over a
long period of time the low concentration (~5 mM nanoceria)
may result in random agglomeration with storage condition,
however a higher concentration (~30 mM nanoceia) undergoes
self-assembly to form faceted fractal superoctahedral structures.
Maintaining an acidic pH or refrigeration avoids agglomeration of
the 3-5 nm sized nanoceria for both concentrations. However at
sub-zero temperature, the low concentration nanoceria assembles
into nanorods with time.** Figure 4c shows the TEM image from
one such sample of water-based nanoceria preparation stored at
sub-zero temperature. The inset on the left side of figure 4c shows
the TEM image of water based nanoceria synthesis and the inset
on the right side of figure 4c shows a representative nanoceria
nanorod of micron size. The morphological change in nanoceria
from irregular nanoparticles to high aspect ratio nanorod is clearly
observed with a difference in storage temperature of the sample.
In the light of such a simple experiment involving no surfactant,
polymers, or ionic stabilizers, it is clear that nanoceria chemistry
is variable over time, concentration, processing and environment.

With our extensive experience synthesizing nanoceria for
biological and other catalytic applications, we have realized
nanoceria need great attention and detail to control the properties.
For the wet chemical synthesis of nanoceria discussed above, a
surprising observation was made that the same synthesis protocol
adapted in two different types of sample storage vials produced
different particle properties.'? Figure 4d indicates the difference
in hydrodynamic radius of same nanoceria sample preparation
stored in different type of vials. The nanoceria aged differently in
a sterile plastic polyethylene terephthalate than sterile glassware.
Even though the nucleating nanoparticles were synthesized using

This journal is © The Royal Society of Chemistry 2012
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the ‘same’ process for both cases, the sample in plastic vials
started to dissolve within 8 week, whereas the sample in glass
was stable for longer time.'? The pH of the nanoceria samples in
glass and plastic vials were monitored regularly and size changes
were consistent with the pH changes. Figure 4e shows the
changes in the redox state of Ce in a water-based nanoceria
preparation with respect to pH variation. The redox state of the
samples were determined by XPS characterization. The pH was
varied with nitric acid (HNO;) and ammonium hydroxide
(NH4OH). In another report on similar study, we have found that
the chemical state (particle size and valence state) of nanoceria
with same organic molecules (poly-ethylene glycol) varies with
chain length and concentration.”” The chemical states of
nanoceria were found to be different in acidic and basic
environments with glucose and dextran conjugation in the
aqueous suspension.

Other processing parameters such as impurities, temperature
treatment, surface coatings, and lattice doping will influence the
physic-chemical properties of nanoceria. High-temperature
methods frequently result in nanoceria with particle size greater
than 20 nm and this may affect the interaction kinetics at the
biological interface. High temperature processing is also known
to result in defect quenching and produce crystalline nanoceria
with facets or edges, and this brings a differential property on the
particle surface. The use of high temperature processes, such as
hydrothermal or solvothermal methods, makes nanoparticles
which are uniform in shape and size that show minimal changes
with time and environment.

Taken together these results suggest that nanoparticle synthesis is
both an art and a science. Therefore preparation of nanoceria for
use in biological experiments should be well researched, giving
particular attention to the history of chemical changes of the
sample with storage, processing conditions, presence of surfactant
or solvent molecules. Tests should be undertaken to assess the
similarity or differences in material characteristics to be used in
biological studies as close to the time of use as possible. It is
equally important to have some information about the rates and
types of change that particles may undergo during storage or
preparation. Although the different synthesis routes are not
discussed in detail in the following sections, consistent with the
importance of noting the impacts of different synthesis routes, in
each we call attention to the method used to synthesize the
particles.

Effect of media or buffer on nanoceria

We have seen in the previous section that the synthesis route and
processing of nanoceria influences their physico-chemical
characteristics which play primary roles during interactions with
biological systems. The second encounter of nanoceria at the
biological interface is through the media. Interaction of nanoceria
with biological molecules will usually modify the surface, so that
the catalytic activity of nanoceria may become ineffective. In
order to understand such interactions of nanoceria with buffers,
we have pursued studies from which a few results are highlighted
in the following paragraphs.

