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Nano Impact Statement: Slower progress in NanoEHS versus conventional EHS arises 

from the complexities encountered with nanomaterials even when carefully controlled 

model systems are used. This calls for a systematic approach towards fundamental 

research with the objective of de-convoluting these complex phenomena to establish 

structure-function relationships. As a step towards achieving this objective, this 

perspective identifies current challenges and fundamental research needs in NanoEHS. 
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Abstract 

 

Nanotechnology is no longer in its infancy and has made significant advances since the 

implementation of the National Nanotechnology Initiative (NNI) in 2000. Incorporation 

of nanotechnology in many fields including information technology, medicine, materials, 

energy, catalysis and cosmetics has led to an increase in engineered nanomaterial (ENM) 

production, and consequently, increased nanomaterial use. In comparison, the generation 

of concrete and consistent evidence related to the environmental health and safety of 

nanomaterials (NanoEHS) is lacking. The main factors contributing to the slower 

progress in NanoEHS versus conventional EHS are related to the complexity, property 

transformations, life cycles and behavior of nanomaterials even in carefully controlled 

environments. Therefore, new systematic, integrated research approaches in NanoEHS 

are needed for overcoming this complexity and bridging current knowledge gaps. A 

workshop on “NanoEHS: Fundamental Science Needs” brought together scientists and 

engineers to identify current fundamental science challenges and opportunities within 

NanoEHS. Detailed discussions were conducted on identifying the fundamental 

properties that are critical in NanoEHS, differentiating between conventional and 

NanoEHS studies, the effect of dynamic transformations on nanometrology, role of 

dosimetry and mechanistic data gaps in nanotoxicology. An important realization that 

even simple nanoscale materials can be complex when considering NanoEHS 

implications was noted several times during the workshop. Despite this fact, a number of 

fundamental research areas to further the scientific foundation to address NanoEHS needs 

are suggested. 

 

 

Introduction 

 

 When considering length scales, nanomaterials represent the transition region 

between molecular entities and bulk materials and thus exhibit distinctly different 

properties from both, which manifest in many interesting chemical and physical 

phenomena.
1, 2

 Nanoscale phenomena have led to numerous scientific discoveries and 

innovations over the past few decades and are impacting many areas such as information 

technology, materials, medical diagnostics, catalysis, energy and environmental 

applications.
3-7

  

 The World Technology Evaluation Center (WTEC) reported on the vision, 

direction and progress from 2000 – 2020 extensively in their “nano1 (1999)” and “nano2 

(2010)” reports.
8-10

 The timeline put forth in these reports aspires to achieve 

nanotechnology commercialization, mass production and use by 2020. According to the 

progress evaluation in “nano2 (2010)”, key nanotechnology indicators including science 

citation index (SCI), patent applications, final products in the market, research and 

development funding, venture capital and primary workforce in the nanotech industry 

show an average growth rate of 25% during the years 2000 – 2008. Four overlapping 

generations of products were identified in this progression: passive nanostructures (1
st
 

generation), active nanostructures (2
nd

), nanosystems (3
rd

) and heterogeneous molecular 
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nanosystems (4
th

). A partial list of passive nanostructures includes coatings, nanoparticle 

dispersions, metals, polymers and ceramics. Actuators, amplifiers, transistors, targeted 

drugs and chemicals, and adaptive structures illustrate some active nanostructures. 

Examples of nanosystems include artificial tissues, photonic devices, nanoscale 

electromechanical systems (NEMS) and scalable plasmonic devices. Heterogeneous 

molecular nanosystems are the most advanced and include biomimetic systems with 

capabilities including, among many others, quantum control, selective and efficient 

catalysis, controlled interactions between light and matter and subcellular interventions. 

The current state of nanomanufacturing has successfully resulted in third generation 

nanostructures i.e., nanosystems. Therefore, the complexity, dynamics and 

transdisciplinarity of these materials have increased substantially. Consequently, this has 

resulted in a great deal of interest in understanding any risks associated with the 

environmental health and safety of nanomaterials. 

 To date, no known human diseases or serious environmental impacts have been 

reported that are specific to engineered nanomaterials. This is partly a result of their 

currently limited usage, a lack of epidemiological research, the vast variety of materials, 

and lack of extensive EHS research. Lessons from the past suggest that environmental 

and health consequences may take some time to manifest themselves. For example, by 

the time adverse effects of chlorofluorocarbons (CFCs) were discovered, the ozone hole 

had developed.
11

 Likewise, the adverse health implications of asbestos were found after 

many lung cancer cases, specifically after mesothelioma was diagnosed. Use of 

dichlorodiphenyltrichloroethane (DDT) for the control of malaria and typhus, as well as 

its use as an agricultural insecticide endangered wildlife and was later determined to be a 

human carcinogen.
12

 These unforeseen consequences ultimately resulted in phasing out 

the usage of these chemicals under international treaties such as the Montreal Protocol 

and Stockholm Convention and national environmental regulations. In order to prevent a 

similar fate and ensure sustainability of nanotechnology industry and maximum societal 

benefits, there is a need to develop and validate, robust scientific platforms for hazard 

identification, exposure monitoring and risk assessment along with predictive 

toxicological approaches for ENMs. Most importantly, NanoEHS must be an integral 

aspect of nanomaterial development.  

Over the past decade, the perspective that “nano is dangerous” shifted to “nano 

can be made safe” by employing engineering principles to their safe design, which should 

positively impacted nanomanufacturing and NanoEHS.
10, 13

 This has been a 

multidisciplinary effort with fundamental, mechanistic, functional and computational 

study designs. However, given the rapid advancements in nanomanufacturing potentially 

generating an infinite number of nanostructures, the sustainable nanotechnology 

community is faced with concerns about increasing knowledge gaps between new 

material designs and their safety.
14

 Despite efforts to assess the toxicological impacts of 

nanomaterials, uncertainty remains. At a recent workshop sponsored by the International 

Agency for Research on Cancer (IARC) in October 2014 to evaluate carcinogenicity of 

inhaled fibrous nanomaterials for humans, the working group was able to evaluate only 

one type of carbon nanotube as possibly carcinogenic to humans based on a limited 

number of studies showing carcinogenicity in rodents.
15

 Furthermore, no established 

predictive models for adverse environmental and health impacts of ENMs have been 

developed as envisioned by WTEC in the year 2000.  
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In the “nano2 (2010)” report, three pillars of nanotechnology are classified as 

fundamental nano, evolutionary nano and revolutionary nano.
10

 In this current 

perspective these three pillars have been reclassified to apply to both nanomanufacturing 

as well as NanoEHS and are classified as fundamental, integrative and functional nano 

research (Figure 1). From laboratory prototyping to commercialization of 

nanotechnology, the development in all three pillars must continue at equal paces. 

