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Nano Impact

Saleh et al., ES Nano (EN-PER-06-2014-000104)

This perspective proposes principles to identify a nanohybrid (NH) for nano-EHS
purposes, and highlights how emergent properties of NHs, i.e., properties different than
the sum of the components, can influence assessment of their environmental risks.
Though the overall framework of nano-EHS research, i.e., hazard identification,
evaluation of fate, transport, transformation, and toxicity, exposure prediction, and risk
assessment, will still apply, new strategies to narrow down the ever expanding space of

conjugated materials are proposed.
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Abstract

The production and use of increasingly complex hierarchical multifunctional ensembles of
nanomaterials introduces emergent properties that will likely lead to uncertainty in the
environmental health and safety (EHS) evaluation of nanohybrids (NHs). This perspective
proposes principles to identify NHs with novel properties relevant to nano EHS research, and
discusses specific challenges for EHS research on these materials. We propose a strategy for

focusing nano EHS research efforts on relevant NH systems.

Introduction

Recent focus on material synthesis and development at the nano-scale shows a clear shift from
single material processing toward hierarchical assemblages. Even though synthesis of nanohybrid
(NH) materials has been reported for over fifteen years (e.g., CdSe/ZnS core-shell QDs)l, only
recently has there been an exponential growth in reports of more complex NHs and their
incorporation into products®, necessitating serious consideration of likely environmental impacts.
Nanohybrids are combinations of more than one nanomaterial (NM) conjugated by strong
molecular or macromolecular links or other physicochemical forces or are NMs modified by hard
or soft coatings of unique chemical origin®”. The goal of such coupling of materials is to enhance
existing functionality or to achieve multifunctionality. Such conjugations can occur between
carbonaceous (e.g. fullerenes, carbon nanotubes, graphene) or metallic NMs (e.g., gold, silver,
platinum, titania, zinc oxide) with or without complex organic coatings (porphyrins,
pthalocyanines, enzymes)®®. A wide array of applications, prominently energy and electronics,
biomedical, catalysis, sensing, and environmental remediation, utilize these multifunctional NHs>
619 Given the wide applicability and potential for unlimited combinations of NMs, the NHs are

an ever-expanding set of novel materials. Better understanding of the risks of simpler NMs such
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as TiO,, Ag, or ZnO NMs is incomplete but improving“. However, it is unclear if our nascent
knowledge of the environmental risks of singular NMs (e.g., ZnO nanoparticles or carbon
nanotubes) can also apply to a NH comprised of more than one of these components. The
uncertainty in environmental health and safety (EHS) evaluation of this ensemble material class
stems from the altered physicochemical properties of NHs and from emergence of novel
properties that are not typically manifested by the component NMs individually. Thus, it is
prudent to determine if and under what circumstances NHs, as a horizon class of nanomaterial,
pose new and important environmental risks due to their altered or emergent properties. Here we
provide a perspective on the issue of NH EHS research and propose a research strategy for

focusing efforts on relevant systems to evaluate.

Principles to Discern Nanohybrids

Three principles are put forward to facilitate identification of NHs (Figure 1). (i) NHs are
strongly conjugated or hybridized units, composed from two or more NMs, each with unique
elemental composition or engineered crystalline phases. The strong linkage requirement limits
NHs to materials that are expected to maintain their linkage for their intended application and
even after their release to the environment. This principle would include core-shell nanoparticles
composed of different metals, NMs with strongly-linked or -bonded organic coatings, carbon-
metal conjugates (e.g., graphene-Pd'?, CdSe-pyridine-graphene'” (Figure 1a), nanotube-titania'?),
and metal-metal core-shell particles (e.g., quantum dots', iron oxide with silica coatings" or
titanium dioxide'® shells). Other example NHs in this category include heterocyclic porphyrin
coated fullerenes'’ or fluorphore modified gold NMs'® or functionalized gold NMs where ligands
are bound with thiol linkages'” and NMs with grafted complex heterocyclic molecules

17, 20

(porphyrin , cyclodextrine®"), proteins/enzymes, and similar biomolecules (cytochrome
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22 . . 2 24 . . 25, 26
P450°°, amino acids, e.g., tyrosine 3), metallocenes (ferrocene™’), and hierarchical™ or