Stability of suspension and agglomeration

One important impact of dispersion and delivery media can be to
alter particle aggregation or agglomeration. Nanoparticles that are
initially suspended in solution may aggregate or dissolve in the
relevant biological media based on particle properties, surface
ligand and dispersion solution constituents. Sharma et al. describe
the role that protein serum can have in limiting particle

This journal is © The Royal Society of Chemistry 2012

aggregation.”® Figure 5 shows the time dependent colloidal
stability of unstabilized nanoceria after transfer into various
dispersion solutions in the form of nanopowders. The nanoceria
reported here were prepared by thermal hydrolysis precipitation
methods. The crystallite size of the particles was ~ 10 nm as
characterized by XRD and TEM measurements. For time
dependent agglomeration studies dry powder particles were
initially dispersed in DI water at a mass concentration of 50
mg/ml which was used as a stock solution for further dispersion
in other media. Figure 5(a) shows agglomeration kinetics and
stability studies of nanoceria during the first hour after dispersion
in cell culture media (CCM; RPMI 1640), DI water and
phosphate buffered saline (PBS) at 100 pg/ml. Even at the start
of the measurements the size of particles (made up of many
crystallites) in DI water were approximately 10 fold smaller than
those in CCM and PBS. Furthermore, these non-stabilized
particles showed a time dependent fast aggregation in PBS and
CCM in comparison with the more stable particle size in DI
water. The particle sizes at longer time points up to 12 h (Fig. 6 b)
showed no further hydrodynamic size increase in PBS and CCM.
These results demonstrate that non-functionalized nanoceria in
high ionic media such as PBS and RPMI aggregate to form larger
particles within a few hours. As the particles grow by
agglomeration to reach a size, larger particles drop out of solution
(as shown below).

We quantitatively evaluated the sedimentation stability of
nanoceria in all three dispersion solutions as function of time,
figure 5 (¢). The suspension stability index was calculated using
UV-Vis spectroscopy analysis to determine the % of nanoceria’s
absorbance intensity at A = 300 nm at different time points (t = 0
to 12 h). The particles were stable in DI water without any
significant decrease in absorbance intensity for the complete
duration of measurements. In PBS and CCM more than 90% of
particles dropped out of the solution within first 4 h. This
correlated well to the particle agglomeration kinetics
measurements where unstabilized particles formed large size
agglomerates within the first few hours of transfer to biological
media. Consistent with the work of Sharma et al (ref 86 above)
on iron nanoparticles, preliminary studies for the nanoceria (not
shown) indicated that when a large single protein (BSA) or more
complex set of proteins (fetal bovine serum, FBS) were added to
each of the above solutions, the agglomerate sizes in the CCM
and PBS solutions decreased and the solution stability increased
as the particles tended to remain in solution for the duration of the
measurements®®.

This study showed that in addition to the specific nature of the
particles, the type of dispersion media, and media constituents
including proteins can have a significant impact on particle
agglomeration/aggregation. Understanding the biological impact
and dose of particles will require knowledge of the aggregation or
agglomeration state of the particles in the media of interest. Such
effects are noted in several of the studies reported below.

Surface change

The role of media is important in modifying the surfaces to suit to
certain biological applications, such as cellular targeting. The
surface potentials of nanoceria influence the binding with specific
proteins required for targeted delivery and cellular uptake. For
any therapeutic application, during the transportation of nanoceria
or cellular interaction, the local environment could influence the
surface of NPs and affect protein binding. To explore such
possibility, we used holo-transferrin (Tf) as the cellular targeting
agent and studied its interaction with nanoceria in buffer of
different pHs with single molecule force spectroscopy (SMFS).¥’
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nanoceria with different surface charges were prepared by
treating the nanoceria in deionized water with acidic (pH=5) and
basic (pH=8 and 14) buffers. The nanoceria with pH buffers 5, 8
and 14 showed zeta potential (ZP) values of ~ +36, +6, and ~-35
respectively and were used for single molecule force
spectroscopy (SMFS) studies with Tf-conjugated atomic force
microscopy (AFM) tip. The nanoceria were coated on silicon
substrate for AFM based SMFS study.

