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Abstract of “Biological and Environmental Transformation and Applications of
Two-Dimensional Nanomaterials and Hybrids” by Zhongying Wang, Ph. D., Brown

University, May 2016

The widespread use of nanomaterials in established and emerging technologies will
inevitably lead to human and environmental exposures that must be characterized and
managed to ensure the safe development. This dissertation uses CuO nanoparticles as an
example, and investigates the possible chemical transformation pathways, including
particle dissolution, ion complexation, particle sulfidation, and the impacts of these
transformation on nanoparticle’s stability, reactive oxygen species generation and
cytotoxicity. This systematic study can help predict the fate and evaluate the potential
adverse impacts of CuO nanoparticles released into biological and environmental systems.

Nanoparticles are encapsulated inside crumpled graphene nanosacks, inspired by
the atomically thin, conformable, and impermeable nature of graphene, which is expected
to inhibit ion release and thus reduce toxicity. However, the crumpled nanosacks turn out
to be open structure allowing rapid molecule exchange. In some cases, encapsulation is
shown to enhance oxidation and dissolution rate of loaded nanoparticles. Though graphene
nanosacks fail to detoxify nanoparticles, other fundamental behaviors are appealing
including particle—particle electron transfer mediated by conductive graphene and anti-
sintering property by inner walls. Another example utilizing the dimensionality of
graphene-based architecture is textured graphene surface, which is fabricated by graphene
oxide wet deposition onto pre-stretched elastomers followed by drying and relaxation.
Multilayer graphene oxide films form periodic, delaminated buckle textures whose

wavelengths and amplitudes can be systematically tuned by variation in the wet deposition



process. Human and murine fibroblasts attach to these textured films and develop
pronounced alignment and elongation relative to those on planar controls.

The last part investigates the biological and environmental transformation of novel
2D nanomaterials beyond graphene. Very little is known about the potential implications
of these emerging 2D nanomaterials. Because of the great chemical diversity in 2D
materials, traditional toxicity testing methods will not be suitable for risk management or
safe design across the entire material family. Here we evaluate simple theoretical models
to screen and predict transformation and biological reactivity of 2D nanomaterials based

on their fundamental chemical properties.
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Chapter 1 Introduction on the transformation and application

of nanomaterials



1.1 Transformation of Nanomaterials in Biological and Environmental Media

1.1.1 Development of Nanomaterials

Nanomaterials are defined as those with at least one dimension less than 100
nanometer. Some nanomaterials are naturally-occurring such as ultrafine particles
generated in volcanic activities and wild fires, but only after the innovations in analytical
and imaging techniques nanomaterials start to be perceived, measured and manipulated.
Nanomaterials possess advanced properties and have been used in a wide range of fields
including devices, sensors, environment, catalysis, energy and biomedical.[1-3] According
to US Environmental Protection Agency, manufactured nanomaterials have been
incorporated into more than 1800 commercial products covering various aspects of daily
life.[4] The excellent properties of nanomaterials are generally attributed to the confined
nanoscale size, which can give rise to the following size dependent effects: surface area
effect, unsatisfied coordination effect and quantum confinement effect.

Surface area effect: Considering a cube with n atoms along an edge, the total
number of atoms is n® and the number of surface atoms is 6n? if the corner and edge multi-
counting is ignored when n is sufficiently large. Therefore, the faction of atoms at the
surface is following the 1/n scaling which implies the surface atom fraction or surface area
of nanomaterials grows as the diameter decreases. Such size-dependent manner of surface
atom fraction is illustrated in Figure 1-1. The high surface to volume ratio has tremendous
impacts on the performance of nanomaterials such as heterogeneous catalysis,[5] where
more active sites are exposed in catalytic reactions, as well as environmental remediation

which requires high surface area for adsorption and removal of pollutions.[6]
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Figure 1-1. Evolution of the fraction of surface atoms as a function of n up to 100.The number of
surface atoms is inversely related to particle size. Since the number of surface atoms may determine
the material reactivity, the size is critical to define the chemical and biological properties of

nanomaterials. Image reproduced from [7].

Coordination number: Generally the atoms in the interior of nanoparticles form
more bonds with neighboring atoms and are more coordinated than those at the
nanoparticle surface. For the model cubic nanoparticle discussed above, corner atoms are
more active, followed by edge atoms and in-plane atoms since corner atoms are the most
unsaturated ones. Thus decrease of nanoparticle size can give rise to reduced coordination

number and increased energy level of surface atoms. Low-coordinated Au atoms have been



reported to scale with catalytic activity, which suggests that the active sites are the corner
and edge Au atoms.[8]

Quantum confinement effects: In metal and semiconductor the electronic wave
functions of conduction electrons are delocalized over the entire particle. But it becomes
size-dependent when size is at nanometer scale. The band gap of semiconductor particles
and therefore their absorption wavelength become size dependent.[7] The size-dependence
of band gap in semiconductors is best seen in the luminescence properties of quantum dots
(QDs). QDs’ band gap increases with their size decreases, giving rise to blue shift in

emission wavelengths(Figure 1-2).[9]

ZnCdS-ZnS CdSe-ZnS CdZnSe
ZnSe-CdSe~-ZnS

A

s >
- w

A

Decreasing QD size for each QD composition

Figure 1-2. Solutions of QDs showing the tunability of fluorescence on varying size and
compositions.Image reproduced from [9]



1.1.2 Potential Environmental and Health Impacts of Nanomaterials

The ability to design nanomaterials for specific purposes has been given rise to a
range of manufactured nanomaterials that are added into industrial and consumer products.
Currently the available commercial applications of nanomaterials include TiO2 and ZnO
nanoparticles for sunscreens;[10] silver nanoparticles as antimicrobial agents in food
storage contains and textile fabrics;[11, 12] carbon nanotube in structural composites,
coatings, polymer and microelectronics;[13] and graphene in commercial LED lightbulb;
iron oxide (FesO4 or Fe203) NPs as a contrast agent for magnetic resonance imaging;[14]
cerium oxide (CeO2) NPs as a fuel-borne catalyst in diesel engines.[15]

With the widespread use of manufactured nanomaterials, these nanoparticles will
inevitably enter into biological and environmental systems during the preparation,
transportation, use and disposal of these nanoparticle-containing consumer products.
Together with the numerous beneficial applications, on the other hand, engineered
nanoparticles can also bring the potential negative environmental and health impacts.[16,
17] Even worse, because of their ultra-small size these nanoparticles may easily penetrate
skins or cells, rapidly circulate in human body and even directly interact with biological
targets within cells. More and more research has focused on the possible toxicity of these
engineered nanomaterials, as well as the pathways how the materials come into contact
with a living cell.[18-22]

The most widely used and explicitly studied nanomaterial is silver nanoparticle,
which has been used as additives in textile fabrics, cosmetics, wound dressing and health
supplements to utilize their antimicrobial property.[23-25] Silver has long been used as

antimicrobial agent, but only recently people start to use nanosized silver to achieve better



antimicrobial properties and realize that the released silver ion from silver NPs is active
species responsible for the observed antimicrobial effects.[26] Furthermore, this very
released ionic species again turns out to be the origin of the toxicity of silver
nanoparticle.[27, 28] Thus it’s critical to study transformation behaviors of silver
nanoparticle when evaluating the antibacterial or cytotoxicity in biological and
environmental since these transformation reactions can significantly alter the release
behavior of ionic silver species.

The transformation of silver nanoparticle has been explored extensively in the
recent years, and silver NPs have been reported to undergo profound transformations in
biological and environmental relevant media.[11, 26, 29, 30] For example, silver NPs can
undergo oxidative dissolution to release the active ionic silver, where oxidants (e.g. oxygen)
are needed. The role of oxidants has been demonstrated by the lack of toxicity of Ag NPs
when tested under strictly anaerobic conditions.[26] The size of silver NPs is also critical
to the rate of Ag oxidative dissolution because the higher surface area of smaller
nanoparticles can provide more active sites for oxidation and dissolution, which explains
the stronger antibacterial property of nanosized silver compared to the bulk counterpart.[31,
32] In the environment of low pH such as stomach fluid, the oxidative dissolution can be
significantly enhanced since the oxidative dissolution needs proton according to the
following reaction equation

4Ag + 0, + 4H* < 4Ag™ + 2H,0.

Natural organic matters (humic acid and fulvic acids) in nature waters are reported

to inhibit silver nanoparticle dissolution, which is attributed to oxidation site block by

surface absorption of these organic components.[31] In the wastewater treatment plants,



silver NPs can undergo sulfidation reactions, which can significantly lower the dissolved
ionic silver release and therefore reduce the cytotoxicity of silver NPs.[33] In biological
culture media, the high concentration of chloride ion can reduce the availability of ionic
silver by precipitation with silver ions. Thiol-containing biomolecules such as reduced
glutathione (GSH) and cysteine in biological systems can complex with silver ion to form
soluble complex with various stoichiometry depending on the ratio of Ag"™ and thiol
groups.[34]

Guided by the transformation behaviors in biological and environmental relevant
media, various approaches have been developed to actively control silver ion release in
order to tune the antimicrobial property or the cytotoxicity depending on the real
circumstances (Figure 1-3). For instance, surface modification techniques like ozone
treatment can greatly enhance silver ion release, which can be further tuned by adjusting
ozone exposure conditions.[32] Sulfidation of silver NPs has gained wide attention since
sulfidation can decrease silver nanoparticle toxicity to diverse types of tested
organisms.[35, 36] Silver NPs can readily react with sulfide species (S*, HS) to form
Ag/AQ2S core-shell structure, and this coherent sulfide layer with lower solubility can
effectively protect the Ag core from oxidation dissolution even at low sulfidation extent,

and thus decreases the toxicity of Ag NPs.[35, 37]
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Figure 1-3. Summary of approaches to actively control silver ion release from silver

nanoparticle surface. Image reproduced from [32].

Other than silver NPs, the transformation of ZnO, CeOz and TiO2 NPs has been
reported including dissolution, surface reduction, sulfidation, complexation, precipitation
and aggregation, which has decisive effects on nanoparticle stability and reactivity,
nanoparticle-cellular interactions and the potential adverse health impacts.[38-45]

Copper-based nanomaterials is one of target nanomaterials of US EPA since copper
in nanoscale has been added in anti-fouling paints and coatings and in pressure treated
lumber as preservatives, the market of which in North America is valued at $4.9 billion.[46]

Some preliminary experimental results have indicated copper based NPs are the most



potent in terms of cytotoxicity, inducing oxidative stress induction and DNA damage.[22,
47, 48] However, the origin of these health impacts (nanoparticle surface vs released ions)
are still under debate.[47, 49] Considering the wide use and high toxicity, it becomes very
important to understand transformation behaviors of copper-based nanomaterials in
relevant media when trying to elucidate the mechanism of copper toxicity, particularly
address the question if the observed high toxicity of CuO NPs is associated with the

“nanoscale” dimension. (Chapter 2)

1.2 The Rise of Two Dimensional Nanomaterials-Graphene

Graphene is typically defined as a monolayer of sp? carbon atoms packed into a
honeycomb structure. Since the discovery of graphene, graphene has attracted increasing
attention in the last decade.[50] The exotic properties of graphene nanomaterials have been
explored and utilized such as high surface area, excellent thermal and electronic
conductivity, mechanical strength and optical transparence rendering graphene promising
for a wide range of applications.[51-53] Pristine graphene can be prepared by mechanical
exfoliation (Scotch-tape) from natural graphite,[50] chemical vapor deposition (CVD) or

epitaxial growth [54].

1.2.1 Graphene-Based Nanomaterial Family

Though the above mentioned methods can produce pristine graphene, mechanical
exfoliation is laborious and finding an individual graphene sheet with good quality often
needs fortune as well; CVD and epitaxial growth techniques are less productive and require

specialized, expensive fabrication instruments. At the moment, the most efficient and



scalable method to prepare graphene-based nanomaterials is through the reduction of the
oxide derivatives of graphene, which is synthesized from low-cost natural graphite.
Although the resulting graphene-like sheets are rich of defect and re-aggregation, this
highly processable method can yield bulk amounts of product that can be fabricated into
various materials.[55-57]

Through Hummer’s method, graphene oxide is produced by chemical oxidation of
natural graphite and subsequent exfoliation in ultrasonication conditions.[58] Graphene
oxide is the oxide derivative of graphene with oxygen-containing groups on the edge and
basal plane. Graphene oxide is non-stoichiometry and the oxygen-containing groups can
be epoxide, hydroxyl randomly distributed on basal plane and carboxylate groups primarily
on the edge. The oxygen-containing groups isolate the conductive parts, introduce high
density of defects, and consequently lower the electronic and mechanical properties.
Because of these hydrophilic groups, however, good dispersibility in water leads to great
versatility with traditional wet chemistry approaches using GO building block for advanced
graphene-based architectures.[57, 59, 60]

The oxygen-containing groups of graphene oxide can be removed by chemical,
thermal or UV irradiation methods.[61, 62] The resulting product is called reduced
graphene oxide. Because of the defects (carbon vacancies, residual oxygen groups),
reduced graphene oxide only partially restores graphene sp2 structure, its electronic and
mechanical properties as well. The structure and main properties of graphene-based
nanomaterials are compared and summarized in Figure 1-4. Although reduced graphene
oxide may be limited in the areas such as electronics by its poor conductivity and strength,

low cost, the ease of incorporating other functional nanomaterials and flexible fabrication
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into advanced architectures make graphene oxide/reduced graphene oxide as promising
building blocks for preparing various composites to achieve or improve the performance

as catalysis supports, bio-mimic substrate.[61, 63] (vida infra)

Properties Graphene Graphene Oxide Reduced Graphene
Oxide
Synthesis -Chemical vapor -Oxidation and exfoliation -Reduction of
deposition of graphite graphene oxide
-Thermal decomposition
of SiC
-Graphite exfoliation
C:O ratio No oxygen 2-4 8-246
Young's modulus 1 0.2 0.25
{TPa)
Electron mobility 10 000-50 000 insulator 0.05-200
(cmZ V1 g)
Production cost High Low Low

Figure 1-4. Comparisons of structure and main properties of graphene-based nanomaterials. Image

reproduced from [51].

1.2.2 Novel graphene-based architectures and their environmental and biological
applications

Graphene can be a fundamental building block for the rest members in the carbon
nanomaterials family (Figure 1-5). For instance, graphene nanosheets can be wrapped up
into zero-dimensional fullerenes, rolled into one dimensional carbon nanotubes or re-

stacked into three dimensional graphite. Beyond these basic structures, graphene or
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graphene oxide nanosheets have been engineered into various advanced architectures with
all dimensionalities to achieve applications combining graphene intrinsic properties with

other functional nanomaterials or alone.

,,,,,,,,,,,,,,,

&5

-

Figure 1-5. Graphene as two dimensional building blocks in carbon nanomaterials family.Image

reproduced from [50].

To fully explore the novel physical and chemical properties of graphene-based
nanosheets, it’s of practical significance to integrate individual nanosheets into
macroscopic structure by assembly of basic building blocks. For instance, 1D macroscopic
fibers were prepared by wet-spinning graphene oxide suspension in the solution of CTAB,
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whose positive charge can induce the assembly of the macroscopic GO fiber. [64] These
graphene fibers are cost-efficient, easy to scale up, and show high performances like high
mechanical strength and high electronic conductivity, which can be further improved by
incorporation of conductive Ag nanowires or carbon nanotubes.[65, 66] Compared to 1D
fiber that requires assembly force, it’s more feasible to control the tiling of graphene-based
nanosheets into 2D films and papers, which can be functionalized by incorporation of
functional guest materials such as polymers, metal and semiconductor nanoparticles.[63,
67]

Three dimensional graphene-based nanomaterials has been designed to prevent 2D
nanosheets re-aggregation and increase their surface area, such as graphene foam structure,
which is fabricated using template-directed chemical vapor deposition for flexible and
conductive platform.[68, 69] Furthermore, crumpled graphene nanosacks has attracted
attention because of their high free volume, high surface area and high compressive
strength.[70, 71] Crumpled graphene nanosacks can be prepared from aqueous GO
nanosheets in the fast drying aerosol process, where capillary force associated with water
loss can induce the transformation from 2D sheets to 3D structure. The accessible surface
area is maintained even tightly packed. More importantly, the performance of crumpled
graphene nanosacks can be further enhanced through loading with various functional
nanoparticles, which can tremendously expand its use to a wide range of applications, such
as composite electrodes, sorbents and supercapacitors.[71-74] In these applications, the
crumpled graphene nanosack usually serves as a conductive support whose folded structure
prevents graphene sheets from restacking and surface area loss. The fundamental behaviors

of chemical reactions occurring in and on this novel 3D architecture, however, needs
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further investigation including the interactions between graphene shells and loaded
nanomaterial and the interactions between cargo nanoparticles mediated by graphene shells.
The properties and applications of crumpled graphene with novel confined environment

are explored in Chapter 3.

Tube furnance

Substrate
& ® ° ¥ . .
Exhaust
GO and CG-nanocrystal
precursor ions hybrids

~

Carrier
gas

Figure 1-6. Schematic drawings illustrating the aerosol preparation of cargo-loaded crumpled
graphene hybrid nanomaterials.Image reproduced from [71].

Topographical patterns (sometimes called 2.5 dimensional materials) can be
created by etching or molding the surface of a single-component material, or through
creation of heterostructures consisting of a substrate and a surface film with engineered
texture. An emerging method for surface texturing is the creation of wrinkle patterns by
controlled shrinkage of a stiffer coating on a softer, compliant substrate.[75-77] Wrinkled
graphene-based surfaces have been created recently by growth or deposition of atomically
thin graphene, which enables the creation of the ultrathin flexible films suitable for
controlled wrinkling. Topographically patterned graphene has found numerous
applications in optical and electronic devices, energy storage, and functional coatings.[61,
78-86]
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Another potential application area for wrinkled graphene surfaces can be as
functional substrates for cell and biological tissue, which has not been previously
unexplored. Planar graphene and graphene oxide have already been explored as substrates
for biological cells and tissues, and display enhanced viability.[52, 87, 88] A limitation of
conventional flat, uniform 2D cell culture substrates, however, is that they lack the
complexity of structural architectures found in the extracellular matrix in living tissue. On
planar 2D surfaces, cells adopt strongly flattened morphologies, and the resulting cellular
behavior can deviate from the natural behavior observed in a physiological 3D context.[89]

Chapter 4 will describe the fabrication process of wrinkled graphene surfaces using
GO solution phase deposition on pre-stretched elastomeric substrates followed by
relaxation and thermal stabilization. The topography of these stabilized graphene oxide (s-
GO) surfaces is characterized and shown to be periodic which can be systematically tuned
by simple variation of the GO concentration in the deposition suspension. The effect of
these wrinkled graphene-based architectures on human and murine fibroblast cells is
explored, and the difference of cell orientation, alignment, and morphology relative to cells

on planar s-GO is also compared.

1.3 Biological and environmental interactions of the emerging 2D
nanomaterials

Since the discovery of graphene, two dimensional layered nanomaterials have
regained attention because of the unique properties found in the exfoliated forms, not
necessarily seen in their bulk counterparts. Though strong in-plane chemical bonds, the

weak out of plane bonds (van der Waals) makes it possible production of thin nanosheets
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through mechanical exfoliation, which has been first demonstrated by the preparation of
monolayer graphene with transparent adhesive tapes. The products are generally referred

to as nanosheets with the thickness in “nano” magnitude.

1.3.1 Novel 2D nanomaterials beyond graphene

Though Graphene is fundamentally and technologically interesting for a wide range
of applications, its use in electronics is considerably limited by the zero band gap property.
Furthermore, graphene is chemically inert and can only be made active by functionalization
for the use in the catalysis and sensor fields. The need for the novel materials, along with
the methodology developed in preparing ultrathin graphene has led to the exploration of
other 2D nanomaterials (Figure 1-7).[90-96]

Since then novel two dimensional layered nanomaterials beyond graphene such as
metal chalcogenide, layered double hydroxides and other 2D compounds have gained
renewed interest.[93] Specifically, transition metal dichalcogenides (TMD) consist of
hexagonal layers of metal atoms sandwiched between two layers of chalcogen atoms.
Because of the weak van der Waals force between adjacent chalcogen layers, 2D TMD
nanomaterials can be relatively easily exfoliated in organic solvents or aqueous solutions
assisted by polymer.[97-100] 2D nanomaterials, particularly TMD as the ideal two
dimensional prototype, have received extensive attention and been reviewed in terms of
preparation, [91] phase engineering, [101] hybrid composites,[102] and biomedical

applications.[103]
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Figure 1-7 Ball-and-stick model of crystal structures, naturally occurring forms, and exfoliated
nanosheets for four example layered materials (A-C: graphite/graphene; D-F: layered silicate
hydrate; G-l Molybdenite/Molybdenum disulfide; J-L: Birnessite/Manganese dioxide) Image
reproduced from [98].

1.3.2 Transformation and implications of emerging 2D nanomaterials in biological
and environmental systems

Exfoliation can dramatically change the fundamental properties of 2D
nanomaterials. The simplest case is the tremendous increase of accessible surface area of
the material when it’s exfoliated into monolayer state, which is critical for the surface-
based reactions. For instance, graphene has a theoretical specific surface area of ~2600

m?/g, which is much larger than those of other carbon materials.
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Another significant modification of exfoliation on materials’ property is regarding
the electronic band structure. Graphite is semimetal with a band overlap of about 41 meV,
while monolayer graphene when exfoliated from bulk counterpart becomes the well-known
zero-gap semiconductor.[104] Likewise, the bulk MoS; crystal is an indirect gap
semiconductor with a band gap of 1.29 eV, and monolayer MoS, becomes direct gap
semiconductor with band gap of 1.9 eV.[105] The band gap can be modified at will by
tuning the thickness or the number of layers of nanosheets. This behavior is similarly
expected in other layered semiconductors.

Because of the altered physicochemical properties of 2D nanomaterials, to predict
their transformation and to evaluate their implications can not solely rely on the
understanding on the bulk counterparts, which otherwise can underestimate the potential
adverse impacts of these emerging 2D on biological and environmental systems. Currently,
the study on the transformation and implications of 2D nanomaterials is limited. But some
aspects are readily informed by the current literature on graphene-based 2D nanomaterials.
The interactions of graphene nanomaterials with biological systems have been studied and
discussed in a few review articles. [106, 107] Similar to the counterpart graphene, the
unique dimensional properties of novel 2D nanomaterials (surface area, layer number,
lateral dimension and surface chemistry) can lead to a variety of interactions with
biological molecules including absorption and catalytic reactions, and even toxicity to cells.
The large family of emerging 2D nanomaterials possess various composition, phase, which
is much more complex than graphene, potentially leading to different cellular responses.

The assessment process can be further complicated by various transformation occurring in
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biologically relevant medium, and the specific transformation pathways may depend on
the physicochemical properties of 2D in a case by case manner.

