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The Chameleon Effect:
Characterization Challenges Due to
the Variability of Nanoparticles and
Their Surfaces

Donald R. Baer*

Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA, United States

Nanoparticles in a variety of forms are increasing important in fundamental research,
technological and medical applications, and environmental or toxicology studies.
Physical and chemical drivers that lead to multiple types of particle instabilities
complicate both the ability to produce, appropriately characterize, and consistently
deliver well-defined particles, frequently leading to inconsistencies, and conflicts in the
published literature. This perspective suggests that provenance information, beyond that
often recorded or reported, and application of a set of core characterization methods,
including a surface sensitive technique, consistently applied at critical times can serve as
tools in the effort minimize reproducibility issues.

Keywords: nanoparticles, nano-objects, stability, characterization plan, surface analysis, reproducibility,
provenance information, ISO Standard 20579-4

INTRODUCTION

There is an increasing awareness of reproducibility issues in many areas of science including those
associated with materials, biological, computational, and chemical research (Peng, 2011; Begley
and Toannidis, 2015; Baker, 2016; Buriak et al., 2016; Harris, 2017). Inherent characteristics of
nanoparticles (NPs) make them particularly susceptible to reproducibility challenges associated
with their production, characterization, and delivery. The inconsistencies and conflicts caused by
these challenges have stimulated editorials and commentaries (Grainger and Castner, 2008; Nel
et al., 2015), scientific news items (Candace, 2006; Cressey, 2010), and journal articles (Baer et al.,
2008, 2013; Crist et al., 2013; Pettibone et al., 2013; Petersen et al., 2014). The multi- and cross-
disciplinary nature of research and development associated with nano-objects makes it difficult for
many research teams to be knowledgeable about all of the important issues and to have the range of
tools needed to address them. This perspective focuses on two inter-related aspects of NP properties
that complicate production and application of NPs with consistent behaviors and outlines ways to
improve reproducibility and reliability.

As the size of particles decrease to the nano-size range, the surface to volume ratio increases
along with the importance of the surface energy. This increased importance of surface energy,
along with quantum effects at the smallest sizes, causes a variety of behaviors that make NP
properties different from bulk forms of the same materials including: increased solubility as
particle size decreases (Hochella, 2002), changes in stable crystal structure (Finnegan et al., 2007),
enhanced adsorption of molecules from the environment (Jones et al., 2013), and particle growth
or agglomeration (Wu et al.,, 2011). These processes and other phenomena impact particles in
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multiple ways including: (i) particle synthesis is often complex
and not easily reproducible (Laban, 2017) and (ii) particles
are unstable, easily damaged and frequently change as a
function of time or environment (Baer et al., 2008, 2013;
Karakoti et al, 2012). In earlier publications (Baer et al.,
2013, 2016)we have identified these two inter-related issues
as: (i) NPs are not (usually) created equal and (ii) NPs
are dynamic (like chameleons): they can change with time,
handling, and environmental conditions. Sometimes very slight
changes in a process or environmental condition cause particles
to have unexpected behaviors after synthesis or at a later time.
These behaviors are significant causes of reproducibility and
inconsistency issues in studies involving NPs.

NANOPARTICLE INEQUALITY

There are multiple major and minor ways that synthesis routes
produce NPs with differing characteristics. Consequently any
NP (single material particles or complex multi-layered particles)
should be considered as a specific product produced by a
specific process and not representative of all nanoparticles of
that nominal type and size. As an easy example, Fe metal-core
oxide-shell NPs were examined as a way to reduce environmental
contaminants. Both reaction rates and pathways were found to
vary with particles nominally of the same size but produced by
different processes (Nurmi et al., 2005). It turns out that the
particles produced by the two processes had significantly different
internal and shell structures. We also found that Fe metal-core
oxide-shell NPs produced by the same process, but using different
starting salts, produced NPs with significantly varying reaction
rates and pathways (Moore et al., 2011). A similar effect has been
observed for ceria NPs. Altering the precursor salts during NP
synthesis changed the biological outcomes (Barkam et al., 2017).
For both these NPs, major or subtle differences in synthesis routes
influenced NP properties.