The force-extension profile of a Tf-coated AFM tip with
nanoceria showed that adhesion between Tf and nanoceria
decreases as the ZP of nanoceria changes from positive to
negative values. Density functional computations were carried out
to understand the interaction of Tf with nanoceria, and it was
found that Tf forms strong hydrogen bonds with a protonated
nanoceria surface. To test the adhesion of Tf coating on a
protonated nanoceria surface (positive ZP), Tf coated nanoceria
were incubated with human lung adenocarcinoma epithelial cells
(A549) and human embryo lung fibroblast cells (WI-38). The ZP
of nanoceria was observed to reduce by 20% after Tf. The
presence of the coating was confirmed from Fourier Transform
Infrared Spectroscopy (FTIR) and XPS. The A549 and W38 cells
were incubated with varying concentrations (100 nM to 100 pM)
of Tf coated and bare nanoceria. A549 cells exhibited preferential
uptake of Tf coated nanoceria compared to bare nanoceria, which
suggest that the uptake mechanism in cancer cells is by receptor-
mediated endocytosis, which involves a two-step process. The
first step is the attachment of Tf coated nanoceria to the Tf
receptors on the cell membrane and in the second step, the
complex is taken inside the cell and transferred to the endosomal
compartment.

The uptake of bare nanoceria by cells was significantly lower
than that for those coated with Tf and was suggested to occur
through phagocytosis or pinocytosis process. W38 cells showed
enhanced uptake of bare nanoceria in comparison to Tf:nanoceria
and this was attributed to the steric hindrance of Tf by the
negatively charged domains on cell membrane. The detailed study
of nanoceria modified with Tf, showed that the interaction
mechanism of nanoceria with cells can be tuned by changing
nanoparticle surface charges in buffer for enhanced ligand
coverage. The key to achieve preferential delivery to targeted
cells is the interaction forces operating between the nanoceria and
ligand (Tf here) and ligand conjugated nanoceria with cells. Thus
for efficient targeting of nanoceria and physiological stability of
the nanoceria, buffer treatment was found very beneficial in this
study.

Surface modification can also shield the interaction between
nanoparticles and biological system originating from other
factors, such as morphology. Local particle shapes at the contact
point of cells govern the cell interaction with nanoparticles and
uptake process. Particles with local spherical shapes (measured by
parameter Q which is length-normalized curvature) that have a
high length of curvature facilitates cell internalization, whereas
lower length normalized curvature inhibits cell internalization.®®
8 However, similar size nanoceria with different shapes
(polygonal and spherical) synthesized using
hexamethylenetetramine (HMT) showed no significant difference
in cell viability. This indicates that the effect of surface
modification with HMT can overcome the effect of different
morphology in cell viability or cell interaction.

Catalytic/Redox activity

We have also studied the superoxide dismutase (SOD) and
catalase mimetic activity of nanoceria in biologically relevant
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media, buffers and ions.”® The SOD mimetic activity of nanoceria
represents the extent to which it can convert superoxide (O;) into
oxygen and hydrogen peroxide while changing its redox state
from Ce" to Ce™. The catalase mimetic activity of nanoceria is a
measure of extent to which it can decompose hydrogen peroxide
to water and oxygen, while changing its redox state from Ce™ to
Ce". At first we incubated nanoceria synthesized by the wet
chemical preparation in aqueous (pH=7), acidic (pH=3 and 5) and
basic (pH=9) media and followed the changes in absorption
spectra collected by UV-Vis. At higher pH (>9), the nanoceria
showed aggregation and weren’t investigated in that range.
However other samples showed good stability in the acidic to
basic range studied. No significant changes in redox state of Ce
and superoxide scavenging properties were observed. We
determined nanoceria stability in DMEM (with and without
serum) and it formed a stable suspension. The sample was
observed for 72 h of incubation and the SOD activity remained
unaltered, which suggests any protein absorption from serum onto
nanoceria does not affect its catalytic activity.