Overall, the diversity in composition and physicochemical properties of emerging
2D nanomaterials presents a challenge for scientific community to evaluate and understand
potential for causing adverse health effects. Identification of the key chemical and physical
feature of 2D nanomaterials plays in the behavior of 2D nanomaterials will enable the
development of predictive models (e.g. the band-structure based framework in Chapter 5)
that can be used to differentiate between the nanomaterials with higher priority and those
with lower risks. Furthermore, transformation is known to affect the fate, properties and
toxicities of nanomaterials in biological and environmental systems. The complexity in 2D
nanomaterial composition requires a predictive models (e.g. redox-potential based model
in Chapter 5) that can categorize the family of 2D nanomaterial into subgroups, to reduce

unnecessary testing and to accelerate the evaluation process.
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2.1 Introduction

Copper-based nanomaterials are used in a range of established and emerging
technologies that include catalysts, printable electronics, magnetic storage, solar energy
conversion, wood protection and antimicrobial products.[1-7] These uses will inevitably
lead to human and environmental exposures that must be characterized and managed to
ensure the safe development of copper-based nanotechnologies. In addition to engineered
nanoparticles, copper also occurs as an “incidental” particle generated by chemo-
mechanical polishing operations on copper-containing substrates in the semiconductor
industry. [8] Copper-containing materials are widely used as antimicrobials and in
agriculture as fungicides, algaecide, and herbicides. Relevant copper forms include
carbonates, hydroxides, various oxide phases, and the zero-valent metal, and dissolution to
bioavailable ions is a commonly assumed mode of activity. In other application fields, the
most technologically important copper-based materials are zero-valent metal nanoparticles
(Cu-NPs) and oxide nanoparticles, CuxO-NP, with x=1 or 2. The potential for widespread
exposure makes copper-based nanomaterials a high priority for risk characterization.

A second factor making nano-copper a high priority for study is its significant
toxicity relative to other common nanomaterials.[9-18] Karlsson et al.[15] found that CuO
NPs were the most potent regarding DNA damage and cytotoxicity in a set of metal oxides
and carbons studied in parallel. Fahmy et al. [17] showed greater cytotoxicity of CuO NPs
in airway epithelial (HEp-2) cells relative to SiO, and Fe»Osz and demonstrated that
oxidative stress was the cause of the cytotoxic effect. Studer et al. [14] attributed the
cytotoxicity of CuO to its relatively high solubility in biological media and the impacts of

dissolved copper ions, as also reported by Zhang et al. [9] There is a general consensus that
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toxicity in Cu/CuxO materials is due to oxidative pathways, but there is ongoing debate
about the relative importance of ions and particle surfaces in primary ROS generation. [18]

It has become clear that nanomaterials can undergo chemical transformation in the
environment or human body that profoundly influences their toxicity and risk.[19-24] This
is especially important for metal-based nanomaterials, where the base metals themselves
are indefinitely persistent, but can occur in different compounds or phases that greatly
affect metal bioavailability. Nanosilver for example, is synthesized and sold in metallic
form, but over its lifetime can undergo oxidative dissolution, colloidal aggregation,
sulfidation, and reaction with selenide with corresponding large changes in silver
bioavailability and toxicity.[19, 22, 23, 25-29] ZnO NPs have been reported to partially
dissolve in environmental and biological media and exert toxicity through the liberated
zinc ions, [9, 30, 31] or to undergo sulfidation to the more stable ZnS.[32]

Several studies have examined transformations in copper-based systems.[10, 33] In
comparison to silver, metallic copper NPs oxidize more readily, first forming a Cu(l) oxide
shell around a zero-valent core, and eventually to Cu(ll) oxide as a final product.[10]
Oxidation typically begins during fabrication and storage, so at the point of exposure or
environmental release, an oxide or surface oxide is the most likely phase to come into
contact with biological and environmental fluid phases.[10, 34, 35] For this reason, and
because the oxidation process has already been systematically studied,[10] we chose to
focus our study on the interactions of pre-existing copper oxide phases with biological and
environmental systems.

There is significant evidence that dissolution is an important transformation in

oxidized copper NPs.[9, 10, 13, 14, 33] Though generally regarded as “insoluble”
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substances, copper and copper oxides NPs appear to liberate sufficient amounts of soluble
copper in relevant media to affect biological systems. Zhang et al.[9] measured the extent
of dissolution of CuO in biological media and attributed cytotoxicity of CuO to the soluble
fraction rather than particle surface reactions. Studer et al.[14] proposed a Trojan horse-
type mechanism in which CuO NPs penetrated the cell membrane followed by intracellular
dissolution into redox active copper ions. Midander et al.[33] observed size-dependent ion
release and toxicity when comparing nano- and micrometer-sized copper oxide particles.
Free copper ions Cu**(x=1, 2) are highly redox active species capable of producing
hydroxyl radical by the Fenton-like reaction:[36, 37]
Cu(Il) + H,0, = Cu(l) +-HO, + H* 1)
Ccu(l) + H,0, = Cu(Il) +- OH + OH™ (2)

so even small amounts of soluble copper can be biologically significant. Based on recent
work on the dissolution in other NP systems, we hypothesize that pH, ionic strength,
dissolved organic matter, and biomolecular ligands may play an important role in the
toxicity of copper-based NPs by influencing the total dissolved copper concentration.[38]
This concentration, together with the relative redox activity of the ion and surface, should
determine the origin of ROS generation and subsequent toxicity pathways in Cu-based
nanomaterials, which are factors we hope to clarify in this study.

A final relevant transformation is reaction involving the earth-abundant element
sulfur, which has been shown to be important for silver, zinc, and Cd nanomaterials [39]
in both environmental [32, 40-43] and biological settings [22]. Copper ions are soft (Cu™)
or borderline (Cu?*) Lewis acids with high affinity for sulfide ligand, and form a highly

insoluble sulfide phase, which suggests that copper oxides may undergo sulfidation to
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produce a material with low copper bioavailability. The synthesis literature shows that
hollow CusS nanostructures can be synthesized using Cu20 as sacrificial template, [44, 45]
but information on the natural bio-environmental sulfidation pathways are limited.
Sulfidation has been suggested as a natural detoxification process for metallic nanoparticles.
[40, 46, 47]

The present study investigates the transformations of CuO NPs in biological and
environmental media, and their implications for copper bioavailability, redox activity, and
toxicity. The results are directly relevant to CuO-based technologies, and may provide
qualitative insight into technologies based on metallic Cu or Cu(l) oxide materials that are
capable of environmental oxidation to CuO or CuO outer corrosion films. We show that
copper oxide undergoes acid-promoted dissolution, but also ligand-assisted dissolution in
the presence of amino acids at neutral pH. Copper oxide also undergoes sulfidation to
produce highly insoluble CuS NPs. Surprisingly, sulfidation does not permanently
suppress copper bioavailability and redox activity, because hydrogen peroxide at
physiologically relevant concentrations oxidizes CuS and liberates free copper ions that

partially restore redox activity in the form of OH. detected here by EPR methods.[36]

2.2 Materials and Methods
CuO NPs agent were purchased from Aldrich and used as received. Phosphate
buffered saline (PBS buffer, 10x) was obtained from Fisher Scientific (MA, USA) and

diluted with DI (deionized) water before use.
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2.2.1 CuO dissolution experiments.

CuO-NPs (200 ppm) were incubated in biological or environment relevant media
that included acetate buffers (50 mM, pH 4, 5 and 6), PBS buffer (1>concentration, pH 7.4)
and borate buffers (50mM, pH 8 and 9) for pH control. Acetate buffer (pH 4.9) was used
as lysosome-mimic, and DMEM and RPMI cell culture media were studied supplemented
with 10% FBS. The use of simulant fluids in environmental and biological studies has
many limitations, but does provide well defined environments for studying the chemical
transformations of materials.[48] Nanoparticles were dispersed by 15 min sonication in 5
ml of the solutions. After incubating for a pre-defined time period, the samples were
centrifuged by centrifugal ultrafiltration (Amicon Ultra-4 3k) for 30 min at 4000 rpm to
remove the solids, and the supernatant was separated for determination of Cu concentration

by ICP-AES. All ion release experiments were conducted at room temperature (20 C)

unless noted. The ability of centrifugal ultrafiltration to remove the nanoparticles has been
proved by previous reference.[49] Therefore, solubility is defined as free metal ions and its
complex, which is almost the same as all forms of metal that pass through the ultrafiltration

filters in our case.

2.2.2 Electron paramagnetic resonance ROS assay.

The ability of CuO-NPs and/or associated soluble species to generate hydroxyl
radical in the presence of H.O. were quantified using X (9.8 GHz)-band EPR
measurements at room temperature using an EMX-plus CW spectrometer (Bruker Biospin)
and the spin-trap DMPO (Dojindo Molecular Technologies, Inc). In a typical experiment,

2 or 20 ppm CuO-NPs were incubated with 100 mM DMPO, 1 mM H,O, in PBS buffer
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(pH 7.4) for 20 min, and the reaction was initiated by addition of H2O2. Then the aqueous
solution was drawn into 50 uL capillary (Cat No. 53432-783, VWR), and the capillary was
inserted into a quartz EPR capillary tube (4 mm OD >250 mm L>0.5 mm wall, Wilmad
LabGlass, Buena, NJ). The data acquisition parameters were set as follows: Center Field,
3508.75 G; sweep width, 100 G; sweep time, 30 s; modulation amplitude, 1G; number of
scans, 10; microwave power, 2 mW,; conversion time, 30 ms; time constant, 81.92 ms.
Though EPR cannot quantitatively measure the radical produced due to decomposition of
DMPO-OH adduct, it can give a relative ROS intensity by comparing the peak height if

the incubation time and instrument parameters are constant.

2.2.3 Sulfide and dissolved oxygen (DO) depletion measurements.

The sulfidation of CuO NPs were studied by tracking sulfide depletion using the
method of Liu et al. [41] Soluble sulfide concentration was measured with a sulfide-ion-
selective electrode following removal of solids by centrifugal ultrafiltration (Amicon Ultra-
4 3K). In a typical experiment, 1 mg CuO-NP powder was added to 4.5 mL DI water,
followed with sonication for 15 min to disperse the aggregates, and then 0.5 mL of 125
mM NaxS solution was added to initiate the reaction at a starting sulfide concentration of
12.5 mM. The pH of 12.5 mM NaS solution is around 9.3, where the main soluble sulfide
species is bisulfide (HS"). After rotating the mixture for a pre-determined time, the bisulfide
solution was separated by centrifugal ultrafiltration and the sulfide antioxidant buffer
(ASOB, Orion 941609 Thermo Scientific) was added to prevent bisulfide oxidation and
volatilization before analysis. Bisulfide concentration in the filtrate was measured with

sulfide-ISE (Orion 9616BNWP Silver/Sulfide combination electrode, Thermo Scientific)
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at room temperature. DO levels were monitored in situ during incubation of either copper
ions or CuO NPs in bisulfide solutions in a closed amber glass bottle under magnetic

stirring using a DO probe (Orion 083010MD, Thermo Scientific) at 3 s sampling frequency.

2.2.4 Cell toxicity studies.

An immortalized murine macrophage cell line, J774.A1 (ATCC number TIB-67) was used
as a target cell for assessment of uptake, H2O. generation, and toxicity of CuO and CuS
NPs. Carbon black (M120, Cabot) with a primary particle diameter ~ 75 nm was used as a
nontoxic reference particle. Test particles were dispersed in RPMI 1640 medium
containing 1% FBS at a concentration of 250 ppm and sonicated at 100W in a Branson
2510 sonicating water bath for 60 min prior to dilution at final concentrations of 5-20 ppm
in cell culture medium. Murine macrophages were cultured in RPMI 1640 medium
(Invitrogen 11875) containing 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, and
500 ul penicillin-streptomycin in ultralow attachment culture dishes (Corning 3262) at
37<C in air with 5% CO.. For microscopy, cells were plated on glass coverslips in 12 well
plates (Coster, 22 mm in diameter) at 70% confluence and allowed to attach for 3 hours,
then exposed to test particles for 3-24 hours. To visualize uptake of test particles, cells were
rinsed and stained with 4’6-diamidino-2-phenylindole (DAPI) and visualized under
brightfield and fluorescence illumination using a spinning disk Olympus confocal inverted
microscope (Model 1X81). To assess viability, cells were visualized using brightfield
imaging to assess morphology and cell detachment, and confirmed by staining with 1:1000
Syto 10/ethidium homodimer (Invitrogen) for 5 min. Viable (green fluorescence) and dead

cells (red fluorescence) were imaged using a spinning disk Olympus confocal inverted
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microscope equipment with fluorescence filters. Cell viability using DNA content as a
surrogate for cell number was quantitated using a fluorescence assay (Pico Green,
Invitrogen) that quantitatively binds to DNA according to the manufacturer’s instructions.
For quantitation of H>O2 generation, murine macrophages were seeded in RPMI growth
medium at 75,000 cells per well in a black clear bottom 96-well plate (Costar 3603). Cells
were allowed to equilibrate overnight at 37 <C, after which growth medium was aspirated
and subsequently replaced with 200 ul of medium per well containing 50 uM Amplex Red
reagent (Invitrogen A1222), 2ul of 10 U/ml horse radish peroxidase (Invitrogen 012001),
and 2.5, 5, and 10 ppm of test particles.[50] Continuous fluorescence measurements were
obtained using a spectrophotometer with an excitation of 566 nm and an emission of 587
nm. Data were acquired every 5 minutes and reported after 20 min of exposure to test
particles. Statistical significance was determined using an unpaired t-test to compare
differences between the means (=SD) of untreated and treated cultures in triplicate. A p

value of <0.05 was considered to be statistically significant.

2.2.5 Visual MINTEQ 3.0 calculation

The equilibrium dissolved metal ion concentration was estimated using Visual
MINTEQ 3.0. (results in Figure 2-1) [51] The phases considered were TiO2, ZnO, NiO,
CuO and Ag20 and the sulfides ZnS, NiS, CuS and Ag.S. The parameters for metal oxide
calculation were set as follows: pH is fixed at 7; temperature is 25°C; ionic strength is to
be calculated depending on components added; 1 mM Na® and 1 mM NOs is added as
components; the metal oxide of interest is specified as infinite solid phase. The parameters

for metal sulfide calculation were set as follows: pH is fixed at 7; temperature is 25C;
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ionic strength is to be calculated depending on components added; 1 mM S is added as
components; the metal sulfide of interest is specified as infinite solid phase.

The equilibrium dissolved copper ion concentration was estimated using Visual
MINTEQ 3.0. (results in Figure 2-3) The parameters were set as follows: pH is fixed at

4,5, 6, 7.4, 8, 9, respectively; temperature is 25°C; ionic strength is to be calculated

depending on components added; 2.5 mM CuO (tenorite) is specified as finite solid phase.
The calculated equilibrium concentration of dissolved Cu is 2.5 mM, 2.5 mM, 4.7E-02 mM,
1.3E-04 mM, 2.1E-05 mM and 4.1E-06 mM, respectively. In the case of pH 7.4, the effect
of phosphate was investigated through calculation by Visual MINTEQ 3.0. The parameters

were set as follows: pH is fixed at 7.4; temperature is 25°C; ionic strength is to be calculated

depending on components added; 11.9 mM phosphate (concentration in PBS buffer) is
added as components; 2.5 mM CuO (tenorite) is specified as finite solid phase; specify
Cuz(POs4)2(s) as possible solid phase. The calculated equilibrium concentration of dissolved
Cu is 2.4E-03 mM, which is predicted to be slightly higher than the one at same pH but
without consideration of buffer effect (1.3E-04 mM) because of the formation of soluble
CuHPO4 complex. These calculations show that the effect of phosphate complexation is
limited and the extra low equilibrium concentration of dissolved Cu is predicted with or

without consideration of phosphate buffer effect.

2.2.6 Product characterization.
UV-vis spectra of sulfidated CuO NP samples were recorded on a V-630
spectrophotometer (Jasco, MD) over the range 400 to 800 nm. The sizes of secondary CuS

particles (formed by dissolution and precipitation) were monitored using dynamic light
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scattering (DLS) with a Zetasizer Nano ZS system (Malvern Instruments). The
morphologies of the sulfidated CuO NPs were observed in high-resolution transmission
electron microscopy (HRTEM) on a JEOL JEM-2010. The samples were prepared by
placing one drop of purified sample solution on carbon-coated copper grids, followed by
drying at room temperature overnight. The compositions and phases of sulfidated CuO
samples were identified by X-ray diffraction spectrometry (XRD) on a Bruker AXS D8
Advance instrument with Cu Ko radiation (A=1.5418A). The XRD samples were prepared
by adding purified and concentrated sulfidated CuO NPs suspension onto a glass slide,

followed by overnight drying.

2.3 Results

2.3.1 Comparative solubilities of oxide and sulfide phases

lon-particle partitioning is a major determinant of the fate, transport, and toxicity
of nanoparticles, and understanding dissolution behavior has become an important theme
in environmental nanotechnology and nanotoxicology research. [9, 19, 21, 30, 46, 49, 52,
53] Figure 2-1 shows the equilibrium solubilities of oxide and sulfide phases for several
metals found in the most common commercial nanomaterial types. Although based on
bulk thermodynamic properties, this plot shows several trends that provide insight into
reported nanomaterial behavior. First, the most soluble oxides are those of Ag, Ni, and Zn,
and all three have been reported to be toxic through dissolution mechanisms.[31, 54, 55]
ZnO toxicity has been related to dissolution in several recent studies [9, 30, 31] and NiO
toxicity in vitro has been reported to correlate with the concentration of dissolved Ni?* ion.

[54] Silver oxidizes slowly and is typically synthesized and sold as the zero-valent metal,
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but does dissolve upon use and disposal[46, 49] through a mechanism that may pass
through a Ag20 surface intermediate. [56] Because the oxide has a relatively high solubility,
the rate limiting step is typically the initial oxidation step. [57, 58] Lower solubility oxides
are titania, whose biological responses have not typically been related to dissolution, and

copper, the subject of the present study.

0

® metal sulfide

'30 T T

log[dissolved ion concentration(M)]

| | |
Ti Zn Ni Cu Ag
Metal species

Figure 2-1. Equilibrium solubility of the oxide and sulfide forms of common metal-based
nanoparticles. The equilibrium dissolved metal ion concentration was estimated using Visual
MINTEQ 3.0 using bulk thermodynamic parameters. The phases considered were TiO, ZnO, NiO,
CuO and Ag,0 and the sulfides ZnS, NiS, CuS and Ag,S. The incubation conditions for the metal
oxide calculations were aqueous solution (pH 7) and 1 mM NaNOs as electrolyte, and for metal
sulfide ligand-free aqueous solution (pH 7) containing an environmentally relevant total sulfide
concentration (1 mM). Please note the calculations ignore any oxidative dissolution. Toxicity
studies on free ions typically show adverse biological effects at micromolar doses (> 0.1 uM), [62-
65] which defines the shaded region above. Data points that fall in the shaded region all correspond
to cases where nanoparticle toxicity has been attributed to dissolution mechanisms (oxides of Zn,
Ni, Cu, Ag), which is possible due to the finite solubility of the oxide phase. TiO: solubility in
contrast is too low to yield ions above the micromolar range, where ion-induced toxicity is often
seen in other systems.
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Sulfide phases are typically much less soluble, and have been reported to form
when nanosilver is exposed to the natural environment [23, 24, 40-43, 47] or biological
fluid phases,[22] and to reduce the toxicity relative to the original zero-valent form. [23,
40, 47, 59] Sulfidation has been proposed as a natural detoxification mechanism for
nanosilver [40, 41, 47] and potentially other chalcophile metals.[60, 61] This is based on
the fact that the equilibrium free metal in each of these sulfide systems is in the nanomolar
range or below (Figure 2-1), which is well below typical threshold concentrations for
biological effects. Copper (1) sulfide, CusS, is unique in its extremely low solubility (Figure
2-1), which led us to hypothesize that sulfidation would effectively detoxify nano-Cu or
nano-CuO. We found here, however, that copper sulfides do form, but the redox activity

of the product is not fully suppressed (vida infra).

2.3.2 Copper oxide characterization and dissolution behaviors

The CuO NPs were synthesized using the molten salt synthesis method according
to manufacturer and some organic matter was observed on the surface according to FT-IR
(Figure 2-2).The particles were characterized for size (mean 50 nm determined by TEM),
surface charge in PBS buffer (zeta potential -25 mV), size distribution in PBS buffer and
crystalline phase (tenorite). (Figure 2-2) The increased size of particles in PBS buffer

indicated the aggregation of CuO NPs.
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Figure 2-2. Characterization of commercial CuO nanoparticles. (A) TEM image of CuO after
dispersion in DI water and drying overnight. (B) FT-IR spectrum showing the limited number and
intensity of peaks, which may be residue of organic ligands during synthesis process. (C) XRD
spectra indicating the CuO (tenorite) crystalline. (D) Size distribution of CuO dispersed in PBS
buffer which indicated strong aggregation (determined by DLS).

Copper (I1) oxide is described as insoluble in basic chemistry references, but at the
ppm levels of interest in nanotoxicology and the environment it is sufficiently soluble for
the released ions to be key determinants of toxicity.[9, 13, 14] Based on Equation 3, we

expect CuO ion release to be pH dependent, and this is confirmed in Figure 2-3A.

CuOcsy + 2HG, ) = Cu@jq) + H,0¢ (3)
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Figure 2-3. Dissolution behavior of CuO in various buffer solution. (A) Soluble copper produced
by 24 hr incubation of CuO NPs (initial concentration 200 ppm) as a function of pH (50 mM acetate
buffers at pH 4, 5 and 6, PBS buffer at pH 7.4 and 50 mM borate buffers at pH 8 and 9). The black
bars indicated the equilibrium concentration in the corresponding pH conditions calculated by
Visual MINTEQ 3.0, the stars indicated that both the calculated equilibrium concentration and real
dissolved Cu concentration is close to the ICP-AES detection limit. (B) Effect of initial CuO NP
loading on dissolution kinetics (acetate buffer at pH 4.9) for 3 days expressed as percent of total
copper. Over 80% of CuO was dissolved after 30 hours for 1 ppm initial loading of CuO NPs and
then dissolved Cu concentration slowly increased.
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Solubility at lysosomal pH (4-5) is significant, and can be close to complete at low
particle loadings (Figure 2-3 B), but at extracellular pH (7.4 in PBS buffer) is very low.
The very low ion release at pH 7.4 was initially surprising since copper ions have been
reported to be the primary source of toxicity in several in vitro studies.[9, 13, 14]
Calculations with Visual MINTEQ 3.0 at this pH confirm low values of dissolved copper
ion (154 ppb) at equilibrium. These low values were further confirmed in time-resolved
measurements (labeled with PBS in Figure 2-4A), which gave copper concentrations about
20 ppb, which approached the detection limit of our inductively coupled plasma atomic
emission spectroscopy (ICP-AES) technique.