Fundamental studies facilitate fabricating materials with increasing complexity, novel, 

properties and predictable structure-function relationships. This enables conceptual 

developments leading to materials classification, extending molecular concepts to 

nanostructures such as valency, and moving beyond the controlled and simple designs to 

anisotropic structures and complex matrices encountered in integrative and functional 

nano research. These fundamental discoveries are critical for the advancements in both 

nanomanufacturing as well as NanoEHS; therefore, the workshop on “NanoEHS: 

Fundamental Science Needs” that took place in November 2014 focused on identifying 

the current fundamental science challenges, opportunities, and needs of the broad area of 

NanoEHS to move the field forward so that the next level of challenges and complexity 

can be addressed. An important realization of the workshop was that “simplifying 

complexity is no easy feat when the simple itself is complicated”.  

There are many literature examples that show even single component systems of 

nanoscale materials can exhibit complex behavior that are sensitive to even the smallest 

change in the surrounding environment and capable of triggering changes to the 

surrounding environment. An extensive study conducted using surface enhanced Raman 

scattering for the detection and quantification of 2-naphthalenethiol in a carefully 

controlled aqueous medium with 12 nm gold nanoparticles showed that the measurement 

signals are subjected to temporal fluctuations resulting in inconsistent and irreproducible 

nanomaterial interactions and signals.
16

 The study attributed these fluctuations to changes 

in the aggregation state of the nanoparticles that varies with molecular surface coverage 

as well as nanoparticle concentration. Another study with 4 nm titanium dioxide 

nanoparticles in an aqueous medium showed dramatically different aggregation behavior 

depending on the presence of citric acid ligands as well as the medium pH.
17

 Both pH and 

ligand adsorption resulted in surface charge changes on these nanoparticles. Calculations 

of longitudinal surface plasmon polariton resonances of gold nanorods showed that the 

generated electric fields are not uniformly distributed on the metal surfaces but 

concentrated at the two ends.
18

 From these examples, it is clear that additional 

fundamental work is warranted to develop an improved understanding of how these 

materials behave as these simple examples are complex and are discussed below in detail.  

 

Highlights of the Workshop on NanoEHS Fundamental Science Needs  

 

The proceedings of this workshop are summarized in this perspective under five 

main categories: (i) Size and Shape Dependent Properties Important in NanoEHS; (ii) 

Understanding Nanomaterial – Molecule Systems; (iii) Dynamic Transformations of 

Nanoparticles; (iv) Dosimetry in NanoEHS; and (v) Mechanistic Data Gaps in Toxicity of 

Nanomaterials. These categories were based upon the four presentations given by the 

speakers at the workshop. The first section introduces the fundamental properties of 

nanomaterials while linking their functional forms to NanoEHS and some important but 
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often overlooked considerations. The objective of the second section is to convey subtle 

and obvious differences between conventional molecule-molecule system and 

nanomaterial-molecule systems. Given the first and second sections provide an overall 

understanding of the unique nature of ENMs, the third section aims to describe the 

complexity of nanomaterial systems and how to tackle this complexity using 

fundamentals concepts and techniques. The fourth section focuses on the often 

overlooked use and importance of dosimetry and how this might relate to inconsistencies 

and irreproducibility in nanotoxicology. The final section highlights some of the missing 

links from mechanistic studies to nano-bio systems and the importance of having high 

throughput in vitro assessment models without limiting in vivo studies. Overall, these 

sections aim to synthesize viewpoints from a wide group of interdisciplinary researchers 

to identify the challenges facing NanoEHS as well as research needs to further the use of 

nanotechnology for the benefit of society in a sustainable way. 

 

Size and Shape Dependent Properties Important in NanoEHS. The total free energy of 

any material is given in equation (1), ������	 = ��	�
 + ��	
���� 													��. (1). 
At the macroscopic level, the total free energy (Gtotal) is dominated by the bulk energy 

(Gbulk). In contrast, nanometer scale materials exhibit an increasing number of surface 

atoms and the surface energy (Gsurface) in Eq. (1) becomes more pronounced and starts 

contributing more towards the total free energy compared to macroscale materials.
19

 

Additional complexities are further introduced into these materials by their distinct 

surface planes, surface reconstructions, relaxations and adsorptions.  

Dimensionality categorization allows for classification of nanostructures based on 

their morphology. Zero dimensional nanostructures are nanoparticles where all 

dimensions are confined to the nanoscale. Nanorods and nanowires are some examples of 

one dimensional nanostructures as one dimension of the materials can extend beyond the 

nanoscale. Thin films with nanoscale thickness are considered as two dimensional 

nanostructures. Therefore, the physical – chemical properties of these nanoscale materials 

become both size and shape dependent, which depend on their dimensionality and are 

often unique from their bulk counterparts. 

The most prominent size and shape dependent properties that are critical for 

NanoEHS are summarized in the following section. Although these are well-known 

concepts, the current perspective links the fundamental properties and nanomaterial 

functional forms to NanoEHS investigations for a broad audience. In addition, the 

critically important but often overlooked role of impurities, dopants, defects and sample 

heterogeneity is discussed as it relates to NanoEHS. 

 

• Band gap  

Crystalline solid materials can be classified by their electronic structures into metals, 

semiconductors and insulators. Metals do not have a band gap – the highest-energy 

electrons are in a partially-filled band – but both semiconductors and insulators have a 

characteristic energy differences between the top of the valence and the bottom of the 

conduction band, the band gap energy (Eg). Values of Eg for semiconductors are ~0.2 – 

3.5 eV, and greater than 3.5 eV for insulators. For semiconductors, as the grain size gets 

smaller and smaller, there is a gradual transition from bulk band-like behavior to 
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 6

molecular discrete states. Thus, spatial confinement of electrons in semiconductor 

nanomaterials by their physical dimensions causes the energy levels to be discrete instead 

of continuous. As a result of this quantum confinement, the band gap energy increases as 

the material size decreases; i.e., band gap becomes size dependent in the 1-10 nm range 

for most semiconductors.
20, 21

 Several models can be used to describe this relationship. 