Another common biological medium used in cell culture or
animal models is phosphate buffer. We tested the nanoceria (100
uM) with phosphate buffer of different concentrations (50 puM-5
mM) and changes were observed in the UV-Vis spectra for
phosphate concentration higher than 50 upuM. The peak
corresponding to 250 nm (ascribed to Ce** in CeO,) was shifted
to 275 nm (ascribed to Ce** in CePO4) for phosphate
concentration higher than 50 puM. The SOD activity of the
nanoceria, when suspended in phosphate buffer was also not
observed, for 100 uM concentration of phosphate and higher,
suggesting the affinity of phosphate anions on the surface of
nanoceria cations. The most interesting observation was that, for
the equimolar concentrations of nanoceria and phosphate buffer,
the complete loss of SOD activity was accompanied with gain in
the catalase activity. In another set of experiment (100 uM of
nanoceria) the catalase activity increased in the phosphate buffer
treated nanoceria in a dose dependent manner of phosphate buffer
(10, 50, and 100 uM). Observing the effect of nanoceria surface
modifications by phosphate anions, we studied nanoceria with
other common anions such as carbonates and sulfates. However,
we did not observe a change in UV-Vis of carbonate and sulfate
treated nanoceria with bare nanoceria in aqueous medium. The
SOD activity of nanoceria in carbonate and sulfate anions was
similar to those observed for untreated nanoceria. No catalase
activity was observed for treated and untreated nanoceria. Thus
phosphate was the only buffer which modified the nanoceria
surface to seize the SOD activity and impart catalase activity. The
study suggests that based on the phosphate present around cells
and tissues, nanoceria can alter their SOD activity to catalase
activity. Thus nanoceria which can scavenge superoxide radicals
when brought to biological environment abundant with phosphate
can only scavenge peroxide radicals. We still have to study if
shielding the nanoceria with anion or ligand followed by
treatment with phosphate buffer can prevent the SOD activity of
nanoceria, which is a gap in the existing literature. However, it is
clear from our study of nanoceria in buffers that buffers play an
important role in modifying the surfaces of nanoceria.

For in vivo studies with nanoceria in biological system, it would be
interesting to observe the effect of blood on nanoceria. As of now we
do not have experimental results on nanoceria in blood or blood
mimicking fluid; however we need to understand the behaviour in
buffer before looking into complex system like body fluid or blood.
The current understanding on behaviour of nanoceria at different pH
and in the common buffers used for dispersion or processing during in
vitro studies can guide to move on to in vivo studies.

This journal is © The Royal Society of Chemistry 2012
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Fate of nanoparticles inside living systems/
Physicochemical properties and in-vitro cell
interaction

Understanding interactions at the nano-bio interface is one of key
challenges to improving the design of bio-materials for medical
uses, ranging from diagnostic to treatment. We have already
highlighted the role that physiochemical properties of
nanomaterials play in many particle behaviours and they are
important in determining the nature of the interactions between
nanomaterials and cells. The interaction of nanoparticles with a

cell governs cellular response such as the pathway to
internalization, the amount of internalization, intracellular
localization and interference with  cellular pathways.

Physiochemical properties including size, shape, surface charge,
surface modification or functional group present on the surface of
the nanoparticles influence biological interaction. In addition,
biological media contain different buffer ions, bio-molecules
including proteins, amino acids etc.’® Due to high surface energy,
nanoparticles trends to agglomerate or react with ions or absorb
proteins present in the medium. Therefore, to understand the
nanoparticle cell interactions, it is very important to investigate
nanoparticle chemistry and physical properties in biologically
relevant media.’’ Not only the cell interaction and bio-
availability, but bio-transformation or fates of the nanomaterials
are topics to explore to understand the long term safety of
nanomaterial. In this section we have summarized literature in
which researchers have investigated the influence of
physiochemical properties of nanoceria on cell interaction,
internalization, localization and also chemical fate of
nanoparticles after internalization.

In vitro study

Bovine serum albumin (BSA) has been used to examine the
effects of cell interaction due to protein adsorption on differently
synthesized nanoceria (microemulsion and hydrothermal) .°' .
Protein adsorption on the surface of the nanoparticles mainly
depends on electrostatic interaction, hydrophobic interaction and
specific chemical interactions between protein and the
nanoparticle surface. Variations in protein adsorption were
observed for nanoceria with different surface charge. Positively
surface charged nanoceria adsorbed proteins, whereas negatively
surface charged nanoceria did not significantly adsorb proteins
(figure 6a). More positively charged protein adsorbed a higher
amount of protein compared to lower positive charged proteins,
this reflects importance of pH and electrolyte concentration of
media for protein-nanoparticle interaction. On the other hand in
case of nanoparticle cell internalization (A549 cell line; human
alveolar basal epithelial cells), negative surface charged
nanoparticles showed higher cellular uptake as compared to
positive surface charged nanoceria for both microemulsion and
hydrothermal synthesized nanoparticles. Similar to protein
adsorption, cellular uptake also highly depends on the
electrostatic interaction of nanoceria with the cell membrane.
Other than surface charge of nanoceria, size was observed to play
a role in cellular uptake. Cells efficiently took up smaller
nanoceria (3-5nm) prepared using a microemulsion method as
compared to bigger nanoceria prepared using a hydrothermal
method (8-10 nm).”!