To understand how Cu-ions exist in biological studies, we studied dissolution
directly in two types of cell culture media (Figure 2-4A). We measure significant release
in both media despite the high pH (7.4), suggesting dissolution is assisted by ligands, either
thermodynamically by reducing the concentration of the free ion in equilibrium with the
solid, and/or through kinetic effects at the particle surface. We tested a variety of single
components found in cell culture media in an attempt to identify the primary types of
ligands involved. Glucose and the buffering agent, HEPES, did not promote copper ion
release, but fetal bovine serum (FBS) and glutamine did (Figure 2-4B). Glutamine and
other amino acids have been reported to form a high-affinity complex with copper, and the
overall stability constant is very high (logP2 of 11.6).[66] The removal of free ion shifts
the ion-particle equilibrium and favors dissolution. The complex formation (stability)
equilibrium constant, K = {L — Cu?*}/{Cu?*}{L}, can be rearranged to give a dissolution
enhancement factor:

{total copper} _ ({L—Cu?*}+{cu?*}) _
{freeion} - {cu?+} -

1+ K{L} 4)
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which is 108 - 109 when the concentration of ligands (e.g. glutamine) in cell culture media
is in the mM range. We further investigated the effects of a larger series of amino acids
(Figure 2-4C), which all promoted dissolution, but to differing degrees. We thought this
may be due to involvement of the side chain in complex formation, but previous studies
have reported that only the amino and carboxylate terminal groups were involved.[67]
Indeed the Cu?* complexes with glutamine and histidine do not have higher stability
constants than other amino acids, which also suggests their higher activity is not
thermodynamic in origin. In the search for an alternative explanation, ligands have been
reported to promote the dissolution of iron oxide through formation of surface complexes
that kinetically enhance the detachment.[68] The surface binding constant for CuO-
histidine is reported to be higher than that for other amino acids, [69] and the ion
concentrations in Figure 2-3A are well below estimated equilibrium values (see horizontal
bars). Both of these facts suggest the different activities among the amino acids are kinetics

differences associated with ligand-specific surface binding ability.
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Figure 2-4. Dissolution behavior of CuO in various biologically-relevant media. (A) Soluble copper
produced by 3-day incubation of CuO NPs (initial concentration 200ppm) in PBS buffer, DMEM
and RPMI cell culture media supplemented with 10% FBS at pH 7.4. Note the much elevated Cu
ion release relative to PBS buffer at pH 7.4. (B) The effects of various components in cell culture
media on the dissolution of CuO (initial concentration 200 ppm) in PBS buffer in one day. High
glucose: 4500 mg/L. Low glucose: 1000 mg/L; HEPES: 5958 mg/L; FBS: 10%; Glutamine: 20
mM. (C) Ligand effects on CuO (initial concentration 200 ppm) dissolution using a series of amino
acids and the tripeptide glutathione at 2 mM in PBS buffer. Please be noted that the dissolved
copper measured is those that pass through the ultrafilters. Therefore, about cysteine, the dissolved
copper concentration may be underestimated due to the formation of insoluble precipitate through

copper-thiol bond.
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2.3.3 ROS production in Cu-NP systems

Several studies of nano-Cu or nano-CuO toxicity report ROS generation and
oxidative stress as a mechanism.[12, 16, 17] In copper-containing systems, ROS may be
produced by heterogeneous reactions at the particle surfaces, or by dissolved copper, which
can exhibit Fenton-like chemistry through the Cu(ll)/Cu(l) redox couple.[12, 70, 71]
Resolving the relative particle-ion contributions is key to understanding the mechanism of
nano-Cu toxicity and interpreting nanotoxicology data. Studies showing correlation
between dissolved Cu and toxicity suggest the primary redox species are in solution,[13]
not on the surface, but direct evidence is needed. Here, we use EPR spin-trap techniques
to quantify ROS production from particles, ions, and sulfidated products. We focus on the
hydroxyl radical by using the spin trap DMPO, which is known to react with OH to form
an OH-DMPO adduct that exhibits a characteristic EPR peak quartet (see Figure 2-5).
Incubation of CuO NPs or copper ions with DMPO and peroxide in PBS buffer gives this
characteristic EPR spectra, but with varying peak intensities as shown in Figure 2-5. Each
of the copper-containing solutions triggers Fenton chemistry and produces the -OH-DMPO
adduct. Comparing the data on particles and their clear filtrates (Figure 2-5A) indicates
that most of the activity in the CuO NP cases is associated with the soluble fraction. Figure
2-3 predicts that this soluble fraction should be quite low under these conditions (< 100
ppb), and indeed the “ion-only” experiments in Figure 2-5B show similar peak heights for
6-100 ppb free copper. Even at this limited degree of dissolution (neutral pH with no added

ligands), the main source of ROS is the trace concentration of free copper ion.
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Figure 2-5. ROS production catalyzed by copper-based species. Hydroxyl radical EPR signal
(DMPO spin trap) induced by (A) 2 or 20 ppm CuO NPs suspension or its filtrate containing only
the soluble forms, (B) free copper ions (CuCl,) at various concentrations (ppb ng-Cu/g-solution).
These experiments used 1 mM hydrogen peroxide and 100 mM DMPO in PBS buffer for 20 min.
To isolate the effect of the ion associated with the particles, CuO NPs were incubated for 20 min
in PBS buffer then subjected to ultrafiltration, and the filtrate added to 100 mM DMPO and 1 mM
hydrogen peroxide in PBS for 20 min before the spectra were obtained (“filtrate” cases in A).

We were interested in whether the ligands that promote Cu dissolution also affect
redox activity in solution. Previous studies have shown that complex formation can reduce
the catalytic ability of Cu ions in peroxide reduction to OH.[72] Figure 2-6 shows a strong
attenuation of the -OH signal when simple PBS buffer (Figure 2-5) is replaced by cell
culture medium (Figure 2-6A). Some redox activity remains in media (the -OH-DMPO
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quartet is clearly visible), and is primarily associated with the soluble fraction, since the
particles and their clear filtrates give similar peak heights (Figure 2-6A). The redox
behavior is quite low in the presence of 1 mM glutamine (Figure 2-6B), which is a high
affinity ligand (logP. of 11.6) and strong promoter of dissolution. The catalytic ROS
production by Cu is significantly reduced in the media containing glutamine, but the

complexed Cu can still catalyze the reaction though in a much slower manner.
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Figure 2-6. Ligand effects in the ROS activity of CuO-NPs and soluble salts. (A) Comparison of
ROS activity of 20 ppm CuO NPs or its filtrate in cell culture media with 0.64 ppm copper ions in
PBS buffer. Note that the ion released from 20 ppm CuO-NPs in medium is much greater than the
0.64 ppm free ion concentration (Figure 2-4), but is still less redox active due to ligand binding in
medium. (B) ROS activity of 0.032 ppm Cu?" with or without the presence of 1 mM glutamine in
PBS buffer. Please be noted that the induced EPR peaks with glutamine were reduced but not
eliminated.
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Overall, the data in Figures (2-4, 2-6) suggest that complex biological media will
promote copper dissolution but then partially suppress the redox activity of the resulting
soluble species. It is doubtful that simple assays for dissolution and redox activity in water

or simple buffers will have predictive value for the toxicity of copper-containing NPs.

2.3.4 Copper oxide sulfidation

Recent research has shown that nanoparticles based on silver, zinc and cadmium
undergo reactions with reduced sulfur species (and in some cases selenium species) [22] in
the environment and the human body to produce low-solubility metal sulfide (or selenide)
phases. These transformations are expected to have profound effects on transport,
bioavailability, toxicity and risk. [22-24, 32, 40, 47, 60, 73] Here we studied the reaction
of CuO-NPs with soluble sulfide (main species is HS") as a function of time and
CuO:sulfide stoichiometric ratios. Figure 2-7 shows conversion of CuO NPs to sulfide
phases within one day with the extent of conversion depending on the starting
CuO:bisulfide molar ratio. At high sulfide (CuO:bisulfide = 1:5) the conversion is
essentially complete as the XRD spectra lose all characteristic peaks for crystalline CuO
and match quite well with Cu(I)S (covellite) reference spectra (Figure 2-7A). Though the
formation of any Cu,S phase was not observed, absence of a crystalline CuzS phase under
these conditions may indicate a slow phase transition that prevents the crystalline phase
from being observed over our time scales.[74] The morphologies of the sulfidated samples
show a number of particles substantially smaller than the original CuO particles, and at
least some of them in a crystalline state, indicated by HRTEM fringes (Figure 2-7B). The

theoretical amount of bisulfide needed to stoichiometrically convert CuO to CuS is only at
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the ratio 1:1, but the data in Figure 2-7 only achieve complete sulfidation at the ratio 5:1,
so sulfidation is either limited by kinetics, or there are competing reactions for bisulfide

(vida infra).
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Figure 2-7. Phases and morphologies of the solid products from reaction of CuO NPs with soluble
HS". (A) XRD patterns of sulfidated CuO NPs generated from initial Cu/S ratios that vary from 0.2
to 5. CuO (tenorite) and CuS (covellite) reference is presented for comparison. Please note the
CuO/CusS peak intensity ratio can’t be used to calculate the percentage of CuS produced, but it can
show a general trend that CuS produced increase with decreasing CuO to bisulfide ratio. (B)
HRTEM image of sulfidated CuO NPs (generated from 2.5 mM of CuO NPs incubated in 5mM
Na,S solution for one day), corresponding to a CuO/bisulfide molar ratio of 1:2. The images show
the formation of small secondary particles with size 5 to 10 nm, and showing lattice fringes
indicating the presence of at least some crystalline products.

We carried out additional experiments to understand the sulfidation mechanism and
reaction stoichiometry. The presence of small particles surrounding a central core suggests
a dissolution-precipitation mechanism rather than a direct solid-state exchange reaction.
Recent research has reported dissolution-precipitation mechanism for the sulfidation of

ZnO NPs [32] with similar morphologies in the sulfidation products.
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To better understand sulfidation pathways, we interrupted the sulfidation process
and examined the soluble products or clusters (after half hour incubation) that passed
through a 200 nm syringe filter.[75] Figure 2-8 shows UV-vis spectra of this filtrate after
aging for up to 3 hours, which shows an absorption feature that starts to appear around 600
nm that likely belongs to CuS.[76] The aged filtrate was washed three times with water
and then concentrated for DLS analysis (Figure 2-8C), which shows 10 nm mean particle
size. These are much smaller than the starting CuO NPs (50 nm) suggesting they are
secondary particles/clusters formed by dissolution-precipitation. XRD analysis identifies
them as CuS (Figure 2-8D). We also investigated the filtrate of the solution after 3 hour
incubation and did not observe the characteristic CuS peak, which suggests these ultrafine
Cus clusters have grown or else attached to larger particles. [40] As a control we incubated
CuO NPs in NaOH at the same pH (9.3) as the sulfide solutions (but without sulfide) and
performed the ultrafiltration, but did not see particles/clusters in the filtrate. The filtrate
from this control was treated with sulfide and the product investigated with UV-vis, but no
characteristic CuS peak was observed. In another separate experiment, the filtrate was
digested with nitric acid and prepared for ICP-AES analysis to determine the copper
concentration. No detectable copper was found in the filtrate by ICP-AES. Together these
data indicate that CuO NPs undergo rapid sulfidation and the mechanism involves
dissolution-precipitation. However, the detection of secondary CuS NPs does not exclude
the possibility of some direct solid-phase conversion. It is interesting that this can even
occur at high pH (9.3) where CuO dissolution is extremely limited. Bisulfide is a high-
affinity ligand for ionic copper, and the data indicate that it promotes copper dissolution

from CuO NPs at the same time it forms the insoluble CuS phases as secondary particles
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in the immediate vicinity of the mobilization sites. The dual role of bisulfide as dissolution

promoter and precipitating agent explain the essential behavior in Figure 2-8.
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Figure 2-8. Characterization of secondary CuS NPs generated by sulfidation of CuO. (A) Optical
images of concentrated secondary CuS particles through 200 nm filter (left) and the filtrate after
CuO NPs suspension in NaOH solution through 200 nm filter (right). (B) UV-vis spectra shows
formation of CuS NPs. Curves 1,2,3 correspond to aging for 0, 1, 3 hours, respectively (C) The
size distribution of secondary CuS determined by DLS. The original mean size of CuO NPs is 50

nm. (D)XRD pattern confirms the formation of CuS. In these experiments, Na.S and CuO NPs
were incubated at a molar ratio of 2:1.

2.3.5 Properties of CusS - catalysis of sulfide oxidation

The data in Figure 2-7 show that a great excess of bisulfide is needed to fully
convert CuO NPs to CuS. While this could indicate kinetic limitations for this reaction,

we instead have evidence that it is due to bisulfide consumption by oxygen that is catalyzed
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by the same Cus that is produced as the sulfidation product. In time-resolved studies we
observed a rapid depletion of bisulfide upon addition of copper oxide NPs (Figure 2-9A),
even if the bisulfide concentration was 5 times greater than the Cu on a molar basis. This
cannot be explained by CusS precipitation stoichiometry, and instead must indicate either
superstoichiometric sulfide phases or catalytic loss of bisulfide by oxidation. The XRD
results show CuS as a main product, so bisulfide oxidation seemed more likely. To test
this hypothesis, we added copper chloride (the concentration is 0.1, 1 or 2 mM, respectively)
to existing excess bisulfide solutions and saw rapid drops in dissolved oxygen
concentration (Figure 2-9B). The O, depletion rate increased with increasing Cu?* addition.
Copper ion has been shown to catalyze the oxidation of bisulfide in the presence of
oxygen,[77] and the reduction of Cu (I1) to Cu(l) has been observed on the surface of CuO
when incubated in bisulfide solutions.[78] However, in our experiments it was still not
clear whether dissolved copper ions or CuO NPs were the active catalyst. To investigate
this, the catalytic ability of CuO NPs was compared with that of equimolar Cu ion in excess
bisulfide solution and the depletion of bisulfide was also monitored at the same time. Figure
2-9C shows the depletion of bisulfide is much faster in the presence of free Cu ion than the
presence of CuO NPs. Therefore, catalytic ability of CuO NPs in bisulfide oxidation is not
significant. Further, the oxygen concentrations were unchanged if copper ion was added in
equimolar amounts to HS™ to make stoichiometric CuS, which indicated copper ions readily
reacted with bisulfide before catalyzing the oxidation of bisulfide. Overall it is clear that
Cus is the catalytic phase for bisulfide oxidation.[79] Comparison experiments indicated
both the soluble CuS clusters and CuS particles contribute to the catalytic oxidation of

bisulfide in the presence of oxygen. (Figure 2-9D) The curve of consumption of oxygen in
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the presence of precipitate is almost identical to that induced by the total, which indicated
that the precipitate CuS played a significant role in catalytic oxidation of sulfide. The
catalytic activity of CuS intermediate cluster may be very strong considering its ultralow

concentration.
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Figure 2-9. Sulfidation of CuO NPs and the catalytic ability of CuS. (A) Depletion of 12.5 mM of
sulfide in the presence of 2.5 mM CuO nanoparticles. (B) CusS clusters and NPs serve as catalysts
for bisulfide oxidation. Reaction tracked through depletion of dissolved oxygen upon addition of
copper ions to excess NaS solution. Pink, blue and black curves correspond to addition of 0.1, 1
or 2 mM copper ion. (C) Comparison of catalytic activity of copper ions and CuO nanoparticles at
equimolar concentration in sulfide oxidation reactions. (D) Comparison of catalytic ability of CuS
precipitate and filtrate after separation by Amicon 3k ultrafilter. The catalytic ability of the clusters
and precipitate was compared by monitoring the oxygen consumption in the presence of 2 mM
sulfide solution.
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2.3.6 Implications for Cu-NP Toxicity

The environmental transformation of a nanomaterial immediately raises questions
about the behavior and toxicity of the transformed product(s), which may represent a
greater or less risk than the original material. Metal sulfidation is often regarded as a
passivation or detoxification process [60, 61] due to the very low equilibrium solubilities
and thus metal bioavailabilities of the sulfide phases (Figure 2-1).

We were also surprised, however to observe that CuS NPs and sulfidated CuO-NPs
continued to show redox activity in our EPR Fenton assay (Figure 2-10A). These CuS NPs
were made by Cu?*/S? precipitation processes and the excess ions were removed by water
washing prior to the ROS assay. Here again soluble species were the source of the redox
activity, as evidenced by comparing the particle-induced ROS to that of filtrate, which were
similar (Figure 2-10A). Although Cus is highly insoluble, the ROS assay uses H2O> as a
reactant, and we hypothesized that the soluble, redox-active species were copper ions
produced by peroxide oxidation of CuS. Sulfide can be oxidized, and the conversion to
oxidized sulfur species may destabilize copper in the CuS lattice and lead to ion release
and solution-based Fenton activity.

To pursue this hypothesis, we studied copper mobilization from CuS NPs and a
series of partially sulfidated CuO NPs (Figure 2-10B). Partial sulfidation has almost no
effect on the rate of copper release from the CuO NPs undergoing transformation
(bisulfide:CuO ratios from 1:5 up to 1:1). It is clear that partial sulfidation does not
passivate CuO surfaces, which is consistent with the dissolution-precipitation mechanism
that produces distinct secondary particles rather than protective coatings. Only at

bisulfide:CuO ratios above 2:1 do we begin to see reductions in soluble copper release.
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The model CuS NPs formed from Cu?" and S? showed very low copper ion release, as
expected, but addition of H2O: at the 60 hr time point caused significant release (Figure 2-
10B, green circles). In fact, EPR results suggest much more copper ions released from
CusS than CuO when both were exposed to H202 at the same pH. These data provide support
for CuS oxidation by H20- as the source of the redox activity seen in the EPR spectra of
Figure 2-10A. The combined results suggest that sulfidation of Cu NPs or CuO NPs can
reduce copper metal bioavailability, but only if the sulfidation is extensive and progresses
to near stoichiometric completion, and oxidation with re-release of soluble copper may
prevent CuS from being a fully nontoxic end state for copper-containing nanomaterials in
the environment. Others have reported that nanoscale Cu and Zn sulfides are not fully

stable and can transform into other species under aerobic conditions.[80, 81]
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Figure 2-10. Properties of sulfidated CuO NPs and implications for toxicity. (A) Hydroxyl radical
EPR signal induced by a 0.1 mM CusS suspension and its particle-free filtrate after hydrogen
peroxide treatment. Despite low solubility, CuS shows redox activity associated with soluble
species. (B) Dissolution behavior of CuS and a series of partially sulfidated CuO NPs at pH 4
acetate buffer. The sulfidation was carried out using 2.5mM CuO at the initial S/Cu ratios from
0.2t05. (a, b, ¢, d, e represents the dissolution of CuO, sulfidated CuO with S/Cu at 0.1, 0.2,0.5,1,
which has little effect on CuO dissolution; f, g represents the dissolution behavior of sulfidated
CuO with S/Cu at 2,5 respectively, which can slow the dissolution rate.) The pure CusS solid was
prepared through precipitation of Cu?* and bisulfide in stoichiometric mixture followed by washing
and resuspension. To understand the redox behavior in (A) the oxidative-dissolution of CuS was
investigated by adding H2O> solution in equimolar proportion to CuS.
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Finally, we were interested in the biological implications of copper material
transformations, and the effects of sulfidation on toxicity in particular. Previous studies
showed that copper NPs are internalized by target cells and release soluble ions more
rapidly than micron-sized particles at the acidic pH in lysosomes as predicted by the
“Trojan-horse mechanism” for metallic nanoparticle toxicity. [33, 82] Here, uptake and
toxicity of CuO and CuS NPs were assessed using a murine macrophage cell line in cell
culture in comparison with carbon black NPs as a nontoxic particle control. Following
exposure to test and control particles for 3 hours, well-dispersed particles were visualized
in the cytoplasm of target cells (Figure 2-11A). Cell viability was assessed after 24 hours
using a combination of brightfield (Figure 2-11B) and fluorescence (Figure 2-11C)
microscopy. Only CuO NPs induced cell death and detachment after 24 hours. Intracellular
mobilization of Cu ions induces redox cycling resulting in generation of ROS, induction
of oxidative stress, and cell death.[83] Delivery of CuO or CuS NPs, triggered generation
of higher levels of H2O> in murine macrophages after 20 min compared to untreated cells
or cells exposed to carbon black NPs. (Figure 2-12A). Over the same range of doses, CuO
NPs induced significantly higher toxicity than CuS NPs after 48 hours (Figure 2-12B),

consistent with the lower Cu bioavailability in CuS.
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Figure 2-11. Target cell uptake and toxicity of carbon black, CuS, and CuO NPs. (A) Confocal
images of murine macrophages after exposure to 5 ppm of test particles for 3 hours; nuclei were
visualized (blue fluorescence) using 4’6-diamidino-2-phenylindole (DAPI). (B) Brightfield
microscopic images of murine macrophages 24 hours after exposure to 5 ppm of test nanoparticles.
(C) Viability of target cells 24 hours after exposure to 5 ppm of test nanoparticles. Viable cells
show green cytoplasmic fluorescence (Syto 10/ethidium homodimer assay).
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Figure 2-12. ROS generation and viability of cells when exposed to copper based nanomaterials.
(A) Generation of H.0, by murine macrophages exposed to carbon black, CuO and CuS NPs.
Detection of H,O, production in macrophages exposed to 2.5 ppm, 5 ppm, or 10 ppm of CuO, CuS
or M120 (carbon black) as determined using the Amplex Red assay 20 minutes after exposure.
Cells exposed to higher concentrations of CuO demonstrate significantly increased generation of
H,O, compared to untreated controls or CuS-exposed cells. *p <0.05 compared to control; #p
<0.05 compared to 5 ppm CuO; ##p <0.05 compared to 10 ppm CuO. (B) Viability of murine
macrophages after exposure to CuS NPs or CuO NPs for 48 hours. DNA content relative to
untreated control cells was determined using Pico Green fluorescence as a surrogate for cell number.
Differences in viability of cells exposed to each dose of CuS or CuO NPs relative to untreated
controls was statistically significant after 48 hours. *p <0.05 compared to control.

2.4 Conclusions

Copper-containing nanomaterials are a particularly complex case for EHS studies,
since they undergo oxidation, dissolution, sulfidation, and further oxidation of the sulfide
phases over the time scales relevant for human health and environmental impacts. Figure
2-13 summarizes the main transformation and redox pathways observed for CuO NPs in
this study. CuO NPs or oxide films on metallic Cu-NPs dissolve at low pH, or at neutral
pH in the presence of ligands in biological environments, including those containing amine
functional groups. The redox activity in copper NP systems appears to be associated with
the soluble fraction and is mitigated but not eliminated by ligand binding in solution. CuO

NPs undergo sulfidation through a dissolution/precipitation mechanism to produce

62



complex secondary aggregates of CuS NPs. These CuS NPs are active catalysts for
bisulfide oxidation. Sulfidation reduces Cu solubility, redox activity, and cytotoxicity but
may not necessarily fully and permanently detoxify copper, since CuS can be oxidized in
environments containing H20> to produce free copper that continues to cycle in solution
producing hydroxyl radicals through Fenton-like chemistry. The results are directly
relevant for CuO NPs, and may also be qualitatively relevant for elemental nano-copper

whose surfaces consist of oxide phases following environmental exposure.
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Figure 2-13. Summary of chemical transformations and redox behaviors of Cu-based NPs in
biological and environmental media.
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3.1 Introduction

The atomically thin, conformable, and impermeable nature of graphene suggests its
use as an outer shell in nano- or micro-encapsulation technologies. Graphene coatings
have been explored as protective barriers or selectively permeable films on 2D substrates,
[1-4] and they have also been proposed as 3D encapsulants for the immobilization or
environmental protection of microscale or nanoscale materials or devices.[5-14] Recently,
aerosol microdroplet drying has been demonstrated as an effective method for
encapsulating nanoparticle cargos in conductive,[15] electron-transparent, crumpled
multilayer graphene shells.[5-8, 10, 16] This process uses graphene oxide sheets of
microscale lateral dimension, which assemble through tiling and stacking into quasi-
continuous multilayer shells that crumple during the drying process[8].

These crumpled graphene nanosacks have been reported to be open porous
structures, rather than perfectly sealed structures,[2] and this may make them poor barriers
for protection of the encapsulated material from surrounding fluid environments. The open
porosity of crumpled graphene, however, may enable other applications that do not require
such barrier protection. For example, if chemically reactive nanoparticles are encapsulated,
the crumpled graphene shell can be regarded as a type of “nanoreactor” that creates an
engineered confined nanospace for chemical reactions to occur, and the diffusive transport
of small molecules between their interior and exterior should allow the influx of reactants
and the out flux of products necessary for reactor function.