Equation 2 shows an example based on the effective mass of spherical particles with a 

Coulomb interaction term,
21, 22

  

 

��∗ ≅ ���	�
 + ��
��
� � �

� + �
�!" − �.���

$%&&'� 												��. (2). 
 

Here, E
bulk

 g is the bulk energy gap, a is the particle radius, me is the effective mass of the 

electrons, mh is the effective mass of the holes, ε is the relative permittivity, ε0 is the 

permittivity of free space, h is Planck’s constant, and e is the charge of the electron. 

Implications of these nanoscale band gap energy phenomena can impact optical 

properties, redox properties and reactive oxygen species (ROS) generation; therefore, 

nanoscale material band gap energies (��∗) are expected to be distinctly different from 

their bulk counterparts and should scale as Eq. (2).  

 

• Catalytic properties 

Catalytic properties of metal nanoparticles are enhanced compared to bulk materials as a 

result of increased surface area as well as the higher number of edges and corners that act 

as active sites.
23

 Furthermore, highly reactive surface planes can be observed with 

decreasing size because some of these materials are faceted.
24

 One unprecedented 

observation using Au nanoparticles for the catalytic conversion of CO to CO2 showed 

extremely high activity for very specific sizes around 2 to 3 nm.
25

 Additionally, high 

catalytic activity for small metal, bimetallic nanoalloy, metal oxide nanoparticles has 

been observed.
26-30

   

 

• Plasmonic properties 

For metallic nanomaterials, one of the most significant size dependent manifestations is 

their plasmonic property. The localized surface plasmon resonance can be tuned from the 

near UV to the mid-IR by changing the size and shape of these materials in the ~10-100 

nm range.
31

 These size dependent properties give rise to their strong absorption, 

scattering and electromagnetic coupling properties. Mie theory is the most common 

theoretical model that describes these optical properties and is based on classical 

electrodynamics (Eq.3),  

 

�()) = *$%�+,�-&.
- �/

012	(�3) 4 &5
(&678&.)�7&5�9 								��. (3). 

 

Here, E(λ) is the extinction coefficient, NA is the real density of the nanomaterial, a is the 

radius, εm is the dielectric constant of the medium surrounding the nanomaterial, λ is the 

wavelength, χ is the shape factor and r and i are the real and imaginary parts of the metal 

dielectric function, respectively. For noble metals, this size dependent property gives rise 

to tunable properties in the visible region and has resulted in many interesting 
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applications in imaging and detection. Another implication of the localized surface 

plasmon resonance of metal nanomaterials is the generation of local electric fields,
18, 31

 

which are non-uniformly distributed across the surfaces of the nanoparticles. In addition, 

localized heating near metal nanoparticles can occur upon irradiation. Unlike molecules 

that can dissipate excess energy through relaxation processes such as fluorescence, metal 

nanoparticles are limited to vibrational dissipation to the environment. Because 

nanoparticles have a much larger number of atoms per object than molecules, the heat 

that can be dissipated to the local environment is significant, and is being harnessed in 

applications such as photothermal therapy for the treatment of tumors.
32, 33

 The effects of 

these phenomena on the surrounding environment are an active area of research and 

could relate fundamental properties such as those described by Eq. (3) to these emerging 

applications.  

 

• Phase stability 

Phase transitions of bulk materials are generally considered to be dependent on 

temperature, pressure and composition. However, bulk phase diagrams do not predict 

phase for metal and metal oxide nanomaterials because of the contributions of the surface 

free energy to the total free energy.
34

 From statistical thermodynamics, phase transitions 

occur when fluctuations in correlation length and correlation time diverge. For 

nanomaterials, this length scale is inherently limited by crystallite size.
35

 Additionally, 

the surface-area-to-volume ratio increases as length scale decreases, which induces a 

competition between surface energy and the internal energy of the crystallographic 

planes. As a result, a phase transition in a nanoscale material depends on a barrier related 

to the fragmentation of material into finite domains. These domains are large compared to 

nanomaterial sizes; therefore, the barriers are influenced accordingly. For instance, the 

changes in transition temperatures have been modeled for nanomaterials; 

 

;� − ;� = *<.
=>?@A� BC� − C* D@A@�E

F */ G 										��. (4), 
 

where Tb is the bulk transition temperature, Tm is the size-modified phase transition 

temperature, ∆H
o
 is the enthalpy change for the phase transition, a is the particle radius, ρ 

is density and γ is the surface tension of each phase.
36, 37

 A relevant but unanswered 

question is how may this scaling effect for nanomaterials described in Eq.(4) impact 

NanoEHS? 

 

• Defect types and densities 

The arrangement of atoms in ENMs is often imperfect and deviate from perfect 

crystalline patterns. These defects can result in deviations from the expected properties
38

 

and can be classified according to their dimensions as point defects (0-D), dislocations 

(1-D), grain boundaries (2-D) and volume defects precipitates and voids/inclusions (3-D). 

Point defects discontinue the crystal pattern at an isolated site and are either formed when 

an atom is missing creating a vacancy (intrinsic, e.g., O-vacancies in metal oxides) or 

when foreign atoms are present (extrinsic, e.g., incorporation of a dopant or impurities). 

Dislocations are lines through the crystal that disrupt the crystallographic registry. For 

example, these include edge dislocation, screw dislocation, partial dislocation, total 
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 8

dislocation, stacking faults and twin planes. In contrast, 2-D defects include grain 

boundaries such as free surfaces, inter-crystalline boundaries or internal defects. Volume 

defects are three dimensional groups of atoms or vacancies that are classified as 

precipitates, dispersants, inclusions or voids. Unique synthetic methodologies used in 

producing ENMs can introduce a wide range of crystal defects and varying defect 

densities. Such incorporation of defects can alter the resulting material properties 

including mechanical strength, electronic structure and ROS generation ability, catalytic 

activity and solubility.
39, 40

  

 

 