As suggested in Figure 1, there are a variety of ways that
particles as synthesized may differ from the “ideal” or intended
synthesis result, all of which have been observed in our work
and work of others. We have examined citrate stabilized Ag
(Wang et al., 2016) and Au NPs (Techane et al., 2011) coated
with a self-assembled monolayer (SAM) and in each case the
presence of an adventitious carbon contamination layer was
present along with the desired functional layer. Some of the Ag
NPs had been formed around Au cores in an effort to produce
NPs monodisperse in size. However, high angle annular dark-
field transmission electron microscopy (HAADF-TEM) and X-
ray photoelectrso spectroscopy (XPS) measurements provided
information indicating that the Au cores were often not in the
center of the particles and that the shapes and sizes were not as
uniform as intended (Munusamy et al., 2015; Wang et al., 2016).
Of more significance, Ag NPs with and without the Au core had
different internal structures and dissolved at different rates in cell
culture media (Munusamy et al., 2015).

Because of the high surface to volume ratio, surfaces have
a significant impact on NP properties. It is unusual for NPs
not to have some type of surface coating, adventitious, or
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Surface Contamination

Surface functionalization
not uniform or consistent

Size and shape not
uniform

Non-uniform core-
shell particles

00
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FIGURE 1 | Examples of ways that NPs differ from the ideal or intended
synthesis process.

deliberate. Surface coatings are often applied to stabilize particle
dispersion and impart desired functionality. Studies done in the
Sacher group have demonstrated the difficulty of reproducing,
both commercially and in the laboratory, consistent functional
coatings on superparamagnetic iron oxide NPs (SPIONs) (Franca
et al., 2013; Mireles et al., 2016). Using XPS as an important
surface sensitive analysis tool, the group found that for some
types of functionalization it was nearly impossible to get
consistent elemental and chemical state composition from batch
to batch even when the coatings were added by the same
person using the same chemicals, glassware, and procedure.
Importantly, their work demonstrated the high importance of
using surface analysis methods such as XPS to identify batch to
batch variation of the particles surfaces. XPS measurements can
identify unexpected elements (contamination) or chemical states
variations or verify consistency of sample surfaces from batch to
batch.

The presence of unplanned or unexpected elements on the
surface is likely more common than generally reported by the
research community. The Sacher group noted the presence of
a wide variety of impurities on SPIONs made by different
commercial processes (Mireles et al, 2016). As part of a
study in the EMSL user facility examining Cu-oxide NPs to
be used for toxicology tests, XPS identified the unexpected
presence of F from the breakdown of PTFE during the synthesis
process (Baer et al., 2013). Although XPS is increasingly used
for analysis of NPs, many NP studies do not include any
type of surface characterization by which unexpected surface
contamination or other variations in particle surfaces might be
identified.
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These examples demonstrate some of the difficulties in
producing NPs with reproducible properties. The description of a
new product for producing NPs notes multiple challenges in NPs
synthesis ending with “reproducibility is also a big issue” (Laban,
2017). Major, subtle and unintended variations in the synthesis
process all serve to produce NPs whose properties may have
unexpected variations. One team of researchers in our laboratory
had produced ceria NPs for multiple years as graduate students.
None-the-less, when these researchers tried to produce particles
using the same processes in a different laboratory, particles with
significantly less stability were produced (Karakoti et al., 2012).

As discussed in a later section, the collection and reporting
of information that is often not recorded or reported can be
one tool to help discover and minimize reproducibility issues.
Such information can provide tracking records of sample history
(provenance information) that helps identify possible sources of
particle variations (Baer et al., 2016). Well-characterized NPs
from a curated source such as the JRC Nanomaterials Repository
(Cotogno et al,, 2016) provides a way to obtain NPs with
important provenance information.