Different shape of the nanoparticles could also interact differently
with cells.>* 3-5nm nanoceria showed induction of tube formation
at 10uM concentration. However, bigger size (= 30 nm) and
different shape nanoceria including cube, star or nanorod, did not
show any induction of tube formation. Chemical property of

This journal is © The Royal Society of Chemistry 2012

nanoceria surface (Ce*"/Ce*") tends to change with increasing size
of the particles with larger particles often having more Ce*" on
the surface. Altered cellular responses were observed with
different size and shape of the nanoceria. Specially, when
considering nanorod, the aspect ratio of the nanorod played a
major role in cell interaction. Nanorods with an aspect ratio 1-16
did not induce any cellular response. However, nanorods with an
aspect ratio 22 and 31 induced pro-inflammatory (IL-1pB)
production and cytotoxicity. Higher aspect ratio nanorods > 22
damaged lysosomes and therefore induced inflammatory response
to the cells.”? Therefore, shape of the nanoparticles can be very
important to the cellular response.

In addition to size, shape and surface change, surfactants and
unwanted bio-molecules at the particle surface could influence
the cellular interaction and the uptake of the nanoceria.’' In this
study, different nanoceria were synthesized using wet-chemical
method by using different reducing or oxidizing agents, such as
hydrogen peroxide (nanocerial), ammonium hydroxide
(nanoceria2) or hexamethylenetetramine (HMT-nanoceria).
Surface charges of these nanoceria in doubly distilled H,O were
HMT-nanoceria (~34 mV) > nanoceria2 (~30 mV) > nanocerial
(18 mV), however in cell culture media they showed a very
similar distribution of charge (8-10 mV). Still, cellular uptake was
found to differ for nanocerial, nanoceria2 and HMT-nanoceria in
human umbilical vein endothelial cells line. HMT-nanoceria
found higher amount of cellular uptake, followed by nanoceria2
and minimum amount were observed in case of nanocerial
(analyzed using ICP-MS) (figure 6b). Though HMT-nanoceria
were found to have higher cell internalization, the size of HMT-
nanoceria were bigger that nanocerial and nanoceria2. In this
case different shapes of HMT-nanoceria did not show any
difference in cell interaction (confirmed by cell survival study).
Higher amounts of HMT adsorbed on the surface of nanoceria did
not have any further influence on cell interaction. Another study
showed surface functionalization with PEG increased nanoceria
colloidal stability without affecting its catalytic activity.
Moreover, induction of PEG spacer between antibodies to target
plaque in Alzheimer model increased protection of neurone cells
against B-amyloid challenge compared to the bare nanoparticle.”
From these results it can be concluded that presence of functional
group/bio-molecule on the surface can play the most important
role in cell-nanoparticles interaction or cellular uptake.

Following tissue or cell internalization, fate of nanoceria has been
explored in just a few studies.®*®’ It has been shown that
nanoceria, when internalized in the squamous carcinoma cells,
induced reactive oxygen species whereas they did not induce any
oxidative stress in normal dermal fibroblasts. The increase in
ROS generation is mainly due to the acidic environment of cancer
cells as in acidic media nanoceria convert superoxide radical very
effectively to hydrogen peroxide, but do not scavenge hydrogen
peroxide, therefore accumulate hydrogen peroxide in cells.”’
Similarly, a pH dependent induction of hydrogen peroxide
generation has been observed by another study. Poly(acrylic acid)
and aminated poly(acrylic acid) coated nanoceria, due to their
intracellular localization in the acidic endosome of the A549 cell
line, were observed to show oxidase like activity (figure 6c).”
Therefore, presence of nanoceria in subcellular compartment or
micro-environment also can determine nanoceria reactivity.