• Role of impurities, dopants and defects  

Reproducible and consistent shape- and size-dependent chemical and physical properties 

of nanomaterials begin with good synthetic control, which can be difficult to achieve 

indicating the need for better quality control. One key parameter contributing to the lack 

of synthetic quality control is reagent impurities. From a synthetic perspective, the 

presence of micromolar impurity concentrations in the starting materials vs. nanomolar 

concentrations of the resulting nanoparticles can be extremely detrimental to product 

quality.
41, 42

 In addition, insufficient purification can cause further materials 

transformations post synthesis. For example, excess thiols present in solution post-Au 

nanoparticle synthesis were shown to etch the metal until thermodynamically stable sizes 

had formed.
43

 Furthermore, a molar excess of small molecules relative to the number of 

nanoparticles are important to consider for synthetic quality control.
44

 In a Au nanorod 

synthesis, even a 1% impurity of a small molecule could outnumber the quantity of 

nanorods produced. Impurities can also contribute to nanomaterial polydispersity and 

aggregation, which influence size distribution. Alternatively, dopants, are intentionally 

introduced to modulate electronic band structure.
45

 Such chemical perturbations either 

cause local band bending or electronic band shifting to alter the ROS producing potency 

of the nanomaterials.
46, 47

 Thus, systematic characterization of crystal defects, impurities, 

dopants, and dopant distribution, are critical to mechanistically assess nanotoxicity of 

metal and metal oxide nanoparticles. 

 

 

• Sample heterogeneity and ensemble measurements   

Considering all of these factors and their implications on the physical and chemical 

properties of ENMs, subsequent product distributions need to be considered as 

nanomaterials that rely on reduction, nucleation and growth are sensitive to seemingly 

every kinetic variable (temperature, solvent, impurities, glassware etc.). Hence, the 

observed physicochemical properties can arise from a single nanoparticle population 

rather than the average population. As a result, undetected product populations can be 

eliminated with post-synthetic purification and separation. Therefore, the ability to 

differentiate unique populations within the entire nanomaterial sample is needed so that 

accurate structure-function relationships can be developed. Currently, a large knowledge 

gap exists in this area, which stems from a lack of understanding about product mass 

distribution.  
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Understanding Nanomaterial – Molecule Systems. There are fundamental similarities 

and differences between conventional EHS and NanoEHS studies. The most critical 

similarity between these is the size dependence of biological barrier crossing and 

motivates concern towards nanotechnology given toxicological impacts. Critical 

differences between conventional EHS and NanoEHS studies originate at a fundamental 

level where molecule-molecule and nanomaterial-molecule interactions are considered, 

respectively (Figure 2). Molecule-molecule interactions are established and described in 

terms of interaction energies, stoichiometry, thermodynamics and kinetics. Molecule-

molecule fate and transformations are well-studied. Although these investigations are 

ongoing, a satisfactory understanding has been achieved and used to set up regulatory 

controls and engineering measures. The same, however, cannot be said about 

nanomaterial-molecular systems including interactions between nanomaterials and small 

molecules as well as large macromolecules with similar nanoscale dimensions (e.g., 

proteins). The following are some unique features of nanomaterial-

molecular/macromolecular systems: 

• The thermodynamics of nanomaterial systems depend on surface energy. 

Molecules adsorb onto nanoparticle surfaces to reduce the surface energy but do 

not follow conventional EHS molecular-molecular interactions. Instead, a non-

stoichiometric distribution of molecules to nanoparticles is observed. 

• In the place of well-defined chemical bonding and weaker interactions, 

nanomaterial-molecule systems depend on nanoparticle shape and size dependent 

adsorption, surface modification, corona formation, displacement and surface 

induced reactions. Variations in molecular orientation, conformation and structure 

on nanomaterial surfaces can subsequently influence reactivity. For instance, a 

case study conducted with enzyme-functionalized Au nanorods demonstrated that 

the exact chemical attachment method used to immobilize the enzyme on the 

nanorod surfaces affected biological activity.
48

  

• Nanomaterial-molecule system stability becomes multi-dimensional and complex 

from physical, chemical and biological perspectives, but minimal information 

related to the thermodynamics and kinetics of these complex systems is known.  

• Inter-particle interactions often lead to aggregation and agglomeration. 

Aggregation in real environmental systems can be either homogeneous or 

heterogeneous. Aggregation also decreases the surface area and surface energy of 

the nanomaterials and impacts the overall thermodynamic and kinetic stability of 

the system, in addition to the properties of the nanomaterial itself.  

Two key questions raised in a recent perspective article on the surface-ligand chemistry 

of nanocrystals are (1) what is the nature of the surface interaction and (2) how do these 

interactions influence the frontier orbital structure and the fate of excited charge 

carriers.
49

 An additional question to add to the list is whether these interactions control 

the “toxicity” of nanoparticles. These questions originate from (but are not limited to) the 

observations made in changes to the electronic structure of nanocrystals upon surface 

ligand coordination. They not only encapsulate all of the above highlighted unique 

features of nanomaterial-molecule systems but also emphasize the need of fundamental 

research to understand surface interactions in great molecular detail. Given that in all 

NanoEHS related research, nanomaterial-molecular/macromolecular systems can 

influence nanoparticle behavior and implications, answering these questions are 
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important. Although mathematical equations that link shape and size dependent 

chemical-physical properties are known, similar expressions relating biological responses 

(e.g. ROS production) to extrinsic and intrinsic nanomaterial properties are still needed. 

  A common set of tools and techniques available to address these NanoEHS 

concerns involve detecting, monitoring and analyzing nanomaterial systems. These 

techniques, including atomic force microscopy (AFM), secondary ion mass spectrometry 

(SIMS), surface enhanced Raman spectroscopy (SERS), single particle inductively 

coupled plasma mass spectrometry (SP-ICP-MS), X-ray photoelectron spectroscopy 

(XPS) and infrared spectroscopy (IR), provide some sense of proximity of chemical 

signatures relative to a nanoparticle surface but suffer from several limitations thus 

failing to provide absolute molecular spatial arrangement. For instance, vibrational 

spectroscopy is limited by laser spot size, which can be as large as several microns. AFM, 

on the other hand, can only distinguish molecules with significantly different molecular 

heights. The sensitivity in the z-direction is excellent (sub-nanometer resolution), but 

spatial resolution in the x-y plane is poor. Measurements with nanoparticles are 

especially difficult due to many contributing factors, which should be better recognized. 

