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Introduction 
 

Increases in nanotechnological applications for industrial, consumer and medical uses 
promise many benefits, yet at the same time they have generated serious concerns about potential 
health and environmental risks from exposure to engineered nanoscale materials (Fig.1).  Such 
concerns stimulated research in the emerging field of nanotoxicology, resulting in a steadily 
increasing number of publications suggesting that engineered nanomaterials because of their 
specific physico!chemical properties can induce significant toxic responses. Although most of 
the nanotoxicological studies were performed using unrealistic exposure conditions, they have 
led to a widespread perception that generically all nanomaterials pose a significant health risk.  
Such perception is in great part based on exaggerated reporting in the popular press, resulting in 
a “Nanotoxicity-Hype Correlation (Fig.2).  Knowledge about potential human and environmental 
exposure combined with dose!response toxicity information will be necessary to determine real 
or perceived risks of nanomaterials following inhalation, oral or dermal routes of exposure. 
Because the respiratory tract is the major portal of entry for airborne nanoparticles, this exposure 
route can be used as an example to discuss some key concepts of nanotoxicology, including the 
significance of dose, dose rate, dosemetric, and biokinetics. These include the importance of 
characterizing critical physico!chemical properties of nanoparticles, specifically surface 
properties that influence their biological/toxicological properties, cell!interactions and 
biokinetics. Misconceptions need to be corrected, such as the propensity of nanoparticles to 
translocate with high efficiency across barriers, or that the identification of a hazard based on 
unrealistic and unjustifiable high dose studies represents a useful basis for risk assessment. On 
the other hand, study results based on improbable high doses, in vitro as well as in vivo, may be 
viewed as proof!of!principle studies to be validated by appropriately designed follow!up studies 
using justifiable exposures. Under such realistic conditions, many engineered nanoparticles are 
unlikely to induce adverse effects, although still largely unknown are effects of chronic, low 
level exposures. Without being able to perform an appropriate risk assessment for a specific 
nanomaterial, due to the lack of hard data, it is prudent to prevent exposures by precautionary 
measures/regulations. 

 
Figure 1 

 
Figure 2 
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Key Concepts 
 

 Portal of Entry: 
 Inadvertent or intentional exposures to nanomaterials can be by inhalation, ingestion or 
via dermal uptake (Fig. 3).  In addition, for medical purposes parenteral administration (e.g., 
intravenous) has to be considered.  Examples for unintentional exposures to nano-sized materials 
include emissions from anthropogenic sources into air (internal combustion engines, power 
plants, incineration, occupational settings), water and soil (effluents from manufacturing sites, 
households) or consumer goods (textiles, cosmetics); intentional exposures occur from 
medications (as aerosols, food additives).  Although the development of nanotechnology has 
increased the potential for exposure of both humans and the environment, nano-sized particles 
have existed throughout evolutionary stages.  While disposition of nanoparticles throughout the 
body following intake by inhalation and ingestion has been described, although translocated 
amounts are low, intact skin penetration in vivo has not yet been demonstrated.  However, 
miniscule translocation to the dermis in ex vivo skin models and in damaged skin (sunburn) has 
been shown.  Methods of exposure to nanomaterials via the different routes vary greatly, as does 
the pre-exposure preparation of NMs.  An important question to be addressed, therefore, is the 
appropriateness of exposure methodology and NM preparation for toxicity testing in vivo and in 
vitro. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 

Biokinetics and Dosimetry: 
 As indicated in Figure 3, the blood compartment is a major compartment of distribution 
of nanomaterials after their translocation from different portals of entry.  Studies with 
nanoparticles of different physico-chemical properties showed that translocation rates and 
amounts are very low, such that only between 1-3 percent of nanoparticles depositing in the 
lower respiratory tract will translocate to the blood circulation, and translocation from the GI-
tract seems to be of similar low magnitude.  Of importance is also the discovery that 
nanoparticles do not only cross epithelial and endothelial barriers, but can also be taken up by 
sensory nerve endings in the upper and lower respiratory tract – and conceivably but yet to be 
demonstrated in the gastrointestinal tract – and translocate via afferent and efferent pathways to 
central ganglia and the CNS.  Studies are underway to assess the implications of such 
translocation.  In general, data that describe the fate of nanomaterials from their absorption at a 
portal of entry in the body to their excretion (ADME) are of paramount importance for 
understanding interactions with the organism. 
 Biokinetics information from appropriately designed studies in laboratory animals is of 
utmost importance for the planning of in vivo and in vitro toxicity testing so that the relevance of 
doses used in toxicity studies can be controlled.  For example, the dose of inhaled nanoparticles 