In general, a nanoreactor can be defined as a complex material system that has been
engineered to host, catalyze, or steer a chemical reaction process occurring in an internal

nanoscale cavity. Nanoreactors may host and immobilize chemically active particles, and
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may alter chemical reaction pathways through confinement effects on transition states or
products, by perturbing molecular transport to and/or from the active surfaces, or through
electron transfer or other types of interactions between the active particles and the outer
shell structure that builds the nano-cavity. The nanoreactor concept has been explored in
other material systems, including silica,[17, 18] reverse micelles[19] and proteins with
cage-like structures.[20]

The nanoreactor concept has not been systematically developed for graphene-based
structures, but the development can be informed by a significant recent literature on
crumpled graphene hybrids. Since the first report of crumpled graphene particles in
2011,[10] there has been intense interest in their hybridization with active nanoparticles to
create composite electrodes, sorbents, and catalysts.[6, 21-27] In these applications, the
crumpled graphene serves as a conductive additive and/or support whose folded structure
prevents graphene sheet restacking and surface area loss. To support further development,
it is important to systematically address the fundamental behaviors of chemical reactions
occurring in and on these new material architectures, including the effects of graphene on
reactant and product transport, active site accessibility through conformal covering and
passivation of internal particle surfaces, as well as particle mobility, stability, sintering,
and electron transfer interactions.

Here we synthesize graphene nanosacks filled with nanoparticles of ZnO, Ag, Cu,
Ni, Fe, Pt, Pd, and TiO: either alone or in combination, as models to explore the
fundamental behaviors of crumpled graphene nanoreactors. The filled nanoreactor
geometry will be seen to give rise to particle-graphene and particle-graphene-particle

interactions that lead to novel reaction behaviors, including enhanced particle oxidation
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rates, inhibited particle sintering rates, galvanic interactions that affect oxidation and
dissolution, and the photochemical control of dissolution and ion release rates. We then
use these novel behaviors to demonstrate several example applications of graphene
nanoreactors in heterogeneous catalysis, controlled release on antibacterial silver ions, and

Fe-mediated reduction of environmental hexavalent chromium.
3.2 Materials and Methods

3.2.1 Synthesis of silver stock solution

Citrate-stabilized Ag nanoparticles with average size of 20 nm were prepared
according to a published method[28] with modification. A 190 mL solution containing 2
mM silver nitrate (Fisher) and 6 mM trisodium citrate (Fisher) was prepared with deionized
(DI) water and stirred vigorously at room temperature for 15 min, followed by dropwise
addition of 10 ml of 0.12 M NaBHa. After 4 hour stirring at room temperature, the silver

nanoparticle stock solution was washed with water and concentrated by centrifugal

ultrafiltration (Amicon Ultra-15 3Kk) and stored at 4 °C until further use.

3.2.2 Synthesis of GO and nanoparticle-filled graphene nanosacks

Graphene oxide was synthesized by a modified Hummers method and purified to
remove the byproducts, following a previously published procedure.[2, 29] The GO sheets
with a nominal size of 1-2 um are primarily in monolayer form, with more complete
characterization data can be found in previous publications.[5, 8] Various particle-filled
graphene nanosacks were prepared by an aerosol method.[8] Briefly, an ultrasonic
nebulizer was used to create a suspended mist from an aqueous suspension of GO

(0.5mg/ml) and the target nanoparticle cargo, and carried by nitrogen gas flow through a
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heated horizontal furnace. The resulting hybrid materials were captured on a PTFE
membrane filter (PTU024750, Sterlitech Co.). Most feed suspensions contained
nanoparticles (ZnO 1mg/ml commercial NPs from Fisher; Ag: 1mg/ml citrate-stabilized
nanoparticles; Ag/TiO2: 1mg/ml Ag and 0.125mg/ml Evonik P25 grade TiO2). Cu
nanosacks were prepared from Cu(I1)-EDTA solution containing 0.5 mg/ml of GO. During
the heating process, Cu(ll) is reduced to form copper NPs in situ. Ag/Cu nanosacks were
prepared from a colloid mixture of Ag NPs and Cu(ll)-EDTA complex (Ag/Cu mass ratio
2:1) in the presence of 0.5 mg/ml GO. Ag/Ni nanosacks were prepared from a colloid
mixture of Ag NPs and Ni NPs from Alfa Aesar (Ag/Ni mass ratio 2:1) in the presence of
0.5 mg/ml GO. In evaluating the effect of Ag/GO ratio on preventing sintering, Ag-rGO
nanosacks were prepared from various Ag/GO ratios in the feed suspension. The
concentration of Ag and GO is 0.5 mg/ml and 0.5 mg/ml (1:1), 2 mg/ml and 0.5 mg/mi

(4:1), 5 mg/ml and 0.5 mg/ml (10:1), 2 mg/ml and 0.05 mg/ml (40:1), respectively.

3.2.3 Electrochemical testing

Electrochemical tests were performed in a CO> saturated 0.1M KHCO3 aqueous
solution using a conventional H-type two compartment cell separated by a Nafion
membrane. The counter electrode was a platinum gauze, and the reference electrode was
Ag/AgCI. To prepare the working electrode, Cu/Graphene composite was dispersed in

ethanol and drop casted on a carbon paper electrode with a mass density of 2mg/cm?.
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3.2.4 Preparation of Fe (0) nanosacks and Cr (V1) removal

Fe304-GO nanosacks were synthesized according to the previous work: 10 mg
Fe304 NPs were mixed with 2mL GO suspension, and then this mixture was diluted to 10
mL. After stirring, ultrasonic were placed to facilitate well dispersion of Fe3s04 NPs. Finally,
the mixture transferred to the reactor and ultrasonically nebulized into aerosol micro-
droplets (feed rate 5 mL/h). Nitrogen gas (0.7 L/min) was purged into the reactor carrying
the droplets to pass through a 600 °C bench-top electric tube furnace. Synthesized FezOs-
GO nanosacks were collected on the end of the tube by PTFE membrane filter, and these
black powders were rinsed by pure alcohol for several times before dried in the oven under
40 °C overnight. Empty GO nanosacks were synthesized in the same way from GO
suspension. Reduced Fe304-GO nanosacks (Fe®-rGO nanosacks) and empty rGO
nanosacks were made by reduction of Fe304-GO nanosacks at 700 °C under forming gas
(H2/N2) for 2 hrs. Bare FesOs4 NPs without GO wrapping were reduced under the same
condition to obtain Fe? particles for comparison.

Chromium (V1) was chosen as the target pollutant to investigate reactivity of Fe°-
rGO nanosacks and Fe® particles made from hydrogen reduction. 2 mg of each synthesized
powder (0.2 mg empty GO nanosacks) was added in centrifuge tube, which containing 10
mL potassium dichromate solution (initial concentration of 20 mg/L, pH at 5.0), and the
tube was placed on a rotator (60 rpm). Aliquots of the samples were taken at certain time
intervals within 2 hrs, and analyzed after being filtered through a 0.22 um membrane filter.
Cr(VI) concentration was determined at 540 nm using a UV-Vis spectrophotometer by the

diphenylcarbazine method.
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3.2.5 Dissolution Experiments

ZnO nanosacks or agglomerates were incubated in 10 mM NaNOs solution. After
incubating for a predefined time period, the filtrates were separated from the solids using
centrifugal ultrafiltration (Amicon ultra-4 3k) for 30 min at 4000 rpm, and were diluted for
measurements of zinc by inductively coupled plasma atomic emission spectroscopy (ICP-
AES). Silver-based nanosack oxidative dissolution was measured similarly but UV
irradiation was involved in fraction of the Ag/TiO. samples, and Ag or Cu (in Ag/Cu

samples) was measured by graphite furnace atomic absorption spectrometry (Perkin Elmer

4100ZL, GFAAS). All ion release experiments were conducted at room temperature (20°C).

3.2.6 Product Characterization

The morphology and size of nanoparticles or NP-filled nanosacks were determined
by transmission electron microscopy (TEM) on a Philips CM20 at 200 kV and scanning
electron microscope (SEM) using a LEO 1530 field-emission SEM. The samples were
prepared by placing one drop of purified sample solution on carbon-coated copper grids or
silicon wafer, followed by drying at room temperature overnight. UV—Vis spectra of 4-
nitrophenol sample was recorded on a Jasco V-630 spectrophotometer over the range 300
to 500 nm. The compositions and phases of samples were identified by X-ray diffraction
spectrometry (XRD) on a Bruker AXS D8 Advance instrument with Cu Ka radiation (A =
1.5418 A). The XRD samples were prepared by adding purified and concentrated

suspension onto a glass slide, followed by overnight drying.
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3.3 Results

3.3.1 Nanoreactor synthesis and morphology

Figure 3-1 shows example morphologies of particle-filled graphene nanosacks
synthesized by the in-flight drying of suspended microdroplets. The aerosol process can
be carried out with pre-fabricated nanoparticles in the feed suspension (Fig. 3-1A,B) as
reported previously,[7, 8, 25, 30] or using dissolved salt or molecular precursors that form
nanoparticles during the encapsulation process or subsequent annealing.[6] High quality
encapsulation requires that the second component be dissolved or stably co-suspended with
GO to form a homogeneous two-component feed suspension that segregates into the cargo-
sack (core-shell) structure during drying.[5] In the case of particle cargos this
homogeneous feed suspension often can be created by tuning the pH so it lies either above
or below the isoelectric point of both the GO and particles, giving rise to a repulsive regime
where both colloidal materials (particles and GO) have the same surface charge sign and
experience electrostatic repulsion in co-suspension.[5] When using salt precursors, the
challenge is different - to prevent GO aggregation caused by cation screening of the
negative charge on GO, or by GO-cation-GO bridging. Cation-GO binding can cause
colloidal instability, but also lead to heterogeneous nucleation of particles on random
positions on both sides of the GO sheets, which grow into particles located on both the
inside and outside surfaces of the sacks, rather than perfect encapsulation.[6] For this study
we developed a technique to avoid these problems with salt precursors using a chelating
agent to avoid cation-GO binding. Figure 1C, D shows Cu-filled graphene nanosacks
synthesized using CuCl2/EDTA solutions with suspended GO. The addition of EDTA

converts the Cu?* to a complex anion with a large stability constant (Ks for Cu-EDTA of
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6.3*10' )[31] that prevents Cu?*-GO association and also introduces a reducing agent for
formation of copper nanoparticles[32, 33]. Figure 3-1C and D show the morphology of
nanosacks containing zero-valent copper NPs confirmed by XRD (see below), which are
successfully encapsulated in graphene with no particles visible on the external surfaces or
outside the sack. It is interesting that the Cu-filled nanoreactor structures (Fig. 3-1C, D)
have smoother and more regular surfaces than those made from pre-fabricated Ag particles
(Fig. 3-1A, B). We believe this difference is due to an internal framework from the high
Cu particle loadings that limits collapse and crumpling of the graphene, and to gas
evolution associated with pyrolytic decomposition of EDTA, which can expand the sack
and partially reverse the capillary crumpling that occurs during drying. This chelation
method can likely be applied to other salt precursors to allow a range of divalent or trivalent
metals at higher concentrations to be used for in situ encapsulation. The nanoreactor
studies in this paper use filled nanosacks prepared by both methods: particle wrapping, and

in situ reduction of chelated metal cations, as appropriate.
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Figure 3-1. Example morphologies of graphene nanoreactors filled with metallic nanoparticles. (A,
B) Ag-filled rGO nanoreactors with a crumpled shell structure fabricated by encapsulation of pre-
synthesized Ag-nanoparticles; (C,D) Cu-filled rGO nanoreactors with balloon-like morphology
fabricated using a CUW/EDTA complex as a precursor for in situ formation of Cu-nanoparticles
during the aerosol wrapping process. (A, C are SEM images; B, D TEM images). It is interesting
that the Cu-filled nanoreactor structures (C,D) have smoother and more regular surfaces than those
made from pre-fabricated Ag particles (A,B). We believe this difference is due to an internal
framework from the high Cu particle loadings that limits collapse and crumpling of the graphene,
and to gas evolution associated with pyrolytic decomposition of EDTA, which can expand the sack
and partially reverse the capillary crumpling that occurs during drying.

3.3.2 Particle stability and dissolution
The nanoparticles have been shown in this study and reported to be completely
encapsulated inside,[7] but it’s not known if the crumpled graphene is open structure and

encapsulated nanoparticles can be accessible to the surrounding solution media. We began
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the study of nanoreactor behavior by investigating whether graphene encapsulation could
stabilize particles to dissolution in aqueous media to test accessibility of encapsulated
nanoparticles. The model cargo we chose is zinc oxide nanoparticles, which has been
applied extensively in catalysis and sensor applications and widely used in consumer
products including sunscreens and cosmetics. The studies on dissolution of zinc oxide
nanoparticle is of significance not only to nanoparticles’ water stability and usage
durability,[34, 35] but also to the evaluation of cytotoxicity and environmental implications
of ZnO nanoparticles, of which the released ions are highly toxic to a range of aquatic
organisms.[36-39] The present study compares the dissolution behavior of free and
encapsulated ZnO NPs of similar primary particle size in 10 mM NaNOs3 solution (pH 5.8).
To control for any changes in the particle phase or surface during the aerosol encapsulation
process, and to control for aggregation effects, we prepared controlled agglomerates of
ZnO NPs by repeating the aerosol droplet drying process but in the absence of graphene
oxide. The result is a set of equi-axed ZnO agglomerates (Fig. 3-2B) of similar size and
shape to the graphene-ZnO nanosacks (Fig. 3-2A). XRD spectra (Fig. 3-2C) indicate the
aerosol encapsulation process did not alter the composition or phase of ZnO.

Figure 3-2D shows the rapid dissolution of free ZnO agglomerates within 20 hours
in agreement with Ma et al.[40] The ZnO particles inside crumpled graphene sacks show
a similar time scale for dissolution, but with an offset in the total amount dissolved that
may be caused by adsorption of Zn?* on polar functional groups on rGO,[41] or by some
small fraction of deeply imbedded ZnO. For both samples, the concentration of dissolved
Zn reaches an apparent equilibrium after 20 hours. Based on calculations performed using

the aqueous-phase thermodynamics package Visual Minteq[42] the equilibration is not due
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to formation of Zn(OH)>, but instead is caused by an increase in pH from 5.8 to 6.7, which
we measured over the course of the dissolution process. Overall, these results show that
encapsulation in graphene nanosacks does not protect ZnO NPs from dissolution. Neither
transport limitations on exiting Zn-ions nor the coverage of particle surfaces by graphene

sheets have a major effect on the rate of dissolution of ZnO.
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Figure 3-2. Characterization and dissolution behavior of ZnO agglomerates and nanosacks. TEM
images of (A) ZnO-filled graphene nanosacks and (B) controlled agglomerates of free ZnO NPs,
both made by the aerosol drying process; (C) XRD spectra of the free and encapsulated ZnO NPs,
showing encapsulation does not alter the phase of ZnO; (D) ZnO dissolution behavior in 10mM
NaNOs.

84



3.3.3 Anomalous enhancement of particle oxidation

Many nanomaterials are stable to dissolution in their current oxidation states, but
in the presence of Oz undergo oxidation with release of soluble ions or complexes.[28, 43,
44] This oxidative dissolution has been shown to be important in the biological and
environmental behavior of nanoscale Ag, [28, 44, 45] Cu,[43, 46] Ni[47] and Fe,[48, 49]
where it determines the concentration of the soluble ionic species that can be the primary
toxic species in particle-containing suspensions.[43, 45, 48] Here we report the surprising
finding that encapsulation in graphene sacks increases the rate of oxidation of nanoscale
Cu and Ag despite the introduction of an apparent physical barrier to oxygen access.

We tracked the appearance of soluble copper and silver ions during the incubation
of the crumpled rGO hybrids and free metal nanoparticles. Figure 3 shows their dissolution
rates in acetate buffer (pH 5.7). The Cu dissolution rate is extraordinarily fast within the
crumpled graphene nanoreactors, a result that can be directly observed in the form of Cu-
depleted reactor structures after incubation for only one hour (Fig. 3-3C). The encapsulated
and free particles have a similar size and crystal phase (Fig. 3-3A), so the effect must be
related to the hybridization of the particles with carbon. Recent studies on graphene-coated
planar substrates suggest that electron transfer from the metal to graphene can promote
metal oxidation by providing a conductive pathway from the unoxidized metal core to the
external oxidant that bypasses an insulating oxide shell.[50, 51] For nano-Cu, it is known
that a solid oxide film forms during the oxidative dissolution process,[46] and electron
transfer through an insulating Cu»O film has been proposed as the rate-limiting step in Cu
corrosion.[51] Within the nanoreactor, the metallic particles are in direct contact with

internal carbon structures that include multilayer rGO sheets and near-spherical carbon
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shells formed by EDTA pyrolytic decomposition, which are easily seen in Fig. 3-3C.
Copper is known to transfer electrons to graphene to equilibrate the Fermi levels,[52, 53]
and we propose that Cu transfers electrons to these internal carbon structures and spreads

them to the high-area outer surface where they participate in oxygen reduction.[54, 55]
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Figure 3-3. Copper-nanoparticle oxidation is accelerated inside graphene nanoreactors.XRD
spectra of copper NPs within graphene nanosacks. (B) Time-dependent dissolution behavior of
copper in rGO-Cu nanosacks and commercial Cu NPs in acetate buffer. Note that the decrease of
dissolved Cu seen in the Cu NP sample after 20 hours is due to the comproportionation of Cu NPs
and dissolved Cu?* to form the insoluble Cu,O shell.[56] (C) TEM image of rGO-Cu nanosacks
after one-hour incubation in acetate buffer showing the depletion of Cu-NPs with intact sack
structure. Note the internal spherical structures, which are EDTA-derived carbon shells at the
locations of the original Cu-NP surfaces. (D) Mechanism of electron transfer to rGO and Cu-ion
release by diffusion through the irregular pore structure of the folded structure.

Facile electron transport through conductive rGO replaces slower electron transport
through Cu20 and thus accelerates the reaction. In addition, reduced oxygen species
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formed through electron transfer to dissolved O are generated primarily at the surface of
the graphene sack and not the surface of Cu, and as such, are not readily available to
facilitate formation of Cu-oxide. This physical separation of newly formed oxide species
from copper may limit the formation of surface oxide and instead favor direct Cu-cation
release. When electron transfer through graphene is coupled with diffusion of soluble Cu
ions through the porous, water-filled sack structure (see above), the result is a complete
redox process with the net effect of accelerating nanoparticle oxidation (Fig. 3-3D).
Figure 3-4 shows that this enhancement also can be observed in the silver-graphene
system in some cases. Oxidative dissolution of silver NPs have been extensively studied
[28, 57-59], and is seen here to be accelerated when Ag particles are formed within
crumpled rGO using EDTA as an additive (see “Ag-C-rGO hybrid” curve). Interestingly,
if pre-fabricated Ag particles are encapsulated without the use of EDTA, the rGO sack
alone has little effect on dissolution (see “Ag-rGO hybrid” curve). This suggests that the
EDTA-derived carbon shells (“C” in “Ag-C-rGO hybrids”) are the primary feature that
enhances corrosion by promoting electron transport through or around the surface metal
oxide layers due to their intimate contact with the particle surfaces and connection to the

outer graphene shell (Fig. 3-3C and D).
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Figure 3-4. Ag-nanoparticle oxidation is accelerated inside graphene nanoreactors. Similar effect
seen in the Ag-graphene system when EDTA is used as an additive to create carbon shells around

the particles (Ag-C-rGO hybrid), but not in the presence of the rGO sack alone as the only carbon
component (Ag-rGO hybrid).

Finally we also used these same methods to create Pt- and Pd-filled nanosacks
(structures in Fig. 3-5), but oxidative dissolution of these metals was too slow to be used
as a diagnostic for the effect of graphene encapsulation. Combined with ZnO dissolution
data, graphene nanosacks show incapability of suppression of particle dissolution due to
its open structure and non-conformal wrapping. The carbon shells from EDTA pyrolysis
provide conformal wrapping on particles, and promote electron transport and eventually

enhance these metal dissolution observed in Fig. 3-3 and 3-4.
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Figure 3-5. SEM images and XRD spectra of Ag, Pt, and Pd -filled rGO sacks synthesized by
adding EDTA at equi-molar concentrations to the metal precursor salt (AgNOs, Na,PtCls, and
Na-PdCls) in the GO suspension. In all cases, metal ions are reduced to zero-valent metal
nanoparticles.

3.3.4 Inner-space catalysis

There is great interest in graphene-particle hybrids as advanced architectures for
heterogeneous catalysis and electrocatalysis.[60-64] It is clear that the internal spaces in
graphene sack nanoreactors are accessible to small molecule solutes (Fig. 3-2 and 3-3), but
the ability of nanoreactors to serve as functioning catalytic systems is unknown. Here we

investigated the catalytic activities of Cu-NPs and Ag-NPs in nanoreactor environments

89



for electrochemical reduction of CO2 and 4-nitrophenol reduction, respectively. Copper is
known to be one of the most effective metallic catalysts for carbon dioxide
electroreduction.[65-67] Fig. 3-6A shows cyclic voltammograms of rGO-Cu sacks in 0.1

M aqueous KHCO3 sparged with 1 bar CO> gas.
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Figure 3-6. Catalytic activity of Cu NPs when encapsulated in graphene nanosacks. (A) Cyclic
voltammogram showing activity of rGO-Cu nanoreactors for the electrochemical reduction of CO,
in 0.1 M aqueous KHCQO3. The inset plot shows current density normalized by copper mass. (B)
GI-XRD and EDX spectra of Cu/rGO-nanoreactors after electrochemical testing, showing stability
of Cu metal phase.

The lower onset potential and higher current density of this graphene-particle
hybrid relative to the carbon paper control demonstrates the catalytic activity of the rGO-
Cu nanosacks. It is noteworthy that the nanosacks give a lower onset potential for CO-
electroreduction than pure Cu foil (Fig. 3-6A). The current density per superficial electrode
area is similar for the nanoreactors and the Cu-foil, but the Cu mass density in the
nanoreactor electrode (2 mg/cm?) must be lower than that of the foil (224 mg/cm?), so the
current density per unit Cu mass is much higher for the nanoreactor sample (Fig. 3-6A

inset). Energy dispersive X-ray spectroscopy (EDX) and Grazing Incidence X-ray
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Diffraction (GI-XRD) results in Fig. 3-6B show that the Cu phase is stable during cycling,
and overall the data suggest that graphene nanoreactors can function as a support
architecture for electrocatalysis.

For a non-electrochemical reaction, we used Ag-catalyzed reduction of 4-
nitrophenol (Nip) to aminophenol as a model reaction (inset of Fig. 3-7). The reduction of
Nip by borohydride is catalyzed on Ag and Au surfaces, and this catalytic reaction has
often been used as a model to benchmark the activity of nanoparticle catalyst
formulations.[68-70] Here, the characteristic UV-vis adsorption peak of Nip at 400 nm is
used to monitor this reaction in the presence of rGO-Ag nanosacks. Ag nanosacks
(Img/mL, 2puL) were added to a 1 mL solution containing Nip (1.4>x10* M) and NaBH.
(4.2x102 M), and Fig. 3-7 shows the Nip depletion dynamics in the presence of the rGO-
Ag nanoreactors, which demonstrates rGO-Ag nanosacks are catalytically active. For
comparison, Ag catalyst prepared by the same aerosol process without graphene wrapping
was also used in the nitrophenol reduction reaction at the same mass of Ag-rGO nanosacks,
but showed no activity. The Nip reduction rate is expected to be proportional to the amount
of Ag surface available for surface hydride formation (by BH4") Nip adsorption, surface
reaction, and desorption, according to the accepted mechanism for catalytic Nip
reduction.[71] Without graphene wrapping, the loss of Ag activity is due to thermal
sintering at 600 ‘C (vida infra). The role of graphene nanoreactors in sintering inhibition is

explored in more detail in the following section.
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Figure 3-7. Catalytic activity of Ag NPs when encapsulated in graphene nanosacks. Time
dependent adsorption spectra of 4-nitrophenol showing its depletion by borohydride reduction
catalyzed by rGO-Ag nanoreactors.