For instance, all of these techniques make assumptions based on flat surfaces; therefore, 

surface curvature effects are not considered. Super-resolution spectroscopy, on the other 

hand, holds great potential at overcoming this limitation but currently is restricted to 

matter with large optical cross-sections and suffers from high cost and low sample 

throughput. Furthermore, surface adsorbed ligands can exhibit different dielectric 

properties from non-adsorbed ligands. This difference can induce changes in the 

dielectric environment near the nanoparticle surface, which can influence several of these 

surface analytical measurements in unexpected ways. 

In terms of characterization, current techniques involve mostly dry 

characterization and to a lesser extent, wet characterization. Although dry 

characterization provides a basis to build on for NanoEHS studies, work is needed to 

translate these measurements into structure-function relationships. Given the dynamic 

nature of nanomaterials, initial dry characterization conducted with primary nanoparticles 

might not be sufficient. With the exception of visible absorption spectroscopy, 

fluorescence, dynamic light scattering, nanoparticle tracking analysis and some 

vibrational spectroscopic techniques, many of these characterization techniques are not 

suitable for understanding the biological, chemical, and physical properties of 

nanoparticles in dynamic environments. Therefore, a pressing NanoEHS need is the 

development of methods capable of in situ characterization of nanomaterials in complex 

systems. In this aspect and instead of a single technique, hyphenated techniques are 

promising for multiplexed measurements in the same environment. 

 

 

Dynamic Transformations of Nanoparticles. The main underlying factor contributing to 

challenges encountered in NanoEHS studies within complex matrices is related to the 

lack of understanding of the dynamic nature of nanomaterials. Nanomaterials interact 

with the surrounding system and undergo dynamic transformations at rapid time scales in 

a system dependent manner. For instance, the dynamic transformations of metal or metal 

oxide nanoparticles were shown to contribute to the overall interactions of these 

nanomaterials with cells and the environment.
50, 51

 Often, these are monitored using 
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various analytical measurements as well as predicted using theoretical models
52

 but are 

limited by the detectable properties of various particle populations as discussed earlier. 

These interactions and transformations can be experimentally evaluated as a change in or 

loss of signal over time; however, these signal variations often lack reproducibility and 

contrast theoretical predictions. Lack of consistent and reproducible analytical 

measurements of nanoparticle systems is a challenge in NanoEHS and can hinder 

progress in the field. These dynamic interactions and transformations, however, occur in 

a complex yet predictable manner.
53

 Thus, identification of parameters that affect 

nanomaterial dynamics is the first step towards achieving control.  

Parameters that can affect nanomaterial measurements include time, molecular 

concentration, nanoparticle concentration, sample heterogeneity, solvent composition as 

well as surface roughness, curvature, charge, functionality and hydrophobicity. These 

contribute to dynamic nanomaterial transformations by changing their solution phase 

states and dimensionality as discussed in the previous section.
17, 50, 51, 54

 A combination of 

several transformations including ion dissolution, chemical transformations (e.g., 

oxidation, sulfidation, etc.) and protein corona fingerprinting are likely important in these 

complex systems and could lead to new and/or unexpected interactions in complex 

environments. These transformations, in turn, can change the biochemical, biophysical 

and physicochemical properties of the materials that are observed.
55

 An underlying 

challenge, however, is the reproducibility of these measurements and nanomaterial 

products both of which are crucial in both applications and NanoEHS implications.
56

 One 

approach to tackle this system complexity and track dynamics is an in-depth investigation 

of fate descriptors with the aid of reference materials with homogenous surfaces. These 

include Coulomb forces, London dispersion (hydrophobicity), acidity, basicity, polarity 

and polarizability, and lone pairs.
57-59

 By investigating how these properties are affected 

as a function of time, molecular concentration, solvent composition and nanoparticle 

concentration, surface roughness, curvature, charge, surface functionality, surface ligand 

conformation and orientation, density, charge, and hydrophobicity,
53

 a systematic 

understanding of nanomaterial transformations can be made. In fact, these numerical 

descriptors could potentially be used in NanoEHS regulations if accurate estimates are 

obtained. This requires the development of standards and reference materials for 

validation. 

Alternative to these experimental approaches for understanding nanoparticle 

dynamics on NanoEHS studies, semi-empirical methods can be adopted to improve 

realistic theoretical predictions of nanomaterial stability in different matrices, For 

colloidal suspensions, extended Derjaguin-Landau-Verwey-Overbeek (xDLVO) theory 

provides a platform to predict nanomaterial stability by calculating energetics as a 

function of separation distance in two-dimensions by considering several interaction 

parameters including: van der Waals, electrostatic, acid-base, bridging, elastic, hydration, 

hydrophobic, magnetic and/or osmotic contributions.
59

 Each of these parameters accounts 

for different nanoparticle attributes in the system of interest; however, application of this 

theory on nanoscale colloidal suspensions needs careful consideration of size and shape 

dependent properties as well as the surface adsorbed ligands.
60, 61

 For example, the 

Hamaker constant used in calculating the attractive van der Waals interactions depends 

on the size-dependent dielectric properties of the material.
61

 Additionally, electrostatic, 

osmotic and elastic interactions are largely affected by the surface potential, solvent, 
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 12

ligand packing density and orientation at the surface, as well as surface curvature. While 

DLVO models and other non-DLVO models are useful in qualitatively describing 

nanomaterial stability, fate and transformations in complex matrices; these methods can 

also aid in optimizing the synthetic and storage conditions for nanomaterials. This 

information can potentially guide materials design and storage solution conditions used.  

Another significant challenge for understanding surface dynamics is time scales. 

While equilibrium thermodynamics dictate the ultimate final state of the system, kinetic 

factors often are more important and control the state of the system. Depending on 

particle mobility under constantly changing environmental and biological conditions, a 

given system can exhibit several quasi-equilibrium states specific to a given set of 

conditions. Given the rapid (or not so rapid) times scales, these transformations can 

occur, and analytical methods used for analyzing and tracking these transformations 

require a dynamic range of measurements. Another approach to understanding 

nanomaterials is molecular dynamic (MD) simulations, which can provide unique 

information that is difficult to learn through experiment.
62-65

 Typically, MD simulations 

use ideal surfaces and solution conditions, which may not be representative of realistic 

conditions. Furthermore, MD simulations are often computationally expensive thus 

requiring supercomputers, long computing time, and selection of best case conditions for 

modeling. All in all, these predictive capabilities depend on collision frequencies and 

functions and are only as good as the initial model inputs.
61

  All in all, the fate and 

transformation of nanomaterials is governed by the physical, chemical and biological 

stability of the material. Without clear definitions or guidelines of nanomaterial stability 

in simple systems, reliable risk assessment and hazard identification can neither be 

achieved for more complex systems nor irreproducibility eliminated. The fundamental 

research conducted under well-controlled conditions is being challenged for its usability 

in complex scenarios. Given that nanomaterial stability affects characterization 

measurements made on these systems, the key to linking simple and complex samples 

could be through establishing clear metrics, common terminology, and systematic 

approaches to multi-parameter experimental design, new instrumentation, and predictive 

modeling that incorporate size and shape dependencies as well as validation protocols. 