In vivo study

Biological systems can sometimes transform the nature (structure
and chemistry) of nanoceria. In a recent study’® soybean seeds
were germinated to full maturity in presence of nanoceria. Next,
X-ray fluorescence (pu-XRF) and micro-X-ray absorption near-
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edge structure were used to determine the form of nanoceria on
soybean tissues. Signal from Ce was mainly observed in the
epidermis and inside the nodule, and 88% of these signals were
from cerium oxide. Further analysis of the spectra revealed that
some of Ce was reduced to Ce’". This result indicates that the
nanoceria surface is susceptible to reduction in the biological
environment. In another study, biotransformation of nanoceria
was explored in the cucumber plant (figure 6d).”” Needle like
clusters were observed in the intracellular space of cucumber
plants root when plants were exposed to 2000 mg/l nanoceria for
21 days. The needle like structure is mainly identified as CePO,.
Moreover, X-ray absorption fine structure (XANES) spectra
analysis revealed that Ce was found in the root as CeO, and
CePO,4 while in the shoots as CeO, and cerium carboxylates.
However, it is not very hard to conclude if nanoceria are absorbed
in the intracellular space and then transformed either in phosphate
or carboxylates. It has been hypothesized that nanoceria first
adsorbed on the root and then partially dissolved on root surface
by organic acids and reducing substances excreted by the roots.
Then Ce*" ion leached from the nanoceria reacts with phosphate
or carboxylates, either at root surface or in the intracellular space/
during translocation to the shoots.

Current state and challenges of nanoceria at the nano-
bio interface

The complexity of nanoparticle interaction with biological entities
presents challenges for the development and engineering of
nanoparticles before they can be put to application within the
biological system. It is equally important to understand the fate,
transport and transformation of nanoceria in the biological system
of interest, some of these concerns is summarized in Table 1.
Nanoceria have been shown to mimic the natural anti-oxidant in
the body. This antioxidant type activity, such as: SOD and
catalase, of nanoceria has been observed by several researchers
both in-vitro and in-vivo. It is clear that nanoceria have the
potential to be used as therapeutic agents against
diseases/disorders associated with oxidative stress. In addition to
the beneficial properties of nanoceria, some research shows the
toxicity. It is our experience that the properties of nanoceria can
be controlled or varied over a wide range and thereby tuned for a
given application. Particularly at the bio-interface, seemingly
negligible changes in the synthesis route or observed
characteristics of a nanomaterial can result in widely different
observations. Researchers working in this fascinating field need
to realize the possibility that minor changes in nanomaterials may
result in huge differences in biological impact.

Challenges: The therapeutic beneficial effects of nanoceria are
unique and open windows for further exploration. We have seen
in the earlier discussion that nanoceria with different synthesis
method are widely different and that the toxicity of one nanoceria
preparation cannot be generalized to other nanoceria. The mixed
beneficial and toxicity reports on nanoceria indicate that
researchers need to be extremely careful in designing the
nanoparticles and the biological study using those nanoparticles.

The interaction of nanoparticles at various biointerfaces is
dynamic and the nanoceria surfaces themselves are found to be
dynamic. We have noticed that the same sample batch shows
variation in the physico-chemical property with storage condition,
container and aging. The variations in sample from batch to batch
in well-developed and adapted methods have begun to unfold.”®
Thus the necessity for detailed history and characterization of
sample is important to avoid uncertainty in the synthesis methods.
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How one can standardize the current manufacturing practice for
nanoparticle preparation methods is another major challenge.

For advancement of understanding of nanoceria it is important to
study all forms which show promising results in biology.
However to expedite the understanding in biological applications
or impact on social life, those forms of nanoceria should be given
attention, which have shown beneficial property or those
nanoceria samples which are exposed to the environment through
feasible route. Studying a batch of ceria in the laboratory which
shows toxicity effects, may not be relevant to nanoceria found in
environment.

What is needed to fill in the current gaps?

The current literature on nanoceria interaction with biological
media is very motivating for further research in tailoring its
properties towards biological applications. However, significant
work is required to design nanoceria based drugs for therapeutic
applications. In our view, the priority should be given to the
following:

1. Simulation and modelling - As discussed in this article,
computer simulation is a valuable complementary tool that
can help rationalise the behaviour of nanoparticles immersed
in a particular environment. A future requirement for
simulation is to couple atomistic with quantum chemical
methods. In particular the microstructure of a nanoparticle
(morphology and surfaces, dislocations, grain-boundaries,
point defects, surface relaxation and strain) can dominate its
reactivity. However, the number of atoms required to capture
such microstructure is at present prohibitively large to be
considered quantum chemically. Conversely, the chemical
reactivity (bond breaking and bond formation) is best
captured using quantum chemical methods. Coupling the two
approaches will enable one to predict more accurately how
the hierarchical structure of a nanomaterial, including its
environment, can impact upon its reactivity.