NPs ARE DYNAMIC (LIKE CHAMELEONS):
THEY CAN CHANGE WITH TIME,
HANDLING, AND ENVIRONMENTAL
CONDITIONS

In discussing NPs for drug delivery systems, Wu et al. (2011)
identify stability as a critical aspect in ensuring safety and efficacy
of drug products using NPs. Impacts of time, processing, and
environmental conditions on NPs—sometimes called aging—can
take many forms (Baer et al., 2008; Mitrano et al., 2015) some of
which are noted in Figure 2. NPs melt at lower temperatures than
bulk material and can melt or change shape during many types
of analysis (Smith et al., 1986; Yacaman et al., 2001; Zhao et al.,
2006). Particles can become oxidized (Baer et al., 2008; Sarathy
etal., 2008) and cycle between oxidation states (Kuchibhatla et al.,
2012).

As indicated earlier, the high surface energy of NPs drives
processes which lower the effective particle energy. Particles can
be stabilized by the sorption of molecules from the surroundings
or by lowering surface area by agglomeration or aggregation
(Kraynov and Miller, 2011). NPs can form aggregates when
stored as dry powders or in solution. For biological and toxicity
studies the behavior of NPs in relevant biological media is
critically important. In such media, aggregation, adsorption, and
dissolution can all be important because each can influence the
impact of NPs on a biological system. It was found that Fe
oxide NPs formed agglomerates in cell culture media influencing
dose-response profiles during in vitro studies (Sharma et al.,
2014). The addition of fetal bovine serum (FBS) minimized the
agglomeration and increased the reliability of the dose response
curves (Sharma et al., 2014). The addition of FBS to the media
minimized the particle changes and increased the accuracy and
reproducibility of the study. However, the influence of the FBS
was more complex for AgNPs. Although the addition of FBS
to cell culture media stabilized the suspension of Ag NPs in
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FIGURE 2 | Examples of how NPs can change as a function of time or in
different physical, chemical, or biological environmental conditions.

Shape
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solution—NPs did not aggregate and fall out of suspension—the
FBS addition enhanced Ag dissolution. Thus the FBS minimized
one type of particle change, but increased another (Munusamy
etal., 2015).

The adsorption of proteins in biological media is particularly
interesting as the surface layers have been identified as protein
corona. These corona may be tens of nm thick (Lynch et al,
2007) and the nature of the corona, including composition,
depends on the particle size (Zhang et al., 2011) and changes as
a function of time transitioning from a “soft” corona to a “hard”
corona (Vilanova et al., 2016). It is surface coatings on NPs that
actually interact with the surrounding media, other particles, or a
biological system (Jones et al., 2013). In almost all circumstances
NPs turn into core-shell particles where the nature of the shell
depends upon the environment.

In addition to changes in size and surface composition or
structure due to dissolution, aggregation, corrosion, or sorption
processes, we have observed changes in the chemical state of ceria
NPs (Kuchibhatla et al., 2012). Ceria NPs are often grown in
solution and the color of the solution can indicate the oxidation
state of the particles. Particles identical in size, as examined by
TEM after removal from solution, changed the solution color
from yellow (presence of Cet*) to clear (Ce™?) as a function of
time. Nucleation of these particles had been initiated by addition
of an oxidizer (H,O;) to a salt solution. As the oxidizing power
of the solution lowered the particles switched from the +4 to the
+3 state (Kuchibhatla et al., 2012). Changes or variations in the
oxidation state of ceria NPs have also been observed within intact
hydrated cells and organelles (Szymanski et al., 2015).

Although much of this perspective focuses on the preparation
and delivery of well-defined NPs to minimize variability in NP
studies, it is relevant to recognize that NPs can change at various
times in the lifecycle of particles. This is particularly relevant
to understanding behaviors in biological and environmental
systems. Enhanced dissolution and transformations of Ag and
ZnO NPs have been observed to occur at specific locations
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within cells (Liu et al., 2012; Mihai et al., 2015; Theodorou et al.,
2017). Because of the time and effort involved, examination
of transformations that occur within biological, environmental,
and some materials systems would be accelerated by the
development and advancement of the ability to make in situ
real-time measurements (Sarathy et al., 2008; Szymanski et al.,
2015).