Furthermore, quantitative predictions and identifiers are of paramount importance for 

determining stability and fate of nanomaterials. Because some size dependent properties 

become more significant at size scales less than ~10 nm, appropriate size effects in dry 

and wet environments need to be evaluated and explored. Indeed, from a toxicological 

perspective; it is important to identify the size regimes where these effects are 

pronounced. Theoretical physicists and chemists have a responsibility to communicate 

with more applied disciplines as to which nanoparticle size regimes exhibit relevant 

biological, chemical, and physical effects thereby minimizing the number of NanoEHS 

studies.  

 

In vitro Dosimetry in NanoEHS. Accurate and meaningful exposure or dose metrics are 

a basic yet elusive requirement for in vitro screening method to assess potential health 

risks of ENMs. Dosimetry is the quantification of the exact amount of materials 

interacting with species/cells over time and is a key determinant in pharmacological and 

toxicity studies. Especially in the risk assessment paradigm for ENMs, hazard 

identification requires information of dose and exposure conditions in addition to 

Page 13 of 26 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

nanoscale properties. Hazard characterization requires additional details of exposure 

concentrations, deposited doses and time data. Risk is then determined from both 

exposure and dose-response data. More importantly, in vitro doses need to match the 

same scale as in vivo doses for validation and inter-comparison purposes. It is worth 

noting that in vitro ENM testing has often failed to produce results consistent with those 

of corresponding in vivo studies.
66, 67

 These discrepancies are attributed not only to 

inadequate characterization of ENMs and lack of standardized methodologies, but also as 

a result of miscalculation or mischaracterization of the in vitro dose or exposure as a 

function of time.
68, 69

 More recently, evidence continues to grow indicating that in vitro 

dosimetry may alter the hazard ranking of low aspect ratio ENMs.
70 

 

Until recently, most in vitro studies have reported dose in terms of either an initial 

administered mass concentration or a total administered mass. Consequently, the 

biological response can be related to particle surface area, particle number or mass 

concentration. In each case, the dose metrics assumed that sedimentation or aggregation 

does not occur or is negligible. Total administered mass assumes that sedimentation is 

complete, with all of the suspended material instantly transported to the cells at the 

bottom of the cell culture vessel. Actual dosage however, depends on the physical 

properties of the suspended ENM and culture media as well as the time course of 

exposure.    

Therefore, emphasis has been placed on achieving a better understanding of 

exposures experienced by cells in vitro with accurate and meaningful dosimetry.
68-71

 

These include several standardized methodologies for the physical characterization as 

well as fate and transportation modeling of both stable and agglomerated suspensions. 

For in vitro systems, hydrodynamic diameter (d) controls the diffusion (Eq. 5) while the 

effective density (ρE) is a fundamental property governing the sedimentation of colloidal 

materials (Eq. 6) as shown below, 

  

I = J<
K+L%M� 							��. (5) and 

O = �(@PQ@. R5L)��
��M 				��. (6). 

 

Here, D is the diffusion coefficient, T is temperature, Na is Avogadro’s number, R is the 

universal gas constant, V is the particle settling velocity, g is gravitational acceleration, ρ 

is the density, a is the particle radius, and µ is the dynamic viscosity. 

 Measuring agglomeration for in vitro nanotoxicological studies is essential. These 

measurement techniques have progressed from dynamic light scattering, analytical 

ultracentrifugation and nanoparticle tracking analysis to volumetric centrifugation 

methods. Each of these has advantages and disadvantages that limit accurate 

characterization of agglomerates. The volumetric centrifugation method provides a fast 

and inexpensive alternative for determination of effective density of ENMs in 

suspension
69

 and suggest that the effective density of agglomerates are significantly 

different from the bulk material.  

 In order to gain time dependent dose data, in vitro sedimentation and diffusion 

dosimetry models and advanced multidimensional numerical models can be used to 

calculate nanoparticle concentration gradients within in vitro systems by considering 

effective density values. These models make it possible to determine the mass, particle 
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number or surface area of material deposited or delivered to cells as a function of time.
69-

72
 Although limitations of the models assume monodisperse agglomerates, useful 

approximation of the relative transport and effective dose of different ENMs are 

provided.
69, 70

  

These models, however, do not account for many dynamic nanomaterial 

transformations such as dissolution, re-precipitation and displacement reactions that are 

also capable of influencing in vitro dosimetry data. Current studies in nanotoxicology, 

which depend on comparisons with negative and positive controls, assume that the 

particles used in these controls have the same partico-kinetic behavior as the inherently 

transformed nanomaterials. In light of this, existing hazard rankings need re-evaluation 

by considering in vitro dosimetry results. In addition, standard practices for dispersion 

protocols, solvent compositions and particle concentrations need to be unified in order to 

facilitate study-to-study comparisons.
68

 

 

Mechanistic Data Gaps in Toxicity of Nanomaterials. Establishing the mechanisms 

responsible for adverse biological impacts of nanomaterials can be an extremely 

challenging task because contrary to the relatively controlled systems used in 

fundamental research, biological systems are multi-component, multi-functional and 

dynamic. Thus, assumptions and ideal conditions used in fundamental studies are often 

not directly applicable to complex biological systems (Figure 3). Furthermore, clear 

identification of the specific chemical and physical properties that trigger toxicity are not 

known for the wide range of ENMs already commercialized. In addition, arguments 

relating the sensitivity of biological systems to materials in the scale of 1-100 nm are 

inconclusive as a result of limited understanding of uptake, translocation, and excretion 

mechanisms relative to their larger counterparts.
73

 