3.3.5 Sintering inhibition

Among the desired functions of a catalyst support is to enhance and maintain
particle dispersion and active surface area. Both particle mobility and atomic mobility at
particle surfaces can cause a loss in surface area and catalytic activity under reaction
conditions at elevated temperatures. We found the crumpled graphene nanoreactor
architecture to be effective at suppressing particle-particle interactions and thermal

sintering. Figure 3-8 compares the behavior of free and encapsulated Ag NPs heated at
400 °C (A, B) and 600 °C (C, D) in inert gas. Controlled Ag-NP agglomerates were made
by nebulization of Ag-NP suspensions and in situ drying, and in the absence of graphene,

these agglomerates undergo rapid partial fusion at temperatures as low as 400 °C (Fig. 3-
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8A). At 600 °C one large rounded Ag particle forms from the complete fusion of the initial

agglomerate (Fig. 3-8C). The addition of graphene, however, maintains the initial particle
structure at both temperatures during the aerosol process (Fig. 3-8 B, D), which we believe
is due to physical restriction of particle motion by internal graphene structures. Sintering
suppression is characteristic of crumpled graphene nanoreactors, whose folded structures
create internal nanoscale pockets for the particles that serve as physical barriers to particle
mobility or release (Fig. 3-8E), but whose characteristic pore sizes around 4 nm[5, 8]

allows small molecule reactants (< 4 nm) access to catalyst active sites.

Figure 3-8. Sintering inhibition of nanoparticles within crumpled graphene nanoreactors. (A, B)
Final Ag particle structures after rapid thermal treatment in flight at 400 ‘C in N gas during the
aerosol process: (A) controlled Ag agglomerates with no graphene, (B) Ag-NPs inside crumpled
graphene nanoreactors. (C, D) Final Ag particle structures after rapid thermal treatment in flight
at 600 “C in N2 gas during the aerosol process: (C) controlled Ag agglomerates with no graphene,
(D) Ag-NPs inside crumpled graphene nanoreactors. (E) Sketch of internal graphene structures that
are proposed to prevent particle-particle interactions and release, while allowing small molecule
solutes access to active surfaces.
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Figure 3-9 shows that the sintering inhibition depends on the relative amounts of
Ag and graphene in the filled reactor structures. As the initial Ag/GO mass ratio increases
from 1 to 40, the ability of internal graphene structures to inhibit sintering declines. We
believe that high graphene content produces more internal compartments and fewer Ag-

NPs per compartment, leading to smaller final particles after thermal treatment.

Ag:GO=1:1 - 4:1

-
" 4

Figure 3-9. The effect of GO/Ag ratio in sintering inhibition. Sintering inhibition is more effective
at high GO:Ag ratio. TEM images of sintered Ag in graphene nanoreactors treated at 600 ‘C at
different Ag:GO ratios (left to right): 1, 4, 10, 40. The black scale bar represents 100 nm, while the
white scale bar represents 50 nm.

To test sintering inhibition at longer times, we treated pre-fabricated Ag-filled

nanoreactors to temperatures ranging from 500-700 °C for one hour in a horizontal tube
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furnace. The Ag nanoparticles were stable inside graphene nanoreactors for one hour at

500 °C in N2 and at 700 °C in 5/95% H./N. (Fig. 3-10 B, D). Interestingly, the graphene

nanoreactors were destroyed and the Ag-NPs fully sintered at 700 °C in the absence of H:

(Fig. 3-10C), which is likely due to trace oxygen in the N2 annealing gas environment. The

crumpled graphene shells here are composed of only about 10 atomic layers,[8] and it is
not surprising that they are easily gasified by exposure to trace oxygen at 700°C, which is

above the typical initiation temperature for rGO oxidation by air.

Figure 3-10. Morphology of Ag nanoparticles under various thermal treatment conditions. SEM
images of as-prepared Ag NPs (A), Ag-rGO nanosacks incubated at 500 C in 99.99% nitrogen for
one hour (B), Ag-rGO nanosacks incubated at 700 “C in 99.99% nitrogen for one hour (C), and Ag-

rGO nanosacks incubated at 700 C in 5/95% H/N> for one hour (D). All scale bars represent 100
nm.
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3.3.6 Case study: Fe0-NPs for environmental reduction of Cr(V1)

The graphene nanoreactor architecture also can be used to increase the reactivity of
nano-zero-valent iron (nZVI) for the environmental remediation of Cr (VI) through
chemical reduction. One route to nZVI1 is reduction of FesO4 nanoparticles with low Cr
(V1) removal efficiency, but sintering or aggregation at the high-temperatures employed
reduces the activity of the nZVI. [72, 73] Surface coatings based on silica[74] or carbon[75]
have been explored to maintain the iron oxide nanostructure during reduction. Here we
compare the reductive activity of derived nZVI prepared from Fe3O4 particles in the free

state and imbedded in graphene nanoreactors. Figure 3-11 shows that free particles
undergo significant sintering and area loss during the 700 °C hydrogen reduction step

(A->D), while the encapsulated particles show better size and area retention (B—>C).
Though Fe as free particles and within nanoreactors have the same composition and phase
(Fig. 3-11E), the nZVI particles within the nanoreactors are more effective at Cr (VI)
reduction (Fig. 3-11F). The initial Kinetics are fast in both cases, but the free iron particles
lose activity at just over 50% conversion while Fe%filled graphene nanoreactors retain
activity through the complete elimination of Cr (\V1). Note that rGO nanosacks alone at the
same mass loading showed very limited adsorption/reduction of Cr (VI), so the effects
observed relate to differences in the activity of the iron phases. We believe the improved
performance of the nanoreactor sample is the result of two effects: (i) encapsulation inhibits
sintering during synthesis and yields smaller particles with higher external area, and (ii)
electron transfer between Fe® and graphene allows indirect reduction of Cr (V1) by Fe° at
the sack surface and prevents the formation of a passivating oxide film at local points of

particle-graphene contact. This enhanced reductive activity toward Cr (V1) is analogous
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to the enhanced reductive activity toward O observed for Cu-rGO nanosacks that leads to
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Figure 3-11. Use of graphene nanoreactors to increase the activity of Fe®-NPs for environmental
reduction of Cr (V1). TEM images of (A) free Fes04 NPs; (B) FesOs-filled nanoreactors; (C) Fe®-
filled nanoreactors; (D) free Fe? particles. (E) XRD spectra of Fe’filled nanoreactors and free Fe°
particles. (F) Comparison of Cr (VI) removal efficiency within 2 hrs. Note: the graphene-only

control shows the main activity for Cr (V1) removal is associated with the iron phases. (G) Proposed
mechanism.

3.3.7 Complex nanoreactors: photochemical control of Ag-ion release

The data above have shown novel behaviors that arise from particle-graphene
interactions in the nanoreactor architecture. Even more complex behaviors emerge when
multiple particle types are introduced into the graphene nanoreactor interior. Figure 3-12
for example shows the controlled dissolution behavior of ternary Ag/TiO2-rGO nanosacks

in aqueous suspension in the presence and absence of UV illumination. Ag control release

97



is of scientific significance and has wide potential applications since the dissolved Ag
determines the cytotoxicity and antibacterial properties of silver-based nanomaterials.[76-
79] As ameasure of the rate of oxidation of nano-Ag, the time evolution of dissolved silver
concentration was monitored by graphite furnace atomic absorption spectroscopy after
nanosack removal by ultrafiltration.[28] The rate of oxidative dissolution of nano-Ag in
the dark is similar to that reported previously, [28, 80, 81] but the release is completely
suppressed during UV illumination (Fig. 3-12B). Oxidative dissolution restarts
immediately when the UV lamp is switched off, and when the lamp is turned back on the
accumulated Ag* undergoes active reduction lowering silver ion concentration (Fig. 3-
12B). This demonstrates active control of Ag-ion release and re-reduction using three-
component graphene nanosacks.

Some aspects of this behavior are readily understood from the existing literature.
Titania is an active photocatalyst, but when present as isolated particles, electron-hole
recombination can limit its efficiency.[60, 82] Hybridizing TiO2 with graphene has been
reported to increase photoefficiency by electron transport and spreading onto the 2D carbon
sheet, which promotes electron-hole separation and inhibits recombination.[82, 83]
Furthermore, high efficiencies in Ag-TiO2-graphene systems have been reported through
graphene (rGO) transport of excited electrons for Ag reduction, though the effect on Ag
transformations was not studied. Silver ion reduction also has been reported on illuminated
TiO, surfaces.[84] The data shown in Fig. 3-12C reveals a behavior unique to Ag/TiO>-
rGO nanoreactors. Here Ag ion release is suppressed by trace amounts of TiO2 (1% of the
Ag loading). This amount of TiO is not effective when present as free particles in

suspension with nano-Ag (Fig. 3-12C). We propose that the highly sensitive control of
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Ag-ion release in Ag/TiO2-rGO nanoreactors is due to the enhancement of TiO>
photoreactivity by direct electron transfer through graphene to silver[82] combined with
the elevated concentration of the Ag and TiO> components that are concentrated in the
reactor interior. Any silver ion produced through nano-Ag oxidation must encounter
electron-doped graphene structures before diffusion through the porous sack, and the
internal reduction process is too fast to allow measurable release (Fig. 3-12D). Photo-
controlled release and capture of silver ions shown by Ag/TiO2-rGO nanosacks is unique

and may have potential in controlled release antibacterial or other delivery applications
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Figure 3-12. Complex nanoreactors: photochemical control of Ag-ion release. (A) TEM image of
Ag/TiO,-rGO nanosacks; (B) Time-resolved measurement of Ag ion release from Ag/TiO,-rGO
nanosacks in dark or under UV irradiation; (C) Ag ion release from Ag/TiO»-rGO nanosacks with
small amounts of TiO; in dark or UV irradiation incubated for one day. Here the oxidation
protection provided by TiO> is much more effective in the nanoreactor configuration than from free
Ag and TiOy in suspension under the same conditions; (D) Proposed mechanism for suppression of
Ag oxidation by electron transfer and active Ag* reduction on graphene surfaces.
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3.3.8 Complex nanoreactors: galvanic control of Ag-ion release

Another emergent behavior of three-component nanoreactors involves galvanic
interactions between dissimilar imbedded metals. We explored the addition of a less noble
metal to Ag-rGO nanoreactors as a non-photochemical method to control Ag-ion release.
Figure 3-13 shows the behavior for Cu (A-C) and Ni (D-F) introduced as the less noble
metal. The Ag/Cu-rGO reactors (A-C) were prepared by the aerosolization of GO with the
dissolved Cu-EDTA complex described in Fig. 3-1. For a better comparison, the Ag-rGO
nanoreactors were made from pre-synthesized particles as in Fig. 3-1, but also with the
addition of EDTA that may affect the ion release rates.

Figure 3-13C shows the time-dependent dissolution behavior for both elements.
The dissolution of Cu is fast, as observed previously for the simple Cu-rGO system (see
Fig. 3-3), and the Ag oxidative dissolution is unaffected by addition of copper. The
inability of Cu to influence Ag-ion release is easily understood — Cu oxidation and
dissolution is rapid enough that the Cu-NPs are not present for most of the time period of
Ag oxidation. The mismatch between Ag and Cu oxidation kinetics prevents Cu from
being effective as a method for galvanic control of Ag-ion release. A different behavior is
seen in the case with nickel. Figure 3-13 D-F show the behavior of Ag/Ni-rGO
nanoreactors. The similar rates of oxidative dissolution for free silver and encapsulated Ni
allow Ni to strongly suppress Ag-ion release. This suppression can be the result of a
galvanic replacement reaction (e.g. 2Ag* + Ni = 2Ag + Ni?*) or by electron transfer from
Ni through rGO to Ag, providing cathodic protection that prevents Ag oxidation. . The use

of various amounts of the sacrificial metal can alter the induction period before Ag ion
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release starts, and this has potential applications where extended release is needed such as

antibacterial bandages.
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Figure 3-13. Complex nanoreactors: galvanic control of Ag-ion release. (A-C) Ag/Cu-rGO
nanosacks, (A) morphology by TEM, (B) phases by XRD, and (C) oxidative dissolution behavior
for both Ag (total Ag concentration is 3 ppm) and Cu components in acetate buffer. Cu oxidation
and dissolution is rapid, and does not alter the oxidative dissolution profile of nano-Ag observed
when present alone in Ag-rGO nanosacks. (D-F) Ag/Ni-rGO nanosacks, (D) Morphology by TEM,
(E) phases by XRD, (F) oxidative dissolution behavior of both Ag and Ni components in acetate
buffer.

3.4 Conclusions

Crumpling graphene around chemically reactive or catalytic particles can lead to
“nanoreactor” systems with active internal cavities that can be exploited for the engineering
of chemical reactions. The crumpled structure can be designed to immobilize and retain
the active nanoparticles, while providing diffusional pathways through < 4 nm pores for

small molecule reactants and products to enter and exit the internal nanocavity during
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reaction. This paper explores nanoreactor behaviors using ZnO, Cu, Ag, Ni, Fe, and TiO>
NPs as model fillers. We show that the complex 3D crumpled structure and electrical
conductivity of the graphene shell gives rise to novel behavior that includes (i) inhibition
of particle sintering (Ag, Fe), (ii) enhancement of particle oxidation (Cu, Ag) through
improved electron transfer, (iii) cathodic protection against oxidation (Ag) using a co-
imbedded sacrificial particle (Ni), (iv) TiO2-mediated photochemical control of silver ion
release, (v) and enhanced performance in the Fe-based reduction of environmental Cr(V1).
These novel behaviors coupled with the continuous fabrication method and the flexible
ability to fill the graphene shells with one or multiple types of chemically reactive or
catalytic particles, make crumpled graphene nanoreactors attractive for a variety of
applications in catalysis, electrocatalysis, controlled release, and environmental

nanotechnology.[85]
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Chapter 4 Prestrain-induced 2.5D wrinkled graphene surface

for directing cell alignment
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4.1 Introduction

Patterning of surface topography is a powerful technique for controlling interfacial
interactions between a material and its environment. [1] Topographical patterns can be
created by etching or molding the surface of a single-component material, or through
creation of heterostructures consisting of a substrate and a surface film with engineered
texture. An emerging method for surface texturing is the creation of wrinkle patterns by
controlled shrinkage of a stiff coating on a softer, compliant substrate. [2-5] This approach
has been experimentally implemented in a variety of polymeric and inorganic material
systems[6], and the wrinkle morphologies have been the subject of theoretical treatments
of buckling instability. [7-9] An exciting new approach to the creation of these textured
surface films is the growth or deposition of two-dimensional, sheet-like nanomaterials,
such as graphene, whose atomically thin nature enables the creation of the ultrathin flexible
films suitable for controlled wrinkling. Topographically patterned graphene has found
numerous applications in optical and electronic devices, energy storage, and functional
coatings. [10-19]

Here we demonstrate another application area for graphene surfaces with
engineered wrinkle structures: as functional substrates for cell and tissue engineering.
Planar graphene and graphene oxide (GO) have already been explored as substrates for
biological cells and tissues[20-22], and remarkably, mesenchymal stem cells, myoblasts
and fibroblasts appear to display enhanced viability compared to conventional tissue
culture substrates[23-27]. A limitation of conventional flat, uniform 2D cell culture
substrates, however, is that they lack the complexity of structural architectures found in the

extracellular matrix in living tissue. On planar 2D surfaces, cells adopt strongly flattened
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morphologies, and the resulting cellular behavior can deviate from the natural behavior
observed in a physiological 3D context.

Modern nanopatterning approaches strive to create biomimetic features that are
comparable in size and geometry with molecular elements of the natural microenvironment.
[28-31] In particular, interstitial collagen in the extracellular matrix are bundled together
with diameters from tens to hundreds of nanometers, as well as pore sizes or gaps on the
order of 5-20 um. [32] These anisotropic topographies can affect cell morphology and
orientation, a phenomenon known as contact guidance [33]. Cell-substrate interactions that
mimic this anisotropy using aligned grooves have been previously investigated on
polymeric materials using controlled buckling [34-36] and micropatterning [37-41],
revealing altered migration dynamics, proliferation, gene expression and differentiation. In
this context, graphene substrates incorporating microscale topography are intriguing as
functional substrates for cell and tissue engineering, but have not, to our knowledge, been
previously examined. Overall, the design of biomaterial interfaces based on graphene
represents an exciting approach for understanding fundamental cell biology,
nanostructured scaffolds for tissue engineering and regenerative medicine as well as to
promote biocompatibility and biointegration of functional medical implants in neuronal,
cardiovascular or epidermal tissues.

In this chapter, we demonstrate the formation of wrinkled multilayer graphene
surfaces using GO solution phase deposition on pre-stretched elastomeric substrates
followed by relaxation and thermal stabilization. We find that the topography of these
stabilized graphene oxide (s-GO) surfaces is maintained during thermal treatment, and

displays exceptionally sharp features, whose spatial periodicity can be systematically tuned
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by simple variation of the GO concentration in the deposition suspension. We examine the
effect of these wrinkled s-GO architectures on human and murine fibroblast cells, which
attach and remain viable, and cause important changes in cell orientation, alignment, and
morphology relative to cells on planar s-GO. This work establishes the feasibility of
graphene wrinkle engineering for the fabrication of textured substrates for cell and tissue

engineering and potential applications in biomedical implants.

4.2 Materials and Methods

4.2.1. Fabrication of textured surfaces

GO suspensions were prepared by a modified Hummer’s method and purified and
characterized as described previously. These GO sheets are primarily in monolayer form
in aqueous suspension and are 1-5 um in lateral dimension with a C/O atomic ratio of
approximately 1.8 [42]. The elastomeric substrates were silicone rubber sheets (McMaster-
Carr) of 1/16” thickness and either S0A or 20A hardness. The elastic modulus of the
substrates was measured using an Instron 5882. The elastomer films were cut into 4x2 cm
pieces, washed with deionized water, and fixed at one end to glass slides. The films were
stretched uniaxially to a desired pre-strain (1.5%-50%) and secured with a fastener. A
specific volume of GO aqueous suspension (typically 150 uL of 0.2 g/L GO) was pipetted
onto the substrate, dried overnight, and relaxed to form the wrinkle patterns (Fig. 4-1). For
cell studies the films were rendered stable to re-dissolution in cell culture medium by mild

thermal treatment through annealing overnight at 120 <C in air.
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4.2.2. Morphology characterization

Morphologies of the textured surfaces were characterized by optical microscopy,
atomic force microscopy (Asylum MFP-3D Origin AFM) in pulse mode, and field
emission SEM (LEO 1530 VP) in the variable operating pressure mode without coating
the samples, in top view (for wavelength determination) or high tilt (for transverse profiles).
The characteristic wavelength of the wrinkle features were quantified by sampling grey-
scale line profiles from the micrographs using Gatan DigitalMicrograph, followed by Fast

Fourier Transformation in MATLAB (Mathworks).

4.2.3. Cell culture

NIH-3T3 mouse fibroblasts were a gift from Dr. Agnes Kane (Brown University),
while normal human fibroblasts (NHF cells) derived from neonatal foreskin were a gift
from Dr. Jeffrey Morgan (Brown University). Cells were cultured in high glucose, pyruvate
Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies # 11995) supplemented
with 10% Fetal Bovine Serum (FBS), 100 units/mL penicillin, and 100 ug/mL
streptomycin. Both cell lines were carried out under standard culture conditions: incubation
at 37°C in a 5% CO2 gaseous environment, which pairs with the DMEM’s sodium
bicarbonate buffer system to maintain physiological pH, cells were cultured in T-25 flasks,
and passaged at 70-80% confluence. Only low passage numbers were used in experiments

(P5-P12 for NIH-3T3s and P4-P10 for NHFs).
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4.2.4. Preparation of s-GO-coated substrates for cell culture experiments

Paired wrinkled and flat s-GO substrates were prepared as described previously.
For cell culture, substrates were further processed by immersion and rinsing in DI water
(Milli-Q, 18.2 MQ) for at least 12 hours to remove debris and any contaminants. Substrates
were then sterilized by UV exposure with a 30W lamp for 1 hour before transferring to a
24 well plate.

Once the s-GO materials were prepared and sterilized, cells cultured in T25 flasks
were incubated with HyClone 0.05% Trypsin for detachment. Once cells were lifted off
the flask, the suspension was transferred to a conical tube containing growth medium and
centrifuged at 1000RPM for 5 minutes. The cell pellet was then re-suspended in culture
medium, and cells were subsequently counted using an automated cell viability counter
(Nexcelom Cellometer Auto 1000). Next, a 100uL droplet with a concentration of 40,000
cells/mL was deposited on the materials, allowed to settle for ~1 hour, and then the well

was filled with 1 mL of culture media. After 48 h, the cell culture media was replenished.

4.2.5. Cell viability

After culturing cells on polystyrene, flat s-GO, and wrinkled s-GO substrates for
96 hours, culture medium was aspirated and replenished with media containing Hoechst
(bis-Benzimide), diluted 1:2000. Cells were incubated for 30 minutes at 37°C in 5% CO>
to label cell nuclei, the Hoechst-media was aspirated, and cells were rinsed with 1X
phosphate buffered saline (PBS). To label dead cells, DRAQ7 (BioStatus), diluted 1:100
in culture medium, was added to each well. Cells were incubated for an additional 10

minutes, and then imaged using an inverted epifluorescence microscope (Nikon TiE).
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Images were acquired using a 10X Plan Fluor objective (NA 0.3, long working distance)
with fluorescence illumination, provided by using a light-guide coupled Lumen Dynamics
X-Cite 120 LED system. All images were acquired with 14-bit resolution using a SCMOS
camera (Andor Neo). Care was taken to ensure that all images were recorded with identical
acquisition parameters (exposure time, camera gain/gamma control and microscope
aperture settings). To determine the percentage of viable cells in each condition, the total
cell nuclei (Hoechst label) and dead cells (DRAQ?7 label) were counted using CellProfiler
(version 2.1, Broad Institute). Cell viability was defined by the ratio of live cells (Total
nuclei count — Dead cell count) to the total number of cells (Total nuclei count); the results

were plotted as bar graphs, with the use of MATLAB (Mathworks).

4.2.6. Immunostaining and fluorescence imaging

After 96 h of culture on wrinkled and flat s-GO substrates, cells were fixed using
4% paraformaldehyde in 1X PBS. Cells were then permeabilized with 0.1% Triton-X 100
in 1X PBS. For F-actin microfilament detection, cells were immunostained with a
conjugated antibody, Alexa Fluor 647 Phalloidin (Invitrogen), diluted 1:80 in 1% nonfat
dry milk in 1X PBS. Cell nuclei were also labeled by counterstaining with Hoechst (bis-
Benzimide), diluted 1:5000 in 1X PBS. 1X PBS was added to the wells, and
immunostained samples were placed upside down in a new 24 well plate for imaging using
an inverted epifluorescence microscope (Nikon TiE). Images were acquired using a 10X
Plan Fluor objective (NA 0.3, long working distance) or a 20X Super Plan Fluor objective
(NA 0.45, extra long working distance). Fluorescence illumination was provided using a

light-guide coupled Lumencore Sola white light excitation system. All images were
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acquired with 14-bit resolution using a SCMOS camera (Andor Neo). Care was taken to
ensure that all images were recorded with identical acquisition parameters (exposure time,

camera gain/gamma control and microscope aperture settings).

4.2.7. Image processing for quantification of cell morphology

CellProfiler (version 2.1, Broad Institute) was utilized for cell segmentation and
analysis [43], with manual verification afterwards. First, fluorescently labeled nuclei were
segmented as primary objects using maximum correlation thresholding (MCT) and
clumped objects were resolved using shape and intensity. Next, based on the location of
the nuclei, fluorescently labeled F-actin in the cell body was segmented as a secondary
object. For wrinkled surfaces, secondary objects were best segmented by a robust
background threshold and adaptive threshold strategy. Instead, for flat controls, secondary
objects were best segmented using the Ostu thresholding method and global thresholding
strategy. Finally, the “MeasureObjectSizeShape” module was employed to extract the
following shape descriptors for the detected objects:

Area: The actual number of pixels in the region.