Handling and cleaning of NPs prior to use or as preparation
for analysis can also influence their surface composition
and reactivity. In the case of AuNPs stabilized in citrate
aqueous solutions, cleaning process such as centrifugation and
resuspension or dialysis were observed to impact the surface
functionalization efficiency (La Spina et al., 2017). The relative
ease of particle transformation can be understood in terms of
energetics [see Figure 6 of reference (Baer et al., 2008)]. NPs have
been described as having protein like behaviors (Pelaz et al., 2012)
in their size dependence and susceptibility to environmental
influences, including preparation for analysis (La Spina et al,
2017). The lowered stability also makes NPs vulnerable to
damage during analysis. Electron beams have been observed to
influence particle shape (Yacaman et al., 2001), change crystal
structure (Zhao et al., 2006), and induce oxidation (Wang et al.,
2007).

The dynamic nature of NPs has several important
implications: (i) the nature of nanoparticles cannot be assumed
to be constant but must be examined or verified near the time
of application; (ii) such behavior may impact storage times and
lifetimes of products containing NPs, and (iii) susceptibility to
damage has implications for both preparation of NPs for analysis
and possible changes during analysis.

MINIMIZING REPRODUCIBILITY ISSUES

Challenges inherent in the production of consistent NPs along
with the ease by which many types of NPs can change (the
chameleon effect) provides an important backdrop to addressing
NP reproducibility. The ability of seemingly insignificant changes
in the synthesis process, handling, or other aspects of sample
history to change NP properties highlights both (i) the need
for a high degree of care in their production and handling
along with detailed records about the pedigree of any batch of
material and (ii) the need for timely relevant characterization.
These two topics are discussed under the headings of provenance
information and characterization plan.

Provenance and Provenance Information
The concept of provenance is usually applied to authentication
of the origin of a work of art. However, the concept can readily
apply to other areas. The World Wide Web Consortium (W3C)
established a Provenance Incubator Group that described the
general concept as:

Provenance of a resource is a record that describes entities and
processes involved in producing and delivering or otherwise
influencing that resource. Provenance provides a critical
foundation for assessing authenticity, enabling trust, and allowing
reproducibility (W3C, 2010).

With some minor adaptions to make it specific to NPs, the
International Organization for Standards (ISO) description of
provenance information is:

Information that documents the history of a batch of NPs: This
information tells the origin or source of the NPs, any changes that
may have taken place since origination, and who has had custody of
it since it was originated. Examples of provenance information are
the principal investigator who recorded the data, and information
concerning storage, handling, and migration [adapted from ISO/TS
13527:2010, 1.4.2.36].

The clear objective of provenance information as applied to
NPs is to provide a means to assess and validate properties and
behaviors of a batch of material. The collection, retention, and
reporting of provenance information can provide a tool to assist
addressing NP reproducibility issues. As discussed previously
(Baer et al., 2016) appropriate provenance information may vary
with the particle type and application but likely includes:

e Record(s) of sample synthesis: reference or details of synthesis
as known (e.g., process, vendor, lot number, chemicals, and
their sources)

e Characterization results: data reports including relevant dates
and processing of samples for analysis

e Important dates and times: synthesis, arrival in laboratory,
opening of sample container, primary analysis measurements,
and expiry date

e Storage time, conditions, and containers: temperature,
humidity, media, light shielded, shipping, or transport.

e Record of additional processing: e.g., dried, washed, heated,
sonicated, functionalized (including the method, dates, and
number of times processed).

Much of this information is beyond that normally recorded
or reported in the literature. We have started reporting times
between synthesis, analysis, and application in our journal
publications. ISO standard ISO TS 20579-4 has been developed
indicating information to be added to a provenance information
record regarding preparation of NPs for surface analysis. This
standard also highlights the issues involved and discusses
approaches to sample preparation for reliable surface analysis
(ISO-20579-4, 2018).