Nevertheless, there is a body of literature that suggests significant potential 

detrimental biological impacts of nanomaterials. For example, experimental studies of 

human epithelial cells in vitro suggest that carbon nanotubes (CNTs) induce disruption of 

the mitotic spindle, centrosomal damage, and aneuploidy, all of which are indicative of 

genotoxicity.
74

 Parallel in vitro and in vivo studies have shown correlations between 

metal catalyst residues in multiwall carbon nanotubes (MWCNTs) and lung 

inflammation.
75

 Furthermore, engineered metal and metal oxide nanomaterials composed 

of Cu, Zn, Ag, TiO2, ZnO, CuO, CeO2 and Fe2O3 have been shown to induce membrane 

permeability, cytotoxicity, DNA damage, enhanced oxidative stress, inflammation and 

developmental abnormalities in both in vitro and in vivo models.
76-80

 Investigators at the 

National Institute of Occupational Safety and Health (NIOSH) conducted a CNT 

inhalation study in mice in which lung tissue was sectioned after exposure and evaluated 

using fluorescence and dark-field microscopy as well as scanning electron microscopy. 

MWCNTs were observed on the alveolar wall, which is indicative of incomplete lung 

clearance mechanisms. Lung histology one year after exposure revealed an increase in 

alveolar wall thickness and collagen deposition. There was also evidence of translocation 

of 8% of the deposited dose to distant sites including the lymph nodes, liver, kidney, 

heart, and brain.
81

 Despite this important in vivo study, there are significant gaps in 

understanding how MWCNTs penetrate the alveolar wall, stimulate collagen deposition 

or scarring, and translocate to distant sites. There are many contributing factors 

responsible for significant data gaps in mechanisms of nanomaterial toxicity. 
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• There are many variations in chemical and physical properties even within the 

same class of materials (i.e., sample heterogeneity). A straight-forward example is 

that CNTs have a single CAS number (CAS 308068-56-6) yet their chemical and 

physical properties vary significantly over a broad range of chirality, dimensions, 

mechanical strengths, shapes and surface areas as well as electrical, electronic and 

thermal properties. This leads to challenges in generalizing and correlating 

biologically-relevant mechanisms.  

• The inability to synthesize ENMs with narrow size distributions, single chirality 

and known defect densities or zero defects increases the number of possible 

toxicological outcomes. This calls for the development of reproducible synthesis 

procedures, and efficient purification processes as well as standard reference 

material library development.  

• Mechanisms of crossing anatomic barriers and understanding how nanomaterial 

properties transform in biological environments and influence their toxicity are 

not established for most ENMs.  

• Failure to consider dosimetry, poor selection of dose-metrics and the lack of tools 

for in situ characterization lead to conflicting results and an inability to draw 

general NanoEHS conclusions.  

To overcome these challenges, systematic studies that identify specific chemical and 

physical properties that are related to toxicological outcomes, translocation across 

anatomic barriers, and transformation of nanomaterial properties in vivo are required. 

There is an increasing demand for developing cheaper, faster, and high throughput 

toxicity testing assays capable of predicting biology outcomes without the use of animal 

toxicity testing. This requires understanding of mechanistic toxicity pathways for the 

construction of models based on well-characterized, standardized materials.
82

 These in 

vitro toxicity assays are expected to be established via fundamental research. However, it 

is currently difficult to directly translate in vitro cellular toxicity assays to potential 

disease outcomes in humans. In addition, chronic disease impacts are difficult to predict 

because most in vitro toxicity assays use cells in 2-dimensional, monolayer cultures and 

acute (24-48 hours) exposures. Advances in tissue engineering could potentially provide 

a solution to this data gap as 3-dimensional cell cultures maintain their stability and 

differentiation for 14-21 days.
83

 New techniques are emerging for in situ localization and 

characterization of nanomaterials in cells and tissues. For example, confocal Raman 

microscopy is a powerful visualization tool for carbon nanomaterials that exhibits 

minimal interferences from background biological tissues.
84

 Finally, molecular dynamics 

simulations have the potential to predict nanomaterial-biological interactions at a 

fundamental level resulting in deeper insights into mechanistic toxicology of ENMs.
85

  

 

Challenges and Research Needs for NanoEHS Identified in the Workshop.  

 

To make simultaneous progress with nanomanufacturing such that “nano can be 

made safe” and to address potential challenges arising with the increasing 

commercialization of nanotechnology, there are several research areas that are critical for 

sustainable nanotechnology to move forward. In order to address research needs, some 

key challenges were identified during the workshop: 
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• There are an infinite number of nanostructures with distinct chemical and physical 

properties. Typically, these diverse structures are not intentionally engineered to 

be different. Rather, poor synthetic control, especially during mass production, 

gives rise to nanomaterials with inconsistent nuclei formation in the initial 

nucleation stages before further particle growth. 

• Once released into the environment, these materials undergo rapid and dynamic 

transformations. Unfortunately, the limited capabilities of established tools and 

techniques for tracking these nanomaterials prevent nanomaterial characterization 

from source to sink. 

• As a consequence of these dynamic transformations, currently employed 

analytical techniques result in inconsistent measurements leading to unreliable 

predictions. 

• NanoEHS is related to nanomaterial-molecule systems that are significantly 

different from conventional EHS studies that focus on molecule-molecule 

systems. This difference exists at very fundamental levels, but many current 

NanoEHS studies correlate toxicity to bulk material properties rather than to 

unique nanomaterial properties. 

• Molecular dynamic simulations for these systems require supercomputing power 

and selection of best-case scenario model inputs but ultimately depend on input 

parameters. These input parameters are not well-established for nanomaterials.  

• There are significant inconsistencies, lack of statistics and irreproducibility among 

nanotoxicity data for a single class of nanomaterials. Sources of these 

inconsistencies have not yet been identified or are preliminary.  

• Applicability of existing model studies using single nanomaterial systems are not 

yet tested for more complex hierarchical nanostructures such as nanohybrids. 

These materials encompass intrinsic material properties as well as unique 

dimensionalities and functional properties that can potentially deviate from the 

single components.   

 

To address these challenges, there are multiple and tiered levels of research needs. 

Especially in fundamental chemical and physical research studies, efforts need to be 

translated from  experiments done on model systems in cuvettes and under tightly 

controlled systems to complex and dynamic environmental systems.  Piecing together the 

complex reaction network from individual reactions similar to physical chemistry 

approaches in other fields.
14

 By doing so, progress can be made for developing structure-

activity relationships. Currently, the International Organization for Standardization has 

described a classifying system (ISO/TR 11360:2010) for a wide range of materials based 

on the dimensionality of different physical, chemical, magnetic and biological properties. 