layered”” **

structures. This principle would exclude metallic particles with an oxidized or
sulfidized shell of the same metal (e.g., zero-valent iron with iron oxide shellszg, silver
nanoparticle with sulfidized exterior’’), NMs with weakly physisorbed surfactants or low
molecular weight polymers (citrate coated nanogold or poly vinyl alcohol coated silver) or natural
organic matter coated surfaces. (ii) NHs are materials where hybridization leads to unique
properties and/or reactivity, i.e., the NH properties are different than the simple sum of the
components’ properties. For example, when nano-TiO, is strongly conjugated via Ti-O-C
chemical bonds on carbon nanotube (CNT) external surfaces forming TiO,-CNT NHs the band
gap of the NH is lower than TiO, alone. This makes the NH photocatalytic under visible-light
irradiation, whereas, the component materials are photoactive only in UV region®'. Similarly,
conjugation of cytochrome P450 with CdSe quantum dots enable the cytochrome to become
activated by the light induced ROS (superoxide or hydroxyl radicals) which otherwise was not
possible (Figure 1b)*. (iii) NHs are materials where the hybridization results in a change of
dimensionality for at least one of the components. Examples of such NHs include ensembles of
zero-dimensional fullerene and one-dimensional carbon nanotubes that results in unique three-
dimensional nanobuds®® (Figure 1c) when conjugated externally or nanotube-like one-
dimensional nano-peapods® when hybridized endohedrally. It should be noted that a NH must
always satisfy the first principle, and will manifest properties captured in either principle (ii) or
(iii), or both. These three principles will facilitate identification of NHs for nano-EHS evaluation.

However, new hybridization schemes are likely to be discovered and applied, which might require

modification or amendment of the stated principles.
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108  Emergent Properties and Possible Environmental Interactions of Nanohybrids

109  The key underlying rationale behind hybridization of NMs is to enhance existing functionality by
110  changing the material properties. Hybridization therefore results in alterations of the component
111  NMs’ inherent physicochemical and electronic properties, where the altered property may not be
112 realized by the sum of the individual components. Such novel properties are termed here as
113  ‘emergent’ properties. Reported prominent alterations in physicochemical properties that are
114  relevant to environmental fate and toxicity include changes in van der Waals and electrostatic
115 interactions as well as dissolution and surface binding potential of conjugated ensembles.
116  Fullerenes, when hybridized with single-walled carbon nanotubes (SWNTs) endohedrally, i.e.,
117  fullerenes inserted inside SWNTSs (nano-peapods®), have van der Waals forces that are different
118  than SWNTs or fullerene. This would change the aggregation of nano-peapods relative to CNTs
119  or fullerenes alone, potentially impacting the distribution of these materials in the environment
120  (Figure 2). Similarly, differences in mode of conjugation, e.g., covalent vs. non-covalent
121  attachments, alter dispersibility of nano-buds (exohedral CNT-fullerene conjugates) in organic

122 and aqueous media®* *.

Moreover, endohedral conjugations of fullerenes to SWNTs yield
123 significantly different physical properties (differences in stiffness, morphology, and surface
124  potential) than exohedral conjugations of these materials, which might also lead to different
125  transport behavior despite being comprised of the same two types of NMs. Thus, even though
126  both nano-peapods and nano-buds are composed of the same two component NMs (i.e., fullerenes
127  and SWNTs), predicting their NH behavior from their component properties will not be possible
128  because the mode of conjugation affects the properties that impact environmental fate including
129  aggregation and deposition (Figure 2).

130 Another relevant example, where hybridization of NMs makes it difficult to assess the

131  toxicity of NHs based on the component materials, is the use of layered coatings. For example,
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the presence of an amorphous nano-scale layer of silicon-dioxide on ZnO NPs decreased
dissolution of the ZnO relative to uncoated ZnO NPs, without changing their optical properties,
and significantly reduced DNA damage-potential compared to uncoated ZnO NMs of the same
size®. This principle can be applicable to component NMs and NHs alike. The process of
hybridization of NMs to decrease potentially harmful effects, known as ‘safer by design’, is
principled on the ability of NHs to have different properties than the component materials®’.
Electronic properties of the NMs, known to control reactive oxygen species (ROS) generation and
thereby mediate toxicity (Figure 2), will also be altered via conjugation or overcoating.
Attachment of multiple NMs modifies the energy states of the surface atoms and shifts or bends
the inherent electron bands. For example, a recent study shows enhanced microbial toxicity of
ZnO-graphene NHs due to increased ROS production®®; which likely have been caused by ZnO
conduction band bending® and subsequent overlap with the cellular redox potential®.
Environmental transformation processes relevant to NM fate, transport, and toxicity’' may
undergo significant alterations with emergent NHs. For example, as mentioned previously,
photoactivity and ROS generation potential of TiO, changes in the ultra-violet (UV) and visible
range of illumination, when hybridized with CNTs"'; thus will likely have significant implications
for photo-induced environmental transformation and toxicity.