Characterization Plan

The results of NP characterization are clearly an essential
component of provenance information. Some of the long lists
of desired measurements of NP properties can be very costly
and, as discussed in the literature, might not improve material
reproducibility (Hassellov et al., 2008; Boverhof and David,
2010; Stefaniak et al., 2013). In our work on Fe metal-core
oxide-shell nanoparticles we initially analyzed particles with
a wide range of capabilities (Nurmi et al, 2005). Once we
understood the behavior of the particles in many conditions we
found that the routine application of three methods provided
much of the needed information (Baer et al., 2013). These
included measurement of particle size, shape, and structure
using transmission electron microscopy and x-ray diffraction and
surface composition using XPS.
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The characterization needs and resulting plan for any set of
NP materials will depend on the material, application and how
well the material is understood (Baer et al., 2013). However, plan
elements likely include:

e Establishment and routine application of a core set of
characterization methods providing important information
relevant to the specific application and materials (Baer et al,,
2013).

o Methods used to prepare material for analysis (drying,
dilution, filtering, cleaning etc.) should be applied in a
consistent documented manner and recorded as part of the
provenance information.

o Well-characterized particles, including those available in
the JRC Nanomaterials Repository (Cotogno et al., 2016) are
good starting points for materials with documented sample
history and handling information.

e Some type of surface sensitive analysis tool needs to be applied
to test for consistency and changes in NP surfaces (Baer et al.,
2010).

o As suggested in Figures1, 2, changes in surface
composition, contamination, and functionalization
are very common sources of particle variation.

o SESSA and other computational methods allow XPS to
be used in a quantitative manner to extract important
information about particle coatings and layer thicknesses
(Powell et al., 2018).

e Stability and variability issues make measurement timing
important. Some type of NP characterization or property
validation measurement needs to be conducted close in time
to the application or use of particles to verify consistency or
minimal variation.

o As one example, we confirm particle size and zeta potential
consistency immediately prior to in vitro studies.

o Determining the rates of particle change in relevant
environments can identify appropriate storage times or
handling conditions and potentially minimize unnecessary
measurements and avoid surprises.

o For multiple reasons, including shelf time and batch to
batch variation, it is unwise to assume that commercial
materials have/retain the properties described or measured
by a vendor (Crist et al., 2013).

Because of the importance of NP surfaces, as highlighted in the
section Nanoparticle Inequality, including their impact on the
interactions of particles (Jones et al., 2013) as well as the limited
and frequently “sloppy” application of surface sensitive tools for
NP characterization, it is particularly important to highlight the
significant contributions that quality surface analysis can make
to NP reproducibility (Grainger and Castner, 2008; Baer et al.,
2013). The full range of surface analysis tools can be useful to
understanding NP surfaces (Baer et al, 2010; ISO/TR-14187,
2011), but XPS has proven highly valuable for understanding
the presence of contaminants and the uniformity of surface
functionalization (Baer et al., 2013; Mireles et al., 2016), the

chemical state of elements on NP surfaces including surface
oxidation (Guascito et al.,, 2013), as well as the nature and
thicknesses of surface and layered NP coatings (Techane et al.,
2011; Shard, 2012; Belsey et al, 2015; Wang et al, 2016).
Appropriate application of surface analysis methods requires
careful and thoughtful sample preparation (ISO-20579-4, 2018),
often involving extraction of samples for complex solution
environments (Pourrahimi et al., 2014; La Spina et al., 2017) to
be followed by appropriate data collection and spectral analysis
(Guascito et al., 2013) that should include consideration of the
potential impacts NP size and shape on the analysis (Baer and
Engelhard, 2010; Powell et al., 2018).

CONCLUSIONS/SUMMARY

The inherent nature of NPs causes challenges to their consistent
production and application in reproducible studies. Awareness
of the dynamical potential of many NPs (the chameleon effect)
and the challenges of providing consistent surface chemistry can
help research teams identify problems and find ways to improve
consistency. The application of a well-defined and thought-out
characterization plan, including some type of surface analysis,
consistently applied at critical times, along with the collection
and retention of provenance information (beyond that usually
recorded or reported currently) can be useful tools to assist in
addressing reproducibility issues or helping identify sources of
possible variation.

Although there are significant sources of particle variation
and needs for additional in situ tools to understand behaviors
as they occur, with care and appropriate measurement feedback,
much of the variability and inconsistencies in NP research can be
significantly decreased.
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