2. In situ real-time measurements — The study of nanoceria in
biological systems should be aimed for simultaneous
characterization of nanoceria while the Dbiological
experiments are being carried out. Such in situ real-time
measurements require high resolution and high sensitivity.
Although a challenge, such measurements are increasingly
possible. For example, a study of the adsorption of acetic
acid nanoceria particles has been reported.”” Studies using
scanning transmission x-ray microscopy (STXM) to probe
the real time changes in chemical state of nanoceria in cells
are currently being attempted. For nanoparticles research,
sum-frequency-generation (SFG) spectroscopy can be used
to probe biomolecules at nanoceria interfaces with
molecular-level resolution in situ.

3. Particle Classification - Some immature and preliminary
efforts are underway to classify or index nanoparticle
therapeutics and subsequent toxicity. As of now, in the
absence of a toxicity model for different types of
nanoparticles or even toxicity rating for different
nanoparticles within the same material system, the unique
antioxidant like activity of certain nanoceria preparations
cannot be neglected. This will involve keeping and reporting
more detailed records of particle synthesis and processing
history.

4. Focus or compare to particles with desired or known
behaviours - Toxicity studies are important to advance the
therapeutic nanoparticles as it suggests what precautions
should be taken. To meet the challenge of developing
therapeutic nanoparticles, the studies on any nanoparticles

This journal is © The Royal Society of Chemistry 2012
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which have shown good results should be studied at great
detail and with great responsibility. The biological studies of
a particular nanoceria preparation with beneficial effects
cannot be generalized to any other nanoceria preparation in
the light of discussion in this article. The exact mechanism of
nanoceria behaviour within biological systems should be
evaluated. It is also advised that the effect of any
nanoparticles should be studied in conjunction with other
control nanoparticles to distinguish the origin of nano-bio
interactions. To determine the redox based anti-oxidant
behaviour of nanoceria in biological system, a control
nanoparticle can be any metal oxide, such as silicon oxide,
zinc oxide, etc, of similar size, morphology, surface coating.
A study was performed to compare the in-vitro cytotoxicity
of several nanoparticles on scale of nontoxic amorphous
silica to toxic crocidolite asbestos.'” A oxidative stress
study'®" conducted on three different oxide nanoparticles
(ZnO, TiO,, Ce0O,) demonstrates a range of biological
responses which vary from cytotoxic to cytoprotective
elucidated varying interaction of nanoparticles within
biological system.

5. Enhanced collaboration and data sharing - Apart from
sharing through journal articles, more interactive and
collaborative work is needed among the researchers working
on the same nanoparticles with emphasis on those
collaborations who have observed differing results from the
same nanoparticle. For example there are several studies
which suggest adverse response due to nanoceria'®!'% in
biological system. At the same time a large number of
studies report beneficial effects'®'% of nanoceria in the
biological system. Also, studies which have found ceria
nanoparticles as benign have indicated that at lengths > 200
nm and aspect ratios > 22, CeO, nanorods induced
progressive pro-inflammatory effects and cytotoxicity.”?
However, in the light of discussion of this article, it is
apparent that nanoceria can reveal different biological
response depending on its physico-chemical characteristics.
Thus to dig deeper into exploring the engineered nanoceria
for beneficial therapeutic property and to rule out nanoceria
preparations which are deleterious in biological system,
researchers with different observation on nanoceria should
work together in collaboration. One such attempt was done
through the SNO Special workshop on Nanoceria held at
Santa Barbara in 2013.

6. Determine rates of change - We have studied the effect of
aging of nanoceria in aqueous medium and found significant
changes over time. The long term aging of nanoceria still
needs to be studied for other reported biologically relevant
nanoceria in literature.

7. Know source chemicals - One of the challenges is to obtain
and use consistent precursor material from existing chemical
suppliers for the synthesis of nanoceria. The responsibility of
using consistent precursor materials lies with the vendor as
well as the researcher. For e.g. if the precursor salt is
hygroscopic, particular attention has to be given in using a
batch over time and its storage and use condition.