Besides property modulations, NHs manifest novel properties that are unique to the parent
NM properties. For example, hybridization among different NMs brings forth unique
dimensionality; e.g., seamless conjugation of 0-D fullerenes onto 1-D SWNT surfaces, generates
novel 3-D configurations of nano-buds®. Such conjoined structures provide much greater, and
perhaps unique, extended surface area for bio- and geo-macromolecule adsorption and altered
cellular interaction. In addition, the extruding fullerene molecules, when functionalized, might

induce physical repulsion in aqueous dispersions to enhance colloidal stability. Hybridization can
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156  also lead to very stiff materials with relatively unexplored biological effects™. When fullerenes
157  are endohedrally placed to punctuate a certain length of SWNTs, the nano-peapods’ bending
158  strength is found to increase significantly*’. Such enhancement in SWNT physical stiffness could
159  affect their toxicity and their aggregation and deposition propensity by introducing a strong
160  physical interaction.

161

162  Strategies and Challenges for Nanohybrid Environmental Implication Studies

163  Even though NHs will likely present emergent properties that may challenge our understanding of
164  nano-EHS, based on studies with single component systems and simple adsorbed layers, the
165 overall framework for risk evaluation, i.e., identification and quantitation of NM release,
166  properties and processes impacting nano-EHS (e.g. aggregation, transport, transformation), NM
167 interaction with subcellular entities to ecosystems that are relevant to risk assessment, and
168  organized knowledge and rapid feedback based research systems, remains a valid strategy**™°.
169  Within this framework the guiding principle remains to determine the influencing property or
170  properties that will dictate NH behavior in release, fate and transport, exposure, and toxicity.
171  However, when such properties are the result of conjugation or hybridization, the possible
172 combinations of multiple materials are extremely large and go beyond the challenges around NP
173 size, shape, and coatings type that are currently being addressed systematically by the nano-EHS
174  community. Strategies are needed to rationally narrow down this ever-expanding space (Figure
175  3), so that comprehensive nano-EHS evaluation can be performed with reliability and in a timely
176  manner.

177 Overall, a strategy to address the nano-EHS implications of NHs will need to determine 1)
178 if and when emergent properties arise, 2) the stability (integrity) of the NH under environmental

179  conditions; i.e., whether a conjugated ensemble will remain and act as one unit during
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environmental exposure and transformation or will relatively quickly disintegrate into its
component materials, and 3) which of these emergent properties poses unwanted environmental
effects. The ability to characterize NHs and to measure the properties of these materials in
biological and environmental matrices is essential to this effort. Clearly, NHs with emergent
properties that can pose significant environmental risk—e.g., NHs with higher stiffness causing
increased physical interaction or bent band gap resulting in higher propensity to produce ROS and
higher resulting toxicity—and those that are likely to retain their hybridized identity in the
environment will have higher likelihood to possess and maintain altered or emergent properties
relative to the components.
Identifying and Characterizing Important Emergent NH Properties. Conjugation gives rise to
emergent properties (discussed earlier), that may pose new risks compared to NMs already
studied. However, the role of such property modulation in fate, transport, transformation, and
toxicity is not well understood. Since it is difficult a prioi to predict how a novel property will
affect fate and toxicity, NHs with properties known to be risky (based on work with simpler NMs)
should be given priority. For example, graphene nano-sheets when decorated with ZnO NMs
increase effective surface area, where the graphene serves to sequester Zn>* ions and facilitates
NH-bacterial interaction’’; rough edges from 2-D graphene can physically disrupt cell
membranes ™. It is acknowledged that environmentally emergent properties discussed herein are
not exhaustive, rather are subject to future discovery by systematic research from the EHS
community.

Due to hybridization, changes in dimensionality, electronic and optical signatures,
dissolution and morphology occur, which need to be characterized accurately. As such new and
unknown properties emerge from conjugation, modification of existing characterization

techniques or adaptation of new ones will be necessary. A strategy can be to leverage existing
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204  characterization techniques first and measure the emergent properties that the technique is capable
205 of measuring. For example, high resolution transmission electron microscopy may provide
206  information regarding morphological changes®’. Elemental mapping utilizing scanning electron
207  tunneling microscopy (STEM), X-ray spectroscopy, or dark field imaging with spectroscopy can

208  be used to determine material distribution for these multi-element NHs'* *°. A

second strategy
209 can be to adopt or develop new techniques to measure emergent properties. For example,
210 emergent mechanical properties, such as stiffness, can be measured using modified atomic force

211 microscopy protocols’ or by nano-indentation® .

Complex and hierarchical coating
212 morphology can be characterized utilizing STEM>* or neutron scattering” *. Such strategies will
213 evolve, as the nano-EHS community identify and prioritize the emergent properties of NHs.