Eccentricity: The eccentricity of the ellipse that has the same second-moments as
the region. The eccentricity is the ratio of the distance between the foci of the ellipse and
its major axis length. The value is between 0 and 1. (0 and 1 are degenerate cases; an ellipse
whose eccentricity is 0 is actually a circle, while an ellipse whose eccentricity is 1 is a line
segment.)

Solidity: The proportion of the pixels in the convex hull that are also in the object,

i.e. ObjectArea/ConvexHullArea. Equals 1 for a solid object (i.e., one with no holes or has
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a concave boundary), or <1 for an object with holes or possessing a convex/irregular
boundary.

Orientation: The angle (in degrees ranging from -90 to 90 degrees) between the x-
axis and the major axis of the ellipse that has the same second-moments as the region.

Compactness: The variance of the radial distance of the object's pixels from the
centroid divided by the area.

MinorAxisLength: The length (in pixels) of the minor axis of the ellipse that has
the same normalized second central moments as the region.

MaxFeretDiameter: The Feret diameter is the distance between two parallel lines
tangent on either side of the object (imagine taking a caliper and measuring the object at
various angles). The maximum Feret diameter is the largest possible diameter, rotating the

calipers along all possible angles.

We found that width of a cell was poorly approximated by the minor axis of an
ellipse with equivalent second central moments, resulting in an overestimation of cell width.
Instead, we defined an alternate metric:

Average Cell Width = Area/MaxFeretDiameter, which is based on the actual area

of the cell.

4.2.8. Cell orientation and statistical analysis
A variety of circular statistical tests were applied using Oriana (Kovach Computing
Services) to test whether cellular orientations were uniformly distributed (one-sample tests)

or to compare the similarity of two distributions (multiple sample tests) [44]. Rao’s Spacing
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Test was used to evaluate the null hypothesis that a given circular dataset is uniformly
distributed by checking if the differences between successive measurements are
comparable to 180N, where N is the number of measurements. In addition, the Mardia-
Watson-Wheeler test was used to evaluate the null hypothesis that two samples have
identical distributions as a circular analogue of the two sample t-test. It should be noted
that, for simplicity, the coordinate system for wrinkled materials was defined along the
length of the wrinkles. Circular statistics were plotted in MATLAB (Mathworks) using
ROSE.

For all other metrics of cell morphology, the statistical distributions were compared
using the two-sample Kolmonogorov-Smirnov test in MATLAB (Mathworks). Statistical

significance was determined by rejecting the null hypothesis at p <0.05 (5% significance

level). Plots were also generated in MATLAB, as a combination of BOXPLOT, where the
dividing line corresponds to the median, 25th and 75th percentiles are indicated by the box
edges and whiskers correspond to 99.3% coverage, as well as PLOTSPREAD (MATLAB

File Exchange), which displays data points representing individual cell measurements.

4.3 Results and discussion

4.3.1 Film fabrication and structure

The main objective of this research was to explore wrinkled GO surfaces as
anisotropic cell attachment substrates for control of cell alignment and morphology in
tissue engineering applications. We chose a fabrication route based on GO wet deposition
and mild thermal treatment, which is a potentially practical and scalable method that is an

attractive alternative to large-area coverage by pristine CVD graphene. Figure 4-2 shows
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the basic morphology of the wrinkled GO surfaces prior to thermal treatment created by
relaxation of substrates with 50% uniaxial pre-strain and covered by 200 nm thick GO
multilayer films. Relaxation produces a series of nearly parallel ridges with high-curvature

crests separated by broader valleys (Fig. 4-1).

GO wet deposition  Drying and relaxation
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Figure 4-1. Illustration of the fabrication process for wrinkled GO multilayer films.

The wrinkle patterns can be removed by re-stretching to the initial state (Fig. 4-
2A), and the process is reversible over multiple cycles. These features are similar to those
observed previously for pristine few-layer graphene coatings undergoing similar uniaxial
compression [16, 18]. The present films show longitudinal cracking (Fig. 4-2B) during
relaxation, which we suspected was due to Poisson expansion in the transverse direction.
The cracks here did not appear to affect the periodic wrinkle textures, but do reveal the
underlying substrate, which would be an undesirable feature in some applications. We
therefore sought a solution, and found that the cracks could be suppressed by fixing the
sides of the film during the pre-stretch to mechanically constrain its Poisson contraction,
which then also suppresses its subsequent Poisson expansion during the relaxation and

wrinkling process (Fig. 4-2C).
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Figure 4-2. Reversibility of wrinkled graphene and suppression of microcracks by transverse
constraint. (A) Demonstration of reversibility by re-stretching under an optical microscope, scale
bar is 100 pm. (B) AFM image showing the basic morphology of parallel ridges with sharp crests
(light) and broader valleys (dark). Film thickness is 20 nm and scale bar is 20 um. (C) SEM showing
longitudinal microcracks that form when simple uniaxial relaxation occurs (left image). These
cracks can be suppressed (right image) if the substrate is constrained in the transverse direction
during relaxation to prevent the expansion associated with the Poisson effect, scale bar 100 um.

The longitudinal cracks in the films fabricated in our early attempts without
transverse pinning were undesired, but did make it possible to directly view the cross-
section wrinkle profiles in detail (Fig. 4-3). The wrinkles are delaminated buckled
structures with nearly straight slopes and with curvatures concentrated at the ridge tops.
The ridge tops have characteristic curvatures on the order of the film thickness, and are
similar to the sharp ridges seen in crumpled graphene particles formed during isotropic
compression [45, 46], which are 3D structures having both ridges and vertices. The films
remain on the substrate through adhesion at the valley floor regions, and the local
delamination produces cavities with triangular cross-sections between the substrate and
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film. This delamination buckling in multilayer GO has also been observed in pristine few-
layer or multi-layer graphene films [16, 18], while amorphous carbon films fabricated by
ion beam deposition from hydrocarbons do not show such local delamination when they
undergo spontaneous buckling associated with growth-induced film compression [19]. The
difference may reflect very different film-substrate bonding in the graphene-based films

and the ion-beam deposited films.

Figure 4-3. High-tilt SEM image of transverse profiles , which shows a delaminated buckle
structure with nearly straight slopes (arrow 1) and curvature concentrated at the ridge tops (arrow
2). These wrinkles are high-amplitude buckled ridges in which some primary peaks have collapsed
on neighbors to create double-ridges (arrow 3). Scale bar 20 um. The samples unless noted use 50%
pre-stretch and 200 ug/ml GO suspension that gives a nominal GO film thickness of 200 nm.

4.3.2 Wavelength and amplitude tuning

For manipulation of cell alignment and morphology, it is desirable to control the
amplitude and wavelength of the wrinkle patterns in our multilayer graphene films.
Approaches to this control are readily suggested by the significant literature on the

theoretical and experimental mechanics of stiff thin films on pre-stretched compliant
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3Es(1-v}) 2/3

Ef(1-v$)

substrates [15, 47, 48]. The critical buckling strain is reported to be e, = 1/4 [

where E; and E are the Young’s modulus of film and substrate, respectively, and vs and
vr are the Poisson’s ratio of elastomer substrate and stiff film, respectively. When this

strain is exceeded, wrinkles develop with a wavelength:
Ef(1-v3) 1/3
3Es(1-v§)

Ao = 21/t l 1)

where, /z is the film thickness. This theory is valid in the limit of small deformation.
When the deformation is large, wavelength becomes strain-dependent [49], and
consequently the corresponding wavelength is [50]

_ Ao
T (Ltepre)(1+6)L/3

)

where 4, is the wavelength based on small deformation theory, ¢, is the pre-strain and
a pre-stretch factor (1 + ;) (1 + €)*/3 isincluded with & = 5¢,,.(1 + €,¢)/32. When
£pre 1S CONstant, the superficial wavelength A only depends on the thickness of the film.
Equation (1) suggests the use of film thickness or substrate stiffness to tune
wavelength. The former is an attractive option for multilayer GO films, whose thickness
can be easily and systematically altered by changing the concentration in the deposition
fluid. The results of both methods for wavelength tuning are illustrated in Fig. 4-4. For a
given substrate, wavelengths can be changed by an order of magnitude (e.g. 3 to 30 um for
the softer substrate) by varying GO film thickness from 20-200 nm through increasing GO
suspension concentration from 0.02-0.2 mg/ml. Based on the work of Kunz et al [15], we

anticipate the ability to extend to nanoscale features by using monolayer or few-layer s-
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GO, though it becomes increasingly difficult to fully cover the substrate with such ultrathin

films made by tiling microscale GO sheets.
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Figure 4-4. Wavelength tunability through control of multilayer GO film and through substrate
selection. (A) SEM images of wrinkled GO films of thickness from 10 nm to 200 nm on the softer
elastomer (modulus 5:10* Pa) and (B) their Fourier transform spectra with the dominant spatial
frequency shaded. (C) Thickness-dependent wavelengths on softer (black squares) and stiffer

elastomer (modulus 6:10° Pa; red circles) with linear regression slopes /Zi shown. The scale bars in
¥
(A) represent 50 nm.
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The linear relationship between the wavelength and film thickness is consistent
with Eq. 1, and can be used to estimate the Young’s modulus of the multilayer GO film.

Taking &, = 50%, vf = 0.197, [51] v; = 0.48, we can obtain from equation (1) and (2),
E; = 0.057E,(Z)3 3

giving an estimate of the film modulus of 8.6-13.3 GPa, which is similar to published
experimental results obtained by other methods [52, 53]. The wavelength of our wrinkle
features decreases with increasing pre-stretch in agreement with Eq. 2 as shown in Figure

4-5.
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Figure 4-5. Dependence of wavelength A normalized by small-strain wavelength 1, and amplitude
A normalized by film thickness / as a function of pre-strain. Lines give behavior predicted by
Eq. (2) and (4), which is compared to measurements from this study. Squares: amplitude; triangles:
wavelength.
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In dynamic experiments under the optical microscope, we observe that the ridges
do not all appear at once during relaxation, but rather in pairs separated by a distance
corresponding to the characteristic wavelength. Upon further relaxation the ridge pairs
migrate closer together in response to the substrate shrinkage and the characteristic periodic

wrinkle structure becomes uniform over large areas. The amplitude of the sinusoidal

wrinkles that appear at small deformation is predicted by theory to be 4, = / Zere _ 4,

Ec

while for large deformation, Song et al. proposed [50]

A= 2o @)
[T+epre(1+8)1/3

This suggests that both film thickness and pre-stretch can be used to control feature
height. Though these relations are for adherent and elastically deformed films, they can be
used as an estimate for the delaminated buckle structures observed here.

The height and periodicity of these buckled structures was quantified through the
use of atomic force microscopy (AFM). A representative scan of a buckled structure
formed after a small pre-strain (1.5%) is shown in Fig. 4-6. The corresponding height
profile for these structures shows a characteristic ridge height of ~2 um (Fig. 4-6B). At
moderate pre-strains (8.5 % or 25 %), increased ridge heights of approximately 7 and 12
um were observed, respectively (Fig. 4-7). Finally, for large pre-strains (50%), the ridge
heights became large enough that characterization with high-tilt SEM was more
appropriate than AFM. These ridge heights were ~24 um (Fig. 4-6C), with no correction
for foreshortening needed to estimate these values at the high tilt angle used. Overall, pre-
strain affects ridge amplitude much more than it affects wavelength (Fig. 4-5), so it is an

effective and facile means to control feature height.
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Figure 4-6. Pre-strain provides effective control over wrinkle feature height. (A) AFM image of
multilayer graphene oxide film after release of 1.5% pre-strain on the softer elastomer substrate.
(B) Height profile along line marked in (A). (C) High-tilt SEM image of wrinkled graphene on the
soft elastomer substrate with 50% pre-strain.

Figure 4-7. Tilt-view SEM images showing the average height of the GO wrinkles induced by 8.5%
pre-strain (left) and 25 % pre-strain (right). GO film thickness: 200 nm.
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4.3.3 Mild thermal treatment for liquid phase stability

The data above are for multilayer GO films in their as-produced, fully-oxidized
state. We observed that these films were poorly suited for biological applications due to
gradual re-dissolution of GO sheets in cell culture medium as well as instability in the
feature heights in response to wetting and drying cycles. Infiltration of aqueous solutions
into the delamination cavities between the film and substrate leads to peak collapse by
capillary forces when the solution is driven out during the drying process (Figure 4-8). We
hypothesize this effect is due to the hydrophilicity of GO, and could be managed by partial
deoxygenation. We could not fully reduce GO due to the limited thermal stability of the

elastomer substrate, and therefore explored long-time, mild heating as a possible route to

stabilization.

EHT =20.00 kV

EHT =20.00 kV Signal A= VPSE  Date :5 Mar 2014
WD= 10mm Photo No. = 3261  Time :10:56:06

Photo No. = 9683  Time :11:51:15

Mag= 484X |————f WD= 6mm

Figure 4-8. Top-down and tilt-view SEM images of wrinkled GO films after deposition and drying
of one water droplet , showing capillary collapse and reduced feature height compared to 20 um
height in Fig. 4-6C under the same conditions.

After overnight heating at 120 <C in air, we found the GO samples lost absorption
peaks at ~850 and ~1200 cm™ measured by Fourier transform infrared spectroscopy

(Figure 4-9), which are typically assigned to C-O vibrations and may be due to the removal
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or alteration of epoxides.[54] The reduced intensity of broad peak (O-H stretch) at ~3300
cm? indicates the removal of interstitial water, which may also contribute to the
stabilization of GO. Most importantly, the stabilized graphene oxide (s-GO) films showed
good retention of the wrinkle features in GO and also good stability following water

immersion and drying (Figure 4-10).

stabilized graphene oxide

graphene oxide

Transimittance(%)

T T T T T T T T
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Figure 4-9. FT-IR of GO film and stabilized GO films prepared by thermal treatment at 120°C
overnight.

EHT = 20.00 kv Signal A=VPSE  Date :15 Sep 2014
WD= 6mm Photo No. = 7065  Time :12:46:40

Figure 4-10. SEM images of winkled s-GO after deposition and drying of one water droplet ,
showing good stability against capillary forces during water evaporation.
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These s-GO films were therefore used exclusively in the cell studies below. We
were also interested in whether the wrinkled s-GO films could be made if the thermal
treatment was carried out prior to the relaxation step. We found that relaxing pre-
thermally-treated films led to a less regular wrinkle pattern and a larger number of small
cracks (Figure 4-11). This may reflect stronger adhesion of s-GO to the substrate, but was
not further investigated, and the higher quality films made by post-wrinkling thermal

treatment were used in all of the cell studies.

Figure 4-11. SEM image of less regular wrinkled s-GO that results from carrying out the thermal
reduction stop prior to relaxation and wrinkling.

4.3.4 Cell alignment on flat and wrinkled s-GO substrates

Based on previous studies of cellular interactions with anisotropic grooved
substrates, we hypothesized that wrinkled s-GO substrates with wavelength A ~ 25 pm
would be sufficient for cell confinement and alignment through contact guidance
mechanisms [28-31]. As a model system, we chose to study murine and human fibroblasts
on matched samples of 25 um wavelength and flat s-GO substrates. Cell viability was
measured on wrinkled and flat s-GO substrates compared with conventional tissue culture
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plastic (polystyrene) using DRAQ7 (Biostatus), a far-red fluorescent DNA dye that only
stains dead and membrane compromised cells [55]. These measurements showed that cell
viability was consistently over 95% on wrinkled and flat s-GO substrates (Figures 4-12 and

4-13), indicating excellent biocompatibility.
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Figure 4-12. The viability of NIH-3T3 cells cultured on s-GO materials. (A) Fluorescence images
of nuclei (blue, Hoechst) and dead cells (red, DRAQ7) for NIH-3T3 cells cultured on polystyrene,
flat graphene, or wrinkled graphene substrates (~25 um period) for 96 hours. White arrows point
to representative dead cells. (B) Bar graph of the percentage of viable NIH-3T3 cells on the
indicated substrates. The total number of cells counted per condition is indicated by (n); the number
of replicates per condition is indicated by (r). Scale bar = 50 pm.
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Figure 4-13. Viability of NHF cells cultured on s-GO materials. (A) Fluorescence images of nuclei
(blue, Hoechst) and dead cells (red, DRAQ7) for NHF cells cultured on polystyrene, flat graphene,
or wrinkled graphene substrates (~25 um period) for 96 hours. White arrows point to representative
dead cells. (B) Bar graph of the percentage of viable NHF cells on the indicated substrates. The
total number of cells counted per condition is indicated by (n); the number of replicates per
condition is indicated by (r). Scale bar = 50 pum.
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The angular orientation of NIH-3T3 mouse fibroblasts was then compared on
wrinkled (~25 um wavelength) and flat s-GO substrates after culture for 96 h. To better
visualize the cell morphology, both the nuclei and F-actin cytoskeleton were
immunostained with fluorescent markers (Fig. 4-14). Qualitatively, NIH-3T3 fibroblasts
appeared highly aligned on the wrinkled substrates (Fig. 4-14A) and randomly oriented on
the flat substrates (Fig. 4-14B). To quantify this alignment, the cell morphology was
automatically extracted using CellProfiler (Broad Institute) based on F-actin
immunostaining. This software then determined an orientation based on the major axis of
a best-fit ellipse to the cell morphology, which was manually verified. A circular histogram
of these results are plotted as a rose plot for wrinkled (n = 164) and flat substrates (n = 137).
The coordinate system for the wrinkled s-GO was defined so that 0 points along the
wrinkle patterns (perpendicular to the axis of uniaxial stretch). NIH-3T3 fibroblasts on
wrinkled substrates displayed a mean orientation angle of 0°with a standard deviation of
15< In contrast, NIH-3T3 fibroblasts on flat substrates displayed a mean orientation angle
of 13<and a standard deviation of 57< which approximates a random orientation (with 0
mean, 52<°standard deviation). To corroborate these results, primary human fibroblasts
derived from neonatal foreskin (Normal Human Fibroblasts, NHF cells) were also cultured
on these substrates. NHF cells also displayed qualitatively similar alignment on wrinkled
substrates relative to flat substrates (Fig. 4-14C and D). Quantitatively, NHF cells on
wrinkled substrates displayed a mean orientation angle of 0°with a standard deviation of
18< In comparison, NHF cells on flat s-GO substrates displayed a mean orientation angle
of 16° with a standard deviation of 53< also approximating a random orientation

distribution.
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Figure 4-14. Fibroblast culture on wrinkled graphene materials results in highly aligned cells. (A-
D) Fluorescence images of Actin-phalloidin (red) and nuclei (blue) for NIH-3T3 and NHF cells
cultured on 200 nm wrinkled s-GO substrates (~25 um period) for 96 hours (A, C) and on paired
flat graphene controls (B,D). Circular histograms of fibroblast orientation, ranging from -90°to
90< for cells on wrinkled and flat materials are displayed as orientation rose plots to the right of
each corresponding fluorescence image (A-D). (E) Table of statistics summarizing circular
standard deviation, and statistical significance for uniformity (one-sample test) and distribution
(two-sample test) using Rao’s spacing test and Mardia-Watson-Wheeler test, respectively.

The statistical significance of these results was assessed using two metrics. First,
Rao’s Spacing Test was used to evaluate the null hypothesis that a given circular dataset is
uniformly distributed (Fig. 4-14E). For both NIH-3T3 and NHF cells, the angular
orientation on wrinkled substrates was non-uniform (p < 0.01), while the angular
orientation on flat substrates was uniform (p > 0.10). Next, the Mardia-Watson-Wheeler

test was used to evaluate the null hypothesis that two circular datasets have identical
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distributions. For both NIH-3T3 and NHF cells, the distribution of angular orientations of

wrinkled and flat substrates were significantly different (p < 10-12).

4.3.5 Cell morphology on flat and wrinkled s-GO substrates.

The morphology of NIH-3T3 and NHF cells was analyzed by extracting cell shape
based on F-actin immunostaining. Briefly, CellProfiler was used to segment fluorescent
nuclei in the blue fluorescent channel, which served as a starting point to segment the
surrounding cell body in the red fluorescent channel (Fig. 4-15A). The morphology was
then quantified using a number of geometric parameters.

First, an average cell width was measured for NIH-3T3 and NHF cells on wrinkled
and flat substrates. NIH-3T3 cells on wrinkled substrates displayed an average cell width
of' 9 um and standard deviation of 3.3 um, while cells on flat substrates had an average cell
width of 13 um and a standard deviation of 8.7 um (Fig. 4-15B). In addition, NHF cells on
wrinkled substrates display an average cell width of 16 um with a standard deviation of 8.0
um, while cells on flat substrates had an average cell width of 29 um with a standard
deviation of 10.3 um (Fig. 4-15B). Overall, both fibroblast lines displayed narrower
morphologies with smaller standard deviations on wrinkled substrates compared to flat
substrates, with highly significant differences (p < 10-3). These narrower cell widths were
comparable to the wrinkle spacing of ~25 um, suggesting that the elongation reflects some

degree of cell micro-confinement in the inter-ridge valley spaces.
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Figure 4-15. Image analysis of fibroblasts on graphene-based materials demonstrates distinct
morphological features for different cell types on wrinkled vs. flat substrates. (A) Process flow for
image analysis/cell segmentation: fluorescence images are split into separate channels for each
color, CellProfiler outlines cells by distinguishing between pixels in the background and foreground,
automated object shape features are calculated. (B-D) Boxplots of quantitative shape features for
the fibroblasts were plotted with MATLAB. 25th and 75th percentiles are indicated by the box
edges, the median value is displayed as the dividing line of the box, data not considered outliers
are contained within the boxplot whiskers, and data points representing individual cell
measurements are overlaid as plotted dots (Red boxplots= cells on wrinkled substrates, blue
boxplots = cells on flat control substrates).(B) Comparison of average cell width for fibroblasts on
wrinkled and flat substrates (as in Figure 4-14) for NIH-3T3 and NHF cells (left and right,
respectively). (C) Comparison of eccentricity values for cells on wrinkled and flat substrates for
NIH-3T3 and NHF cells (left and right, respectively). (D) Solidity values for NIH-3T3 cells on
wrinkled and flat substrates (D, left) and compactness values for NHF cells on wrinkled and flat
substrates (D, right). Statistical significance is indicated as follows: * p < 0.05; ** p < 0.01; *** p
<0.001

Next, the relative elongation of these cells was assessed in terms of the eccentricity
of the best-fit ellipse to the cell morphology. An eccentricity of O corresponds to a circle,

while an eccentricity of 1 corresponds to a line. NIH-3T3 cells on wrinkled substrates
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displayed an average eccentricity of 0.921, compared to cells on flat substrates with an
average eccentricity of 0.907 (Fig. 4-15C). These values, although similar, display a
statistically significant difference (p < 0.05). NHF cells on wrinkled substrates displayed
an average eccentricity of 0.947, compared to cells on flat substrates with an average
eccentricity of 0.872. Interestingly, NHF cells on flat substrates display considerable
variability in eccentricity, with a standard deviation of 0.112, compared to 0.069 for NHF
on wrinkled substrates. Altogether, fibroblasts are intrinsically quite elongated on flat
substrates, but are even more elongated on our wrinkled graphene surfaces, where they
have eccentricity values close to 1, and the effect of the wrinkle texture is statistically
significant. In order to further elucidate differences across these cell lines and conditions,
several additional metrics were considered.