8. Fate, transformation and transport - There is a need to
understand both the uptake and removal and ultimate fate of
nanoparticles as they move within a biological system
(particle balance).
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Table 1: Overall impact of synthesis procedure, physicochemical properties, environmental impact, and biotransformation of cerium oxide

nanoparticles.
Area Observation/Known Future scope of study/Comments
(i)Amount and type of oxidizer or reducer, pH of the (1) Influence of type and purity of the precursors
reaction mixture, temperature can influence nanoceria on physical and surface chemistry still needs to be
physicochemical properties and therefore have a huge explored in detail. It is well known that surface
impact on catalytic properties, interaction with environment | chemistry can be altered by surface contamination
Synthesis a.1.1d living system. . or by doping pf other rare earth materials which
and process (ii)Synthesis procedure and use of surfactant/stabilizer also will impact biological response
route can alter cell nanoceria interaction by changing surface
charge, stability of nanoparticles suspension, directly
interact to surface ligand/receptor present on cell membrane
or guiding nanoparticles to different cellular compartments
(i)Morphology, specifically cell nanoparticle (i) The specific and different interactions of
interaction/biological responses in terms of toxicity or different morphology nanoceria with cells need to
catalytic response (pro-angiogenesis induction) have been be understood. How does the morphology impact
Impact of explored with nanoceria with different aspect ratio of the cell?
morphology | nanorod, faceted nanoparticles, polygonal structure, star and | (ii) Can different crystal planes of nanoparticles
irregular to spherical nanoparticles at cell-nanoparticles contact point influence
interaction or biological response
(1)With careful selection of precursor, size and controlling (1) The nature and role of binding at specific sites
synthesis procedure, it is possible to tailor the surface (e.g. Ce*") is not adequately understood and both
oxidation state of nanoceria, however agglomeration, experimental and computational approaches are
storage environment, container, pH also influence surface needed to understand the roles of particle features
Variable oxidation state and chemical binding for nanoceria catalytic
Chemical (ii)Surface oxidation state of nanoceria controls its bio- activity
State catalytic properties towards scavenging reactive oxygen
species and nitrogen species, and interaction with molecular
oxygen
(i) Localization, clearance, and pharmacokinetics of (i)Long term safety and bio-transformation in
nanoceria were explored and correlated with animal models need additional systematic study
. physicochemical properties of nanoceria after exposure to to enrich understanding of nanoceria biological
Fate in biological system such as cells, plants, animals application
biological (ii)Biotransformation of nanoceria is also known in plant
systems system after encountering very high pH and ion rich
environment
12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Figure 1: (a) Fluorite structure of cerium oxide (Ce05), (b) (111) plane of CeO,, (c) (110) plane CeO, and (d) (100) plane of CeO,.
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Figure 2: Atomistic simulation of ceria polyhedral nanoparticles from amorphous state. The yellow section within the structure shows the movement of crystallized lattice
front.
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Figure 3: Images from the simulated polyhedral nanoceria (a) showing the (111) and (100) planes, (b) oxygen atoms color coded to show the ease of release from surface
(c) oxygen atoms activity in air (d) oxygen atoms activity in water. (Reproduced from Nanoscale, 2013, 5, 6063-6073 with permission from The Royal Society of Chemistry)
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Figure 4: Variation in properties of nanosized cerium oxide; (a) The changes in sample color, representative of chemical changes, is evident in two batches of nanoceria
prepared by the same synthesis method at different times. (b) Differences in ceria synthesis with time characterized by Raman measurements (c) TEM image of a
nanoceria preparation stored at sub-zero temperature. The inset on the left shows the TEM image of the nanoparticle before freezing, the inset on right represent the
average length of the nanorod upon freezing for four weeks. (d) The difference in hydrodynamic radius of nanoceria prepared by the same method in aqueous medium
stored in two different vials (Reproduced with permission from John Wiley and Sons for content in Surface & Interface Analysis). (e) The variation in the redox state of
water-based nanoceria preparated with variation in pH.
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Figure 5: a) and b) The time dependence of hydrodynamic size of nanoceria aggregates suspended in DI water, PBS buffer and RPMI cell culture media (CCM) as

determined by dynamic light scattering. Although the size

of the particles is stable in DI water, the aggregates increase in size for the first few hours in PBS and the CCM. At

longer times the particle size in PBS and CCM appear to be stable, but particles are dropping out of solution, measured by UV-VIS and as shown 6 (c). The fast agglomerate

size increase observed in PBS and RPMI within 60 minutes
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is an indication of destabilization of the dispersions in high ionic media.
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permission from Biomaterials) (b) Increased uptake of HMT-nanocerial in HUVEC cells as measured by ICP-MS (Reprinted with permission from ACS Nano, 2013, 7, 4855-
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