214

215 Characterizing NH Stability in Environmental and Biological Matrices. Central to nano-EHS
216  evaluation of NHs is the stability (integrity) of the ensemble material during environmental
217  transport, transformation, and exposure. NHs that maintain their unique properties in
218  environmental and biological media could have unique, yet to be studied, EHS implications; so
219  the stability of these NHs under environmentally relevant conditions needs to be evaluated.
220  Characterization techniques to determine stability of the NHs in environmental and biological
221  matrices are needed. For example, traditional spectroscopy techniques can be used to look for
222 unique responses from conjugates. Ultra-violate Visible (UV-Vis) and Raman spectroscopic
223 signature of nanopeapods, filled with Cgps or Cyps, were shown to be unique compared to
224  component NMs, which allowed an evaluation of the van der Waals interaction between the
225  nanopeapods for these two fullerene classes™. Radio-labeling one or both of the NMs can lead to

57, 58

226  exposure and stability evaluation Also, novel physical separation and electron imaging

227  based novel techniques need to be established to characterize stability of these conjugates under
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environmentally relevant conditions. In the longer term, more complete analysis of these

emergent properties will likely require development of new methods for characterization.

Overcoming Problems with Heterogeneity of NHs. One important challenge for the nano-EHS
community is characterizing heterogeneity within a particular batch of NMs, or between batches
of NMs. This heterogeneity between NM batches makes it challenging to generalize nano-EHS

results across studies>” ¢

. Heterogeneities can include, for example, differences in particle size
distribution, coating mass or conformation, or chemical composition between or within batches®
%! In addition, a rather homogeneous NM sample can become heterogeneous after environmental
transformation; e.g., CNTs released in the environment may be partly photo-transformed, leading
to a heterogeneous mixture of transformed and pristine CNT materials.”> Another example is the
partial transformation of Ag NPs in soils or sediments®, or ZnO NPs during wastewater
treatment™. This leads to Ag(0)/Ag,S core-shell particles in the case of Ag, or a mixture of
various Zn-based particles for ZnO in a WWTP, each having different properties than the initial
NM. This sample heterogeneity can affect behaviors of NMs in environmental and biological
media.”” As NHs are conjugations of different NMs, the problem of heterogeneity between
samples might be exacerbated compared to simpler NMs. One strategy to address this is to
improve control of material properties during NH synthesis. Reproducible evaluations of NHs
will require the availability of standard or reference materials.

Multi-element, heterocyclic and complex soft-layer coated, and conjugated NHs
presenting emergent properties are already used in commerce. The health and safety evaluation
of these materials is lacking. Identifying the EHS-relevant NHs, characterizing their integrity in

soil and biological matrices, and development of techniques to measure their emergent properties

are essential first steps for evaluating their environmental behavior. The proposed principles can



252

253

254

255

256

257
258
259
260
261
262
263

264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

Environmental Science: Nano Page 12 of 18

help the nano-EHS community to narrow down the ever-expanding safety evaluation space of

conjugated NH materials by focusing on materials with the most risky and long-lived novel

properties.
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385

386  Figure 1. Schematic capturing NH discerning principles. (a) multi-component aspect of NHs
387 (e.g., CdSe-Pyridine-Graphene'’), (b) unique reactivity/property manifestation (e.g., CdS
388  quantum dots with cytochrome P450*%), and (c) altered dimensionality, an emerging property
389 (e.g., nanobuds32).



390

391
392
393
394
395
396

Environmental Science: Nano

Cluster and fractal structures formation

o @ 3
@ ;
SWNT Fullerene Graphene Metallic
Heteroaggregation

vV VY

(&)

Mechanical strength

Electrostatic and physical removal

Altered electrokinetic and physical deposition

Adsorption of

Polymers, NOM, and
other molecules

Hydrophobicity change o%
affects adsorption

Change in dissolution
and release

Altered photo-transformation
(CNT protection of fullerene)

q"
Observed

environmental Uptake

toxicity A=
D

Hybridization alters:

Accessibility Chemical
S ¥ Reactivity
Shape < . —» Sorption

N0 S
Photoactivity “ e*c & Surface Area

Unknown
environmental
toxicity

Page 16 of 18

Figure 2. Schematic showing potential alteration of nano-EHS relevant properties upon
hybridization (right) of an example NH (all-carbon fullerene-nanotube NH) in contrast to the
properties of the component nanomaterials (left). The fate and transport box shows how
aggregating fullerene or SWNTs might be stabilized against aggregation or made stiffer upon
hybridization. These property changes potentially can affect filtration efficiency or behavior is a
cell. The transformation box depicts how hybridization may alter adsorption, dissolution, and
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397  phototransformation. The toxicity box captures NH reactivity and dimensional changes and the
398  potential impact of these properties on toxicity.

399
400
401
402
403
EVER-EXPANDING SPACE OF
MATERIAL CONJUGATION ]
/ § C“Py—>ZnTPP
Fullerene E @E
Pd@Graphene E Myoglobin@Au
. . : : Nanomaterial
Single-Element Multi-Element va’i‘tﬂrmﬁ?a' | with Complex
i i < .~ B Chemically-
Nanomaterials Nanomaterials Sl el
404 -

405  Figure 3. Schematic showing the ever-expanding space of nanomaterial conjugation and the
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