Qualitatively, NIH-3T3 fibroblasts may display multipolar, star-like morphologies,
particularly on flat substrates. This shape was quantified in terms of the cell solidity metric,
which describes an object shape based on the regularity of its boundaries. For example, a
solid object with no holes has an area equal to the convex hull and thus has a solidity of 1,
while an object with a very irregular boundary has a solidity that approaches 0. NIH-3T3
cells cultured on wrinkled substrates have an average solidity of 0.80 and a standard
deviation of 0.12, while cells on flat substrates have an average solidity of 0.69 with a
standard deviation of 0.16 (Fig. 4-15D). This data indicates that NIH-3T3 fibroblasts are
biased towards bipolar morphologies on wrinkled substrates, compared to multipolar
morphologies with more irregular boundaries on flat substrates. NHF cells (Table 4-1)
display similar solidities on both wrinkled and flat substrates, which may occur due to a

more dominant bipolar phenotype.

139



Table 4-1. Data Summary for Fibroblast Morphology Characterization. Legend: * p < 0.05; ** p <
0.01; *** p < 0.001; NS Not Significant

NIH-3T3 Cells NHF Cells
Control Wrinkled Control Wrinkled
Width *xk >k
Mean 13.05 9.12 28.61 16.11
Median 10.48 8.57 26.64 14.80
SD 8.71 3.32 10.25 7.99
Eccentricity * FHx
Mean 0.91 0.92 0.87 0.95
Median 0.95 0.97 0.90 0.97
SD 0.11 0.11 0.11 0.07
Solidity FHX NS
Mean 0.69 0.80 0.58 0.61
Median 0.69 0.82 0.58 0.61
SD 0.16 0.12 0.17 0.16
Compactness NS *xx
Mean 2.86 3.21 2.83 4.81
Median 2.41 2.42 2.25 3.77
SD 1.59 2.53 1.69 3.41
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Finally, NHF cells displayed the greatest variability in radial distance from the
object center, known as compactness. NHF cells on wrinkled substrates displayed a mean
compactness of 4.8, with a standard deviation of 3.4, and cells on flat substrates have a
mean compactness of 2.8, with a standard deviation of 1.7 (Fig. 4-15D, right). On the other
hand, NIH-3T3 cells did not display a significant difference for cell compactness between
wrinkled and flat substrates. These differences likely arise from differences in cell size
between NHF and NIH-3T3 cells. Since NHF cells are larger, they are more confined and
elongated on wrinkled substrates but can be more spread out on flat substrates, resulting in
larger differences in compactness.

In summary, NIH-3T3 and NHF fibroblasts on wrinkled substrates display reduced
cell widths and increased eccentricity relative to cells on flat substrates. Furthermore, NIH-
3T3 cells on wrinkled substrates display increased solidity, while NHF cells display
increased compactness. These results indicate that the topography of these wrinkled

graphene substrates can strongly influence cell morphology (Table 4-1).
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4.4 Conclusions

This study demonstrates the feasibility of wrinkled graphene as a surface texturing
agent to direct cell alignment and morphology in tissue engineering. Wet deposition of
graphene oxide multilayer tiled films on pre-stretched elastomers followed by relaxation
and mild thermal treatment produces cell-culture-compatible textured substrates with long-
range periodic topography in the form of parallel ridges and valleys. Both the spatial period
and the wrinkle amplitude can by systematically tuned from 1 — 25 um by selection of the
substrate stiffness, by variation of pre-strain, and by alteration of the GO precursor
concentration in the feed suspension. Fibroblasts are observed to attach to these textured s-
GO surfaces and remain viable, while the wrinkles induce statistically significant cell
alignment and elongation relative to flat s-GO substrates in a manner consistent with
contact guidance on lithographically fabricated nanograting architectures. Together the
results suggest that s-GO wrinkle engineering is a promising new approach for creation of
functional surfaces and scaffolds in tissue engineering. In comparison with competing
methods of patterning, wrinkled s-GO offers potential advantages in the ease, cost, and
scale-up of fabrication. We envision a modular graphene-based platform for the application
of orthogonal topographic stimuli, chemical stimuli (through functionalization or
adsorption), electrical stimuli (enabled by conductive graphene), as well as dynamic
mechanical actuation of topographic confinement. Furthermore, we believe these
biologically inspired architectures will be widely applicable to other cell types, including
neurons, skeletal, smooth muscle, cardiomyocytes and stem cells. These wrinkled s-GO

architectures could potentially be integrated with soft, stretchable implantable devices such
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as neural prostheses, cardiac assist devices, catheters or epidermal electronics in order to

enhance biocompatibility and biointegration [56, 57].
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Chapter 5 Biological and Environmental Interactions of

Emerging Two-Dimensional Nanomaterials
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5.1 Introduction

We are witnessing a revolution in materials science centered on the creation and
use of two-dimensional (2D) sheet-like materials of atomic-scale thickness. In addition to
the discovery of graphene in 2004, the 2D material family now consists of a wide range of
inorganic materials that include metal oxides, sulfides, selenides, and layered double
hydroxides.[1] For instance, transition metal dichalcogenides (TMD) consist of hexagonal
layers of transition metal atoms sandwiched between two layers of chalcogen atoms. The
chemical bond between transition metal and chalcogen atom is strong covalent bond, but
the interaction between adjacent chalcogen layers is weak van der Waals force, which
makes it possible for the production of 2D nanomaterials by simple mechanical exfoliations.
2D nanomaterials, particularly TMD as the ideal two dimensional prototype, have received
extensive attention and been explicitly reviewed in terms of preparation, [2] phase
engineering, [3] hybrid composites,[4] and biomedical applications.[5]

However, very little is known about the potential implications of these emerging
2D nanomaterials on human health or the natural environment although some aspects are
readily informed by the current literature on graphene-based 2D nanomaterials. The
interactions of graphene nanomaterials with biological systems have been studied and
discussed in a few review articles. [6, 7] Similar to the counterpart graphene, other 2D
nanomaterials have unique dimensional properties (surface area, layer number, lateral
dimension and surface chemistry), which can lead to a variety of interactions with
biological molecules including physical absorption and catalytic reactions, and even
toxicity to cells. Novel 2D nanomaterials also feature in the great chemical diversity and

possibly undergo redox reactions, dissolution, photo-induced reactions in both
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environmental and biological systems in a similar way to the conventional metal based
nanoparticles discussed in Chapter 2. These transformations and their interactions with
environmental or biological systems would be more complex than the case of graphene.
The environmental transformation, particularly dissolution behaviors, of various
conventional transition metal based nanomaterials have been explicitly studied including
the case of Cu-based nanoparticles discussed in Chapter 2. Informed by these behaviors,
dissolution has been acknowledged as a critical process affecting nanomaterial properties,
fate, toxicity and persistence in the relevant media. Meanwhile, dissolution of
nanomaterials is also a complex chemical transformation which can be influenced by pH,
presence of ligands, aggregation states, oxide/sulfide layer or shell, surfactant coatings.
Even the effect of a specific factor on different nanomaterials is not necessarily identical.
Oxide layer, for instance, protects the inner core from further oxidation and significantly
reduces the reactivity in the case of zero valent iron nanoparticles for environmental
remediation purposes.[8] In other cases, pre-oxidation of Ag NP surface can increase its
antibacterial properties since oxidation of Ag(0) to Ag(l) is the prerequisite step to release
the antibacterial active component silver ions.[9] Similarly, sulfidation can significantly
reduce the antibacterial ability of Ag NPs even at low sulfidation extent because initially-
formed silver sulfide layer work as a coherent and insoluble shell isolating the pristine
silver core from oxidative release.[10] However, in the cases of Cu or Zn oxide, sulfidation
doesn’t contribute to the inhibition of ion release until relatively complete sulfidation
occurs because sulfidation of copper or zinc oxide produces distinct secondary particles

rather than protective coatings.[11, 12]
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Therefore, to answer the question of how a specific 2D nanomaterial will transform
(e.g. dissolves or not), people need a well-organized matrix involving representative 2D
nanomaterials and key features of the media, instead of case by case studies. The latter is
impossible in practice considering the large number of 2D nanomaterials and complexity
in the media. Here, we first calculate the thermodynamic oxidation and reduction potentials
of 2D nanomaterials and compare the results to the redox potentials of relevant reactions
in the environment to predict the stability of 2D nanomaterials in biological and
environmental aqueous solutions. Then we use MoS; and MnO- nanosheets as example 2D
nanomaterials to illustrate the various types of dissolution the 2D nanomaterials can
possibly undergo in biological and environmental relevant media.

In addition to the impacts of environmental conditions on materials’ dissolution
behaviors, research and public community are particularly interested in the potential
toxicities of 2D nanomaterials can bring to the environment and human health. Again due
to large number of permutations in materials and media, traditional toxicity testing methods
will not be suitable for risk management or safe design across the entire material family on
a time scale that keeps pace with material development. Thus investigation is compromised
to identify the most relevant physicochemical properties of the nanomaterials to possible
toxicological effects. Recently, people have used quantitative structure-activity
relationship (QSAR) method to predict the toxicity of various nanomaterials.[13-16]
QSAR paradigm is basically based on calculated molecular parameter for a whole group
of materials and experimental data for part of the group, to interpolate the activity of the
unknown section of the group using a suitable mathematical model. Considering the limited

number of reports regarding toxicity of 2D toxicity, it’s too early to construct a structure-
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activity paradigm. Because of the semiconductor nature for most 2D nanomaterials, the
activity we investigate is the ability of nanomaterials to induce oxidative stress potential,
which is one of the most well developed paradigms of unveiling the origin of nanomaterials’
cytotoxicity. We use a recently developed band-structure based framework to identify 2D
materials that are likely to have pro-oxidant activity in biological systems.[17, 18]

Finally, we use MoS; as an example 2D nanomaterial to illustrate the
transformation manners these materials will behave in the ambient environment, and the
impacts of those transformations on the reactivity of material studied. Particularly, the
dissolution and biological catalysis of MoS; is investigated and used to validate the
hypothesis raised above. Finally, the potential environmental application of MoS: is

explored on the catalytic removal of 4-nitrophenol.

5.2 Materials and Methods

5.2.1 Preparation of 2D nanosheets

2D MoS, monolayer nanosheets were prepared by chemical exfoliation using
lithium intercalation.[19] In a typical preparation procedure, 3 ml of 1.6 M n-butyllithium
in hexane solution were added into 300 mg of MoS: powder, and the mixture was left under
static conditions at room temperature for 2 days in the nitrogen-filled glovebox. The
resulting lithium-intercalated product was rinsed with hexane twice to remove the excess
reactant and organic by-products. The purified intercalated product was immediately
exfoliated and dispersed in DI water with assistance by sonication bath for one hour. Stable
and well-dispersed aqueous suspension of MoS: can be obtained by centrifugation at 500

rpm for 10 min to remove un-exfoliated MoS». The byproduct LiOH was removed from
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the suspension by dialysis against DI water until neutral pH. The total Mo concentration
was estimated by digestion with HNO3s/H202 solution followed by measurements in ICP-
AES instrument. Morphologies of monolayer MoS; were characterized using atomic force
microscopy (Asylum MFP-3D Origin AFM) in pulse mode, and field emission SEM (LEO
1530 VP). Preparation of h-BN was by mechanical exfoliation.[20] MnO2-nanosheets
were synthesized by conventional solid-state reaction preparing layered Kos4sMnOo,

followed by protonation and exfoliation according to previous publication.[21]

5.2.2 Dissolution of 2D nanomaterials in relevant aqueous solutions

To investigate the long-time stability of monolayer MoS,, sets of high
concentration (40 ppm of Mo) and low concentration (8 ppm of Mo) suspension were left
under ambient conditions. After pre-determined time, the dissolved species were separated
by ultrafiltration and its concentration is determined by ICP-OES. During the dissolution
reactions, the pH change is monitored. To evaluate the stability of MoS in environmentally
or biologically relevant media, MoS> suspension was added to fresh water mimic solution
(50 mM humic acid in acetate buffer, pH 5.7), RPMI 1640 cell culture medium (Sigma
51536C, pH 7.4) and seawater (Sigma S9148, pH 8.2). The dissolved Mo species were
separated and measured similarly.

The reaction of MnO2 nanosheets with reduced glutathione is too fast to allow
detection with ICP-AES measurement. Here the characteristic uv-visible absorption peak
of MnO; nanosheets at 400 nm was used to monitor the reaction with reduced glutathione.

20 ppm of MnO> was added to 5 mM GSH in 5mM of HEPES buffer (pH 7.1), and then
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the absorbance of the mixture at 400 nm was measured by V-630 spectrophotometer (Jasco,

MD) to monitor the reaction process.

5.2.3 The GSH assay of 2D nanomaterials

MoS: (Mo concentration is 20 ppm) or 50 ppm of h-BN was added to 5 mM reduced
glutathione in PBS buffer, and the mixture was agitated on a rotator at 30 rpm for the
desired reaction time. And then the suspension was subjected to ultrafiltration to remove
the intact reduced glutathione from 2D nanomaterial solids. The GSH concentrations in
filtrate were determined with ThioGlo-4 (Calbiochem) fluorescent reagent. A calibration
curve of GSH was first established by adding 1.0-5.0 um GSH to 20 um ThioGlo-4 in PBS
buffer, which was diluted from ThioGlo-4 DMSO stock solution. Filtrate solutions were
added to ThioGlo-4 in PBS buffer solution similarly, followed by 30 min incubation in
dark and assay for fluorescence on SpectraMax M2 using excitation at 400 nm and
emission at 465 nm.[22] To study the role of oxygen, dissolved oxygen (DO) probe was
used to detect the DO level during the reactions of GSH (5mM) in the presence of MoS:
(Mo concentration is 500ppm). Higher MoSz concentration relative to the above GSH assay
was added to accelerate the overall reaction to observe considerable oxygen decrease in a
relative short period of time. After each oxygen depletion, the solution was exposed to air
to recover the oxygen level in the solution. 5mM of fresh GSH was added again to initiate

the reaction to evaluate the functional stability of MoS as catalyst.
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5.2.4 Catalytic behavior of chemically-exfoliated MoS: towards 4-nitrophenol
reduction

In a typical reduction experiment, chemically-exfoliated MoS> (2 ppm of Mo) was
mixed with 4-NP (0.12 mM) solution and then NaBH4 (36 mM) was added to trigger
catalytic reduction. The molar ratio of 4-NP: NaBHa is 300, therefore the concentration of
NaBHj4 can be considered as constant throughout the entire process. The reaction progress
was monitored by the characteristic absorbance peak of 4-NP at 400 nm using uv-vis
spectroscopy. To investigate the underlying mechanism, initial NaBH4 (or MoS;) and 4-
NP concentration were kept constant while varying the concentration of the other
component. Control experiment under deoxygenated condition was conducted by bubbling

nitrogen into all solutions to remove dissolved oxygen before the catalytic reactions.

5.3 Results and discussion

5.3.1 Chemical behavior - dissolution and transformation

lon release of nanomaterials is a critical transformation in biological or
environmental relevant media, which has significant influence on the fate, transport and
toxicity of nanomaterials. Due to various composition and phase of 2D nanomaterials, the
transformation in terms of dissolution behaviors can be complicated. Based on the
published reports on conventional nanomaterials, it is inferred that 2D metal oxide, metal
hydroxide and layered double hydroxides (LDHs) can undergo a simple dissolution in
biological or environmental relevant medium, in a similar way that metal-oxide
nanoparticle decomposes.[11] Figure 5-1 shows the equilibrium solubilities of selected 2D

nanomaterials covering metal oxide, metal sulfide, metal hydroxide and LDHs, and the
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ionic concentration range reported to be toxic (shaded area) in the literature. Although
based on bulk thermodynamic properties, insights about simple-dissolution of 2D
nanomaterials are obtained. First, most covered metal oxide, hydroxide and LDHs can
readily release ionic species through protonation in a simple-dissolution manner. Second,
although faster dissolution of nanomaterials usually occurs at lower pH, the concentration
of ion that is reported to induce cytotoxicity can be reached even at neutral conditions
(Figure 5-1 is based on pH 7). Furthermore, this process can be promoted by the presence
of ligands (e.g. amino acids in cell culture medium[11]), which complex with the released

free ion to drive the equilibrium towards ionic species production.
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Figure 5-1. Equilibrium solubility of the metal sulfides, oxides, metal hydroxides and LDH at pH
7. The equilibrium dissolved metal ion concentration of metal hydroxide and LAHs was calculated
by the solubility constants. Visual MINTEQ 3.1 was used to estimate the dissolved ion
concentration for the rest metal oxide and sulfide.[23]
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Among the covered 2D nanomaterials, MoOs and WOz are known to be
thermodynamically unstable and readily hydrolyzed into molybdate and tungstate,
respectively (e.g9. MoO5(s) + 20H™t - Mo02 (aq) + H,0 ) in relatively high pH
solution.[24, 25] Thus the equilibrium concentration of MoOs and WOs at pH 7 are
estimated based on the solubility of sodium molybdate and sodium tungstate, respectively.
Acidic condition has been reported to slow down the hydrolysis process of MoOs since the
increased concentrations of proton can shift the above reaction to the left.[26] When pH
is less than 2, MoO:s is reported to be very stable against hydrolysis.[27] The equilibrium
concentration of metal hydroxide (Zn(I1), Co(ll), Ni(l1), Mn(l1)), and their corresponding
Fe(l11)-based LDHs in the form of M(11)2Fe(111)(OH")sCl are calculated based on published
solubility product constants, which indicate the 2D LDHs are even less stable than the
corresponding metal(ll) hydroxide raising the concerns about their potential higher
toxicity.[28] The low concentration of ion release in the case of kaolinite and TiO> agrees
with the fact that their biological response have not typically related to dissolution. The
equilibrium solubility of MoS, and MnO: is predicted to be very low, however, they can
decompose via different transformation pathways in biological or environmental relevant
medium. (vide infra)

Using solubility constants to calculate the solubilities of 2D nanomaterials is simple
and straightforward, but the availability of such data for most emerging 2D nanomaterials
is rare. Besides, some of those 2D nanomaterials may undergo redox reactions that lead to
dissolution in a similar way to oxidative degradation of silver NPs, which has been
explicitly studied.[29-31] Recently, an approach has been established to calculate

thermodynamic oxidation and reduction potentials of semiconductors in aqueous solution,
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to predict the stability of those semiconductor against oxidative and reductive
photocorrosion.[32] Here we utilize this approach to estimate the stability of 2D
nanomaterials against oxidation (oxygen) and reduction (biological redox couple) in
ambient conditions. Similarly, a compound semiconductor MX (e.g. M=Mo, X=S; in Mo0Sy)

can decompose by gaining or losing electrons through following half reactions:

ox _ G(MZ*)+G(X)-G(MX)
o zeF

MX 2 M** + X +ze™, ¢ (Oxidation)

Or MX +ze- =M+ X%, @¢=-— GO+ GX)-G(MX) (Reduction)

zeF

The above reactions define the thermodynamic oxidation potential ¢°* and
reduction potential ¢ of 2D nanomaterials. By comparing with the redox potential of
02/H20 and biological couples, one can predict if the 2D nanomaterials can undergo
oxidative or reductive reactions in relevant media. Generally speaking, a 2D nanomaterial
can oxidatively decompose with respect to oxygen oxidation if ¢°*is lower (more negative)
than ¢(02/H20), and reductively decompose with respect to reduction by biological
molecules if ' is higher (more positive) than the redox potential of biological couples (e.g.
GSSG/GSH). In this chapter, the scope is limited to binary 2D nanomaterials for the
calculation of redox potential based on the Gibbs free energy, which is restrained by
absence of thermodynamic data for the reactants or products (especially for multinary ones).
A more extended study covering more 2D materials needs the inputs on thermodynamic
data from theoretical or experimental works. We here calculated the ¢°* and ¢" of TMD
and transition metal oxide relative to ¢(0O./H20) and cellular redox potential in Figure 5-2

A and B.
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Figure 5-2. The theoretical platform of predicting the stability by comparing relevant redox
potential. (A) The comparison of oxidation potential of 2D nanomaterials with ¢(O./H-0) at pH 7,
indicating MoS,, MoSe,, WS, and WSe; are potentially oxidizable since their oxidation potential
is more negative than ¢(O./H-0). (B) The comparison of reduction potential of 2D nanomaterials
with cellular redox potential at pH 7, indicating MoO3; and MnO;, are potentially reducible (e.g. by
GSH) since their reduction potential is within the cellular redox potential range and more positive
than o(GSH/GSSG).

TMD (e.g. MoS3) has very low solubility indicated in Figure 5-1. Bulk TMD is also
relatively stable against oxidation with thin oxide layer preventing further oxidation at
room temperature.[33] Even TMD thin film, oxidative etching has to be done with strong
oxidizer and high heating temperature in a self-limited manner on core protection.[34, 35]
No reports are available yet on the transformation of TMD in aqueous solution at ambient
conditions, such oxidative transformation, however, is predicted to occur in Figure 5-2A.
The comparison of oxidation potential of 2D nanomaterials with @(O2/H20) at pH 7,
indicating MoS2, MoSez, WS, and WSe; are potentially oxidizable since their oxidation
potential is more negative than ¢(O2/H20). Figure 5-2B shows the comparison of
reduction potential of 2D nanomaterials with cellular redox range (e.g. GSH/GSSG couple),
and predicts the nanomaterials within the cellular redox range (e.g. MoO3z and MnO3) can

potentially undergo a reduction reactions.
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5.3.2 Electronic and Photochemical — redox activity and band structure theory

The semiconducting properties of two dimensional materials have been
demonstrated in various applications such as photoelectron-splitting of water, hydrogen
evolution and solar cells. Such widespread use of 2D nanomaterials raises the question how
to determine whether a specific 2D nanomaterials represent a real threat to biological and
environmental systems. Considering the large family of 2D nanomaterials, it will be a very
time-consuming task to determine the toxicity for every 2D nanomaterials, which is further
complicated by (1) different characterization and measurement methods for understanding
the transformation and potential impact in biological or environmental media, and (2)
various preparation and testing process of nanomaterials for evaluating their bioavailability
and cytotoxicity. Thus, establishing the relationship between physicochemical properties
and the possible toxicological effects is the necessary and critical step to generate the
priority list. Various theoretical frameworks have been constructed to categorize the most
toxic materials out of the material pool.[14-16] One such model is to predict the oxidative
stress potential of metal oxide NPs, based on comparison of nanoparticle band structure
with relevant redox potentials of biological couples.[17, 18] Under physiological
conditions, a reductive intracellular state is maintained by the balance between levels of
oxidized (e.g. GSSG) and reduced (e.g. GSH) species present in the cell. The balance will
be broken as a result of decrease of antioxidants and/or an increase of reactive oxygen
species, leading to oxidative stress which may evolve into cell death eventually. If the
energetic states of 2D nanomaterials are comparable within the cellular redox potential
range (-4.12 to -4.84 eV relative to Vacuum),[36] 2D nanomaterials may act as catalysts

and promote the electron transfer. In the band gap structures, conduction band minimum
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(CBM) and valence band maximum (VBM) are the energy levels that should be paid
attention to since these bands can actively transfer electrons accepting or donating from or
to the donors/acceptors in biological systems. The band edge structure can be obtained by
experimental or theoretical calculations. All of energy levels, cellular redox potential,
particularly redox potential of O»/ H.O and GSH/GSSG at pH 7 are expressed relative to

absolute vacuum scale in Figure 5-3.
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Figure 5-3. Band alignment of 2D nanomaterials (TMD,[37] MoOs;, WOs, graphene, MnO;
nanosheets, TiO, nanosheets and h-BN) and reference materials (Au NPs, Ag NPs, graphite and
single wall carbon nanotube (SWCNT)) relative to cellular redox potential (e.g. GSH/GSSG) and
redox potential of O,/ H,0.
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Here, Figure 5-3 shows 2D nanomaterials band edge relationship with cellular
redox potential under biological conditions. The CBM of MoS: for instance is within the
range of cellular redox potential which means MoS> can potentially act as a catalyst
mediating various biological redox reactions. The reduction potential of O2/ H20 is below
the CBM of MoS; indicating O, may accept the electrons from that band level which may
come from biological molecules (e.g. GSH). GSH plays crucial role in keeping the
metabolism of redox environments in cells. The overwhelming of GSH oxidation can result
in the oxidative stress and consequently cell deaths.