In addition, the Organization for Economic Corporation and Development (OECD) has 

identified four categories for the end points: (1) state of dispersion, aggregation and 

agglomeration, (2) size and size distribution, (3) surface area and porosity and (4) surface 

reactivity. Although these classifications provide basic tools to address the challenges in 

NanoEHS, workshop participants identified a hierarchical set of research needs with 

objectives to: 

• Establish an approach for nanomaterial classification that will enable reduction of 

the infinite number of nanostructures into a manageable set of outcomes. This 
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requires going beyond the classification set forth by the ISO and OECD and 

incorporating complex properties such as material defects, dopants and sample 

heterogeneity into the characterization and classification. 

• Define and determine the physical, chemical and biological stabilities of 

nanomaterials such that the correct endpoints for measurements can be 

standardized for correct classification.  

• Achieve a better theoretical understanding of the size dependent physicochemical 

properties such as band gap energies, redox potentials, phase transitions, surface 

relaxation, reconstruction and defects and subsequent implications of these 

nanomaterial properties. 

• Understand the mechanistic aspects in nanomaterial synthesis and fabrication to 

better control polydispersity and nucleation.  

• Identify the chemical and physical properties that might significantly induce and 

influence nanotoxicity. With carefully controlled experiments based on these 

properties, a finite set of data can be collected so that stability identifiers can be 

taken into consideration and reported in a time dependent manner (short, medium 

and long terms). The fate and transformation of nanoparticles in the environment 

throughout their life cycle should be characterized in terms of their overall 

properties, which should be related to step-wise changes in size, shape and surface 

chemistry.  

• Elucidate the impact of thermodynamic and kinetic stability through detailed 

investigation of nanomaterial homo- and hetero-aggregation under varying 

conditions. 

• Incorporate accurate in vitro and in vivo dosimetry in all NanoEHS investigations. 

• Establish standardized toxicity assessment protocols and develop high purity 

reference materials to overcome the inconsistencies and irreproducibility of 

nanotoxicological studies.  

• Develop functional assays that link laboratory based-fundamental research to 

more complex environmental systems. However, a strong foundation using 

fundamental studies to develop predictive models prior to these ensemble 

measurements is imperative. 

• Translate the outcomes of functional assays to understand, model and predict the 

fate of nanomaterials in biological and environmental systems.  

• Develop numerical descriptors that incorporate all relevant factors such as toxicity 

and mobility for numerical nanomaterial hazard potential. 

• Use these findings as inputs in molecular dynamic simulations to improve the 

resulting outputs and widen model applicability. 

• Develop tools for the in situ characterization of nanomaterials and nanomaterial 

surfaces. 

 

Although there have been great strides on some issues related to NanoEHS in the last 

decade, further consideration and new approaches are necessary for additional progress. 

Thus, the development of new approaches and tools are necessary for successfully 

addressing the outlined NanoEHS challenges and research needs. Additionally, 

nanomaterial synthesis has advanced from primary particles to also include conjugated, 

complex, and adaptive nanostructures.
86

 Such complex nanohybrids modulate both the 
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inherent physicochemical properties of the materials as well as novel emergent 

properties, (i.e., unique dimensionality, stiffness, and multifunctionality).
87-89

 There are 

only few systematic studies assessing the NanoEHS concerns for these hybrids given the 

previously discussed fundamental knowledge gaps for primary nanoparticles. Finally, 

human epidemiological studies that investigate the long-term effects of ENMs such as Ag 

nanoparticles, which are directly consumed as a medication, are lacking. Taking 

everything into consideration that has been discussed here, it is clear that funding 

agencies need to support NanoEHS at an appropriate level. 
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Figures and Captions 

 

 

Figure 1. The infrastructure of nanotechnology is based on three distinct areas of 

research. Fundamental nano research is focused on the specific structure-function 

relationships that are learned from the use of pristine materials under carefully controlled 

conditions (i.e., size and shape dependent properties of nanomaterials and their impact 

on physical properties) and are widely investigated. Integrative nano research builds on 

fundamental research by testing materials after incorporation into systems (i.e., How can 

nanoscale phenomena such as band gap size dependence influence measurements of ROS 

generation?) and are not as well investigated. Functional nano research is related to 

systems that exhibit nanoscale properties and enhance the synergistic capabilities that are 

functional under real complex environments (i.e., predicting ROS generation of various 

primary and/or composite nanomaterials under varying environmental and biological 

conditions) and are largely not thoroughly investigated. During laboratory prototyping 

steps, evaluation of applications as well as implications must be considered. 

Identification of both aspects simultaneously allows for the application of engineering 

principles to safe material design. Given the potential for generating infinite nanomaterial 

structures for specific applications, a finite number of consequences and predictive 

models are imperative. This requires NanoEHS research to keep pace with 

nanomanufacturing.  
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Figure 2. NanoEHS is focused on systems with interactions that are significantly 

different from conventional molecular systems. Conventional EHS issues are governed 

by molecular interactions and classical thermodynamic and kinetics. In NanoEHS studies, 

nanomaterials are entities, which have unique shape and size dependent properties with 

complex interactions with each other as well as the surrounding environment. 

Furthermore, there is often not a single structure but a distribution of structures. 

Biological systems, which are a subset of the environmental system, are a special concern 

in NanoEHS because of the ability of these materials to cross biological barriers causing 

potential toxicity. Similar sets of tools and techniques are currently being used in both 

conventional EHS and NanoEHS, thus the unique interactions governed by nanomaterial-

molecule interactions in addition to intermolecular interactions must be considered.  
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Figure 3. Mechanistic data gaps between fundamental research and the predictive 

biology are numerous in NanoEHS. Although fundamental research continues to generate 

a large pool of structure-function relationships for nanomaterials, extending these 

findings to NanoEHS and biological systems have been more difficult. Although some 

progress has been made in recent years, additional research needs that could assist in 

bridging the mechanistic data gap between fundamental research and a predictive 

biological response are shown. This data gap is further increased by the lack of 

understanding of nanomaterial impurities, dopants and particle distribution within an 

ensemble. Furthermore, fundamental research related to nanohybrids are largely under-

unexplored.   
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