 Figure 3 
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reaching target cells in secondary organs following translocation from the lung is 100 or more 
fold lower than the dose received by lung epithelial cells.  However, such differences are neither 
considered nor discussed when results of toxicity assays are reported that have been performed 
with doses of many orders of magnitude greater than can realistically be achieved in vivo. 
 As part of biokinetics studies, cellular uptake and intracellular distribution (mitochondria; 
nucleus) and activation pathways need to be considered (Fig. 4).  Again, administered doses are 
key in terms of cellular effects that are induced by excessive doses due to mechanisms that do 
not operate at realistic doses in vivo. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Dose-metrics: 
 In general, toxicologists express doses by mass.  However, given the extremely low mass 
of nanoparticles and increasing doubts of the usefulness of mass as a metric, other metrics have 
been proposed, i.e., particle number and particle surface area.  For example, the same number of 
isometric 20 nm gold particles (spec. density ~20 g/cm3) and isometric 20 nm polystyrene 
particles (spec. density ~1 g/cm3) have the same surface area, but 20-fold different masses.  Or 
the greater surface area of the same mass of smaller compared to larger chemically identical 
nanoparticles makes the smaller particles more reactive, for example as catalyst or also 
biologically.  Indeed, several studies showed that NP surface area appears to be a more useful 
dosemetric so that normalization to NP surface area, but not to mass or number, resulted in the 
same dose–response relationship (Fig. 5).   However, a more refined version of the surface area 
concept to be considered as dosemetric is the use of “activity per unit surface area”, which will 
also be useful for establishing a hazard scale and for risk assessment (see below). 
 It should be noted that biopersistence of a nanomaterial (in the organism, in the 
environment) plays an important role with regard to dose-metrics.  For example, a soluble NP 
(low biopersistence) will change its physical, and perhaps chemical, properties so that a 
dosemetric “surface area” or “number” no longer applies.  The dissolved mass may then be more 
appropriate.  

 

 Figure 4 
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 Physico-chemical Properties: 
 Nanomaterials display a wide variety of physico-chemical properties, all of which can be 
determinants of biological/toxicological effects.  Table 1 lists several of these properties and also 
indicates that properties change depending on the manufacturing methodology and upon 
interaction with liquids, as discussed in the following section.  Because of the impact of physico-
chemical properties on toxicity, it is essential that key properties are determined for any toxicity 
assessment and be published as a very important part of the test.  Obtaining knowledge about 
changes of these properties when nanomaterials are in contact with biological media or in the 
organism represents great challenges in terms of improving tools and equipment for detection 
and measurement of such changes.  A high degree of developmental work is required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
Protein Adsorption and Impact: 

 The concept of Differential Adsorption or Protein Corona Formation means that the 
physico-chemical properties of nanomaterials  (Table 1) upon contact with media in specific 
body compartments (e.g.,  respiratory tract, GI-tract, blood, extra/intracellular fluid) determine 
which proteins/lipids adsorb on and desorb from the surface in a dynamic process; this coating 
then in turn determines the biodistribution of NPs across barriers and in target tissues or cells.  
Analysis of such formation of a protein corona in plasma showed the existence of an inner “hard 
corona” with stable and very slowly exchanging proteins, and an outer weakly interacting protein 
layer rapidly exchanging with free proteins (Fig. 6).  Upon translocation to specific organs the 

 
Table 1   

Figure 5 
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formation of new coronas is to be expected.  Research of these phenomena is a high priority, for 
understanding the fate and effects of nanomaterials.  Further research will determine how similar 
or dissimilar is the formation of the hard corona for different types of NPs, and how different is 
the corona formation in relevant media other than plasma.  The importance of protein corona for 
purposes of targeted drug delivery across barriers but also for toxicity testing (use of dispersant 
media, including proteins, prior to testing) need to be evaluated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Toxicity Testing: 

 The evaluation of the safety of nanomaterials includes the characterization of their 