Since band structure in this study is based on theoretical calculation and many
factors can affect the real band structure, such as doping, various thickness and surface
binding.[38, 39] 2D nanomaterials are considered to be catalytically active if its CBM or
VBM is within the range of cellular redox potential £0.3 eV. In this case, MoS;, MnOx,
MoSe,, MoTez, WS, WSe, and WTe, are considered as potentially catalytic-active in
biological systems. The case studies of 2D nanomaterials are shown below to investigate
the biological catalysis and validate the band structure-catalytic activity relationship.

Some reference materials are considered in the diagram of Figure 5-3 as well. Au
NPs, Ag NPs are conductor so the band theory doesn’t apply. But their Fermi level can be
used to predict catalytic ability since Fermi level here works similarly in transferring
electrons.[40, 41] According to the Fermi level positions relative to cellular redox potential,
Ag is predicted to be able to catalyze the oxidation of GSH while gold isn’t. Au and Ag
NPs are known to deplete GSH by absorption which is kinetically favored.[42, 43] Graphite
is semimetal with a band overlap of about 41meV, while single graphene layer is well

known to be a zero-gap semiconductor .[44] Carbon nanotubes are reported to be metallic
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or semiconducting, which depends on the diameter and helicity of the arrangement of
graphitic rings in their walls. With diameter of 1nm, the band gap of SWCNT is predicted
to be 0.7 eV. [45] Work functions of carbon nanotubes (>1nm) show little dependence on
diameter or chirality, and work functions of such nanotubes can be well approximated by
the graphene work function.[46] Therefore the CBM of such SWCNT is within the cellular
redox potential region (Figure 5-3). With diameter increasing, the band gap is predicted to
decrease leading to the CBM still falling into the cellular redox region. Therefore, all the
carbon materials covered in the diagram are predicted to be catalytically active in biological
systems.
5.3.3 MoS:2 synthesis and characterization

MoS: is a natural occurring mineral as molybdenite. (Figure 5-4A) Because of its
layered structure similar to graphite (Figure 5-4B), MoS> has been studied since decades
ago in the fields of dry lubrication.[47] It’s only very recently that monolayer or few-layer
MoS; has regained a lot of attention for its semiconducting properties and potential

applications in electronics, catalysis biomedical and energy fields.[19, 39, 48, 49]

Figure 5-4. The morphology and crystal structure of molybdenite mineral (MoS;). (A) Black
molybdenite mineral (web image); (B) Crystal structure of MoS;: a sheet of molybdenum atoms
(green) sandwiched between sheets of sulfur atoms (yellow). The covalent Mo-S bond is very
strong, but the interlayer interaction between sulfur atoms at the top and adjacent bottom is weak,
resulting in relatively easy slippage as well as exfoliation. (web image)
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Few-layer MoS: can be prepared by mechanical exfoliation in suitable organic solvent, or
by ligand-assisted exfoliation in aqueous solution. To prepare monolayer MoS: in large
quantities, however, chemical exfoliation using organic lithium reagent is more practical
and scalable. In this method, lithium (e.g. n-butyl lithium) is inserted between MoS; layers,
and reacts to produce hydrogen gas at the interlayer when encountering with water.
Interlayer space expands in combination with ultrasonication enables the production of
water dispersible monolayer MoS; in large quantities. Scanning electron microscopy (SEM)
and atomic force microscopy (AFM) revealed sheets with average diameters of 0.35 pm,
and average thicknesses between ~0.9 and 1.2 nm, consistent with reported values of
monolayer MoS,. Although the monolayer nature, a portion of semiconductor MoS, (2H
phase) during chemical exfoliation converted to metallic 1T phase. Consequently, the

monolayer chemically exfoliated MoS> product is a mixed 1T and 2H material.

Figure 5-5. Characterization of chemically-exfoliated MoS; nanosheets by (A) SEM and (B) AFM.

5.3.3 Oxidative dissolution of MoS2
Another characteristic property of chemically-exfoliated MoS; is the excellent
dispersity and colloidal stability in aqueous solution, which is attributed to the negatively-

charged nature of MoS,, Zeta-potential of chemically exfoliated MoS, was determined to

165



be -48 mV in agreement with the reported data.[50] The origin of this negative charge
though is under debate in literature. One model was proposed associated with absorbed
hydroxyl ions, while the other attributed the negative charges to partially oxidized Mo
atoms due to lithium intercalation. But both models agreed on the contribution of negative
charge in MoS; to the colloidal stability. Recently, the long-time colloidal instability of
chemically-exfoliated MoS; suspension has been observed and ascribed to restacking,[50]
and thiol-containing ligands were used to maintain colloidal stability by providing steric
hindrance. The cause of long-time colloidal instability is relatively unknown and needs
investigation.

Here, the dissolved Mo concentrations and pH of the suspension were monitored
for low- (8.4 ppm of Mo) and high-concentration (42 ppm of Mo) MoS; suspensions over
time. Figure 5-6 (A) and (B) show that the concentration of dissolved Mo species increases
over time in both samples, which is in agreement with the prediction in Figure 5-2 that
MoS: may undergo oxidative dissolution in the presence of oxygen. Meanwhile, pH of the
suspension was measured right before the ultrafiltration and found to decrease over time,
which supports the oxidative dissolution by the following equation:

MoS, + 9/2 0, + 3H,0 = Mo02~ + 250%™ + 6H*

Protons are produced in the process of oxidative dissolution of MoS, resulting in
the decrease of pH. The accumulation of protons will inevitably decrease the rate of
oxidative dissolution of MoS,, as observed in Figure 5-6 (A) and (B). Meanwhile, the
dissolved Mo concentration and pH of the samples in nitrogen-filled glove box were
compared and found to be relatively constant even after 100 days, which highlights the role

of oxygen in oxidative dissolution. Figure 5-6 (C)-(E) show the images of various samples
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w/wo oxygen after 100 days. Compared to the samples stored in glove box, the color of
samples in air faded observed in Figure 5-6 (C) and (D). Severe precipitation was even
observed in MoS:; stock solution (Figure 5-6 E) and the pH of precipitated sample was
found to be 2.2. The precipitated sample can be readily redispersed with adjusting pH to
neutral, which implies that the accumulation of protons during MoS; oxidative dissolution
is the primary cause for the long-term instability of MoS: suspensions. Relatively high pH
however can significantly accelerate the oxidation of MoS: (vida infra), and storage in inert
gas therefore is a more reasonable way to maintain the long-term colloidal stability of these

potentially oxidizable 2D nanomaterials (MoS2, MoSez, WS, and WSe: in Figure 5-2).
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Figure 5-6. Investigation on the long-time colloidal instability of MoS; suspensions. The time-
dependent release of dissolved Mo species in the presence of air or without oxygen and the
corresponding suspension pH for low (A) and high (B) concentration MoS, samples. The blue or
green number indicates the pH of suspension when the sample is ready for ultrafiltration. Images
of low (C), high (D) concentration and MoS; stock solutions w/wo air after exposure for 100 days.
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Oxidative dissolution of MoS, was further tested in a variety of biological and

environmental relevant medium. (Figure 5-7) This oxidative process is affected by pH of

the buffer in simple solution. In seawater mimics with relatively high pH, MoS; nearly

completely decomposes in 10 days and gives fastest dissolution, followed by oxidative

decomposition in cell culture medium and fresh water mimics. The effect of components

(e.g. chloride ions, amino acids, humic acids) were not explored in this study, but cannot

be neglected. Thiol-containing molecules have been reported to bind to the defects of MoS;

and increase the stability in high ionic strength solution,[50] which may reduce the

oxidative dissolution since the defects sits as potential oxidation targets are blocked. The

cytotoxicity of resulting transformed species (e.g. molybdate) is insignificant, and it shows

toxicity only at high dose, which implies the low toxicity observed in the current

literature.[51-53]
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Figure 5-7. The case study shows MoS; can undergo oxidative dissolution in a variety of biological

and environmental relevant media.
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On the contrary, the metal oxide 2D nanomaterials are thermodynamically stable
against oxygen further oxidation predicted in Figure 5-2, however, some of the metal oxide
can be reduced by biomolecules and release ionic species in relevant biological media.
Figure 5-8 shows the MnO. decomposes in the presence of reduced glutathione by
monitoring the intensity of absorption peak of MnO nanosheets at 406 nm. This reductive
dissolution property has been utilized in the intracellular glutathione detection.[54] The
kinetics of reduction of polymeric MnO by cysteine and glutathione has been studied, and

the reactions products were identified as Mn (I1) and corresponding disulfide.[55]
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Figure 5-8. The case study of MnO,, showing it can undergo reductive dissolution in presence of
GSH otherwise can be stable in HEPES-only buffer or other solutions.

MoOz may undergo hydrolysis in biological relevant solutions. There’s no reports
yet regarding if MoO3 or the transformed product (molybdate) is able to undergo further
redox reactions in biological conditions, but it can be inferred by the reduction under
relevant conditions. The reductive transformation of MoOs (or molybdate) in
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environmental relevant solutions is available showing organic extraction from soil can
reduce Mo(VI) to Mo(V), and even Mo(lll) in the presence of humic acid.[56] These
experimental data, along with the theoretical predictions in Figure 5-2, demonstrates that
the reductive dissolution is a plausible transformation pathway for 2D nanomaterials in the

biological and environmental relevant media.

5.3.4 GSH assay of 2D nanomaterials

MoS: is predicted to be catalytically active in biological systems in Figure 5-3.
Particularly, The conduction band minimum of MoS: is within the redox potentials of O2/
H>O and GSSG/GSH couples, which according to the theory[18] indicates CBM of MoS>
can transfer electrons from GSH and donate them to O> completing the catalytic GSH
oxidation process. On the contrary, h-BN as an example 2D nanomaterials that CBM [57]
is far above cellular redox potential is predicted to be catalytically inactive. To validate this
hypothesis, the concentration of GSH was determined using ThioGlo fluorescent reagent,
after incubation with 2D nanomaterials and separation using ultrafiltration. Figure 5-9
shows the time-dependent decrease of GSH concentration in the presence of either 2D
MoS. or h-BN. Consistent with theoretical predictions, MoS, can decrease GSH
concentration over time while h-BN can’t. (Figure 5-9A) To prove that GSH is oxidatively
consumed rather than physical absorption on 2D MoS>, oxygen levels in the presence of
MoS. and GSH were monitored by DO probe. The decreased levels of oxygen in Figure 5-
9B indicate the occurrence of oxidation reactions. After the depletion of oxygen, the sample
was left exposed to air until depletion of all GSH and recovery of oxygen to original level.

Oxygen level was observed to decrease again if fresh GSH was supplemented indicating
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the good recycle ability and stability of MoS; as catalyst. Furthermore, graphenic
nanocarbons were reported to catalyze the oxidation of GSH,[31] which provides an
additional experimental support to applicability of this framework in predicting catalytic

ability in biological systems.
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Figure 5-9. The catalytic ability of representative 2D nanomaterials towards oxidation of GSH. (A)
Time-dependent catalytic oxidation of GSH in the presence 2D MoS; or h-BN, showing MoS; is
catalytically active towards GSH oxidation while h-BN is catalytically inert. (B) Reduced oxygen
levels in the presence of MoS; and GSH monitored by DO probe indicating GSH is oxidatively
consumed. After the depletion of oxygen, the sample was allowed to recover oxygen level. Oxygen
level was observed to decrease again if fresh GSH is supplemented showing the good recycle ability
and stability of MoS; catalyst.
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5.3.5 Environmental applications of MoS:

Catalysts play an important role in modern science and technology. In
environmental field for example, catalysts are used in conversion of car exhaust emissions
into less toxic gases, and degradation of organic toxicants in aqueous systems. The most
efficient and widely used catalysts are frequently noble metal based nanoparticles, but their
high cost and scarcity has driven a search for alternatives which is catalytically active but
more cost effective.

Chemically-exfoliated MoS: is intrinsically metallic 1T phase converted from the
2H phase after lithium intercalation and chemical exfoliation. This metallic nature of MoS;
is worth exploration in potential catalytic performance in environmental-relevant
applications. Here, the catalytic performance of metallic MoS; in environmental reactions
was evaluated in the model reaction using NaBHa as reductant and 4-nitrophenol (4-NP)
as target organic pollutant, which is perhaps the most often used reaction to test the catalytic
activities of metal nanoparticles and provides rich data in literature for comparisons. The
underlying mechanism, the origin of induction period particularly, was investigated.

The reaction can be easily monitored by UV-vis spectroscopy as shown in Figure
5-10. In the absence of catalysts, the reduction of 4-NP by NaBH; is kinetically
inhibited.[58] The decrease of characteristic peak of 4-NP at 400 nm (Figure 5-10A)
indicates the catalytic reduction by NaBH4, which requires catalysts, metallic MoS: in this
case. An excess amount of NaBHj4 (ratio of NaBH4:4-NP is typically 300) was used so that
its concentration can be considered as constant throughout the entire reaction. Particularly
when the initial concentration of 4-NP was 0.12 mM, the concentration of NaBH4 and

MoS. employed were 36 mM and 2 ppm, respectively. Figure 5-10B shows the catalytic
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reduction usually occurs under such conditions after an induction period to, and then can

be described by a first order rate law by:

dc;

E = _kapp Ct

where ct is the concentration of 4-NP at time t. The apparent rate constant kapp can

be determined from the slope of the linear correlation of In(A/Ao) with time t. Under the
above conditions, the kapp Value obtained for the reduction of 4-NP was 3.8*107° s1. To
compare the catalytic efficiency of MoS; with those of conventional noble metal NPs, the
turnover frequency (TOF) is calculated for MoS», which is defined as the moles of 4-NP
converted per mole of catalyst per minute. Calculated TOF as well as data has been reported
in the literature was listed in Table 5-1. The TOF value of chemically-exfoliated MoS; is
determined to be 1.31 min?, which is comparable to those of noble metal based
nanoparticle catalysts. Reduced GO, as 2D graphene-based nanosheets, has been recently
shown to exhibit catalytic activities in the reduction of 4-NP reactions. However, the TOF
values of reduced GO are three magnitude lower than that of chemically exfoliated MoS:

nanosheets.[59]
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Figure 5-10. Reduction of 4-NP by NaBH. catalyzed by chemically-exfoliated MoS,. (A)
Absorption spectra as a function of time showing the decrease of characteristic 4-NP peak at 400
nm, whereas the peak of the product aminophenol slowly increasing at ~ 310 nm. (B) Typical
changing curve of the absorption of 4-NP as a function of time during catalytic reduction. The
catalytic reduction of 4-NP starts after an induction period to, and kinetic constant Kapp can be

determined from the linear section of the curve (blue portion).

Table 5-1. Comparison of TOF values for various catalysts in the 4-NP reduction reactions

Catalyst TOF (min?)
Chemically-exfoliated MoS> 1.31
Au nanoparticles/based composites 0.19-1.5
Ag nanoparticles/based composites 0.1-1.9
Pt nanoparticles/based composites 0.03-18
Noble metal alloy/ based composites 0.2-1.7
Pristine or N-doped reduced GO ~1*1073

Reference
Present work
[60-62]
[63-65]
[66-70]
[71, 72]

[19, 59, 73]

In the catalytic reduction of 4-NP, an induction period has been observed, and the

origins of the induction time can be diverse: catalyst surface restruction,[74-76] diffusion-

controlled adsorption of reactants on catalyst surface[77, 78] and dissolved oxygen

competition with the reactants. The diffusion-determined induction period usually exists in
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the systems containing shell-coated or ligands-covered metallic nanoparticles, and
induction period is the diffusion time of 4-NP needed to cross the shell to reach the
catalytically active surface of metallic nanoparticles. So diffusion controlled induction is
not likely the cause of the activation time needed in the case of MoS;, where the active
sites are directly exposed without any barriers. The surface restruction theory in
reference[74] suggests the induction time is related to a restruction of the catalyst surface
induced by 4-NP. Figure 5-11 shows the impacts of reactant and catalyst concentration
variations on the induction period. The length of induction period is independent on the
concentration of the substrate 4-NP. This finding clearly rules out that the induction period
is attributed to any reaction involving 4-NP such as diffusion of 4-NP to active surface or

4-NP-induced surface restruction.[76, 79]
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Figure 5-11. Plots of the time evolution of 4-NP absorbance at 400 nm under various conditions
showing the induction time versus the concentration of (A) NaBH4 varying at 9, 18, 36 mM while
keeping Cwmos2 and Canp constant at 2 ppm and 0.12 mM, respectively (B) MoS; varying at 0.5, 1,
2 ppm while keeping Cnasrs and Cane constant at 36 mM and 0.12 mM, respectively (C) 4-NP
varying at 0.24, 0.12, 0.06 mM while keep Cwmosz2 and Cnasra cOnstant at 0.12 mM and 36 mM,
respectively.

Furthermore, increasing the concentration of either reductant (NaBH.) or catalyst
(MoS>) can reduce the induction time needed, which seems to follow such manner:

1/t~ {NaBHs}*{MoS.}
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This makes DO competition a plausible mechanism for induction period because the
reaction rate of DO competition correlates with the reductant (NaBH4) and the catalyst
(Mo0S»). DO reacts at a much faster rate with borohydride than 4-NP, therefore the
reduction of 4-NP won’t start until the full consumption of DO. This statement is further
supported by the following experimental results in Figure 5-12. Figure 5-12 A and B show
the pre-depletion of DO levels by the pre-incubation of reductant (NaBH4) and catalyst
(MoSz) and nitrogen bubbling in all reagents, respectively. Both ways can significantly
decrease the induction period needed to start 4-NP reduction, which supports the DO

competition causes the induction period in the case of MoS2 catalysts.
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Figure 5-12. Validation of assumption that DO competition causes induction period by (A) pre-
incubation of NaBH4 and MoS; to deplete DO followed by 4-NP addition and (B) de-oxygenate all
the samples before mixture by nitrogen bubbling.
5.4 Conclusions

To conclude, we use simple theoretical models to screen and predict transformation
and biological reactivity of 2D nanomaterials based on their fundamental chemical

attributes. The oxidation and reduction potentials of 2D nanomaterials are calculated and

compared with biological redox potential range, to predict the stability of 2D nanomaterials
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in environmentally and biologically relevant aqueous solution. Combined with equilibrium
solubility data, 2D nanomaterials are categorized and predicted to undergo three possible
dissolution pathways: simple (involving protons, ligand-assisted), oxidative (usually
oxygen as oxidants) or reductive (by biomolecules, e.g. GSH) transformation. We also use
a recently developed band-structure based framework to identify 2D materials that are
likely to have pro-oxidant activity in biological systems. Accordingly, overlap of 2D
materials conduction band minimum (or valence band maximum) with the cellular redox
potential can lead to ROS generation, which can be assessed by simple GSH-oxidation
assay. Reference materials (carbon-based materials and noble metal nanoparticles) that
have been explicitly studied are also included to evaluate the applicability of this platform
on predicting the 2D structure-activity relationships. Then we offer suggestions for
grouping 2D materials into chemical classes for prioritization in risk management, and use
MoS; as an example 2D material to illustrate the chemical transformation and catalytic
activity in biological and environmental media. We studied the dissolution behaviors of
MoS: in various relevant solutions and conditions involving the effects of oxygen, pH and
ligands. These results provide useful information on the storage and use of MoS:
nanomaterials, and also give the picture on the fate and possible transformation and the
form the materials end up with. Finally we study the possible application of 2D metallic
MoS: in the environmental remediation fields. Overall, this chapter provides a predictive
platform to investigate the potential biological and environmental transformations and

activities of novel 2D nanomaterials.
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This dissertation provides a systematic study on the biological and environmental
transformations and applications of two dimensional nanomaterials and hybrids. We used
CuO nanoparticles as an example, and investigated the chemical transformation pathways,
including particle dissolution, ion complexation, particle sulfidation and secondary particle
formation. Meanwhile, the catalytic production of reactive oxygen species was measured
in the presence of either CuO suspension or filtrate only, and it was found that the released
copper ions were the primary source of ROS generation. Furthermore, the sulfidation
reaction can reduce the amount of released ions when sulfidation is sufficient. However,
sulfidation can not permanently suppress copper bioavailability and toxicity, which is
contradict to what has been observed in Ag sulfidation process. This is attributed the
different sulfidation pathway involving the generation of secondary CuS nanoparticles and
copper ion release by oxidation of CuS, highlighting the role of transformation on the fate
and toxicity of nanomaterials. The follow-up work is recommended to be the long-time
exposure and toxicity assessment of metal sulfide nanoparticles.

We were inspired by the conformable and impermeable nature of graphene, and
encapsulated potentially toxic nanoparticles inside crumpled graphene nanosacks in order
to inhibit ion release and thus reduce toxicity. However, it turned out that the nanosack
structure can’t significantly isolate the encapsulated nanoparticles from surrounding
environment because of its porosity. In the cases of metallic copper and silver, graphene
can even enhance oxidation and dissolution rate of loaded nanoparticles in aqueous media.
In addition to porosity, other fundamental behaviors of this novel 3D architecture have
been explored. The particle—particle electron transfer was shown to be mediated by

conductive graphene, and inner graphene walls were responsible for the observed anti-
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sintering property. Consequently the nanosacks can be engineered into novel nanoreactors
with these unique behaviors by filling the graphene shells with one or multiple types of
chemically reactive or catalytic particles, making it attractive in catalysts, controlled
release, and environmental remediation. It’s recommended to explore the fundamental
behaviors in electrochemistry, premised on the open structure and conductive graphene
shells of nanosacks. Moreover, the anti-sintering property can be further explored in the
areas where high temperature condition is required, such as catalytic methane reforming.

We have fabricated the textured graphene surface with periodic topographical
features and long-range order for directing cell-material interactions. The wrinkled surfaces
were prepared by graphene oxide wet deposition on pre-stretched elastomers, followed by
relaxation. The wavelengths and amplitudes of the formed wrinkles can be systematically
tuned by variation in the wet deposition process. The fibroblasts were shown to develop
pronounced alignment and elongation relative to those on planar graphene controls.
Compared with other methods of patterning (e.g. lithography), wrinkled graphene surface
offers potential advantages in the ease, cost, and scale-up of fabrication. The wet deposition
method can be further explored in the three dimensional matrix creating local nanoscale or
microscale complexity, which could not be achieved by other patterning methods such as
lithography.

Considering the complex of novel 2D nanomaterials, we have used simple
theoretical models to screen and predict transformation and biological reactivity of 2D
nanomaterials based on their fundamental chemical attributes. 2D nanomaterials were
categorized and predicted to possibly undergo simple, oxidative or reductive dissolutions,

based on the thermodynamic redox potentials and equilibrium solubilities. We also used a
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band-structure based framework to identify 2D nanomaterials that were likely to have pro-
oxidant activity in biological systems. The results provided suggestions for grouping 2D
materials into chemical classes for prioritization in risk management. MoS; was used as an
example 2D material to illustrate the chemical transformation and catalytic activity in
biological and environmental media, which provides useful information on the storage and
use of MoS> nanomaterials, and the picture on the fate and possible transformation. It is
suggested to investigate the photo-induced reactions and transformations of these 2D

semiconductor nanomaterials with various band gap in the future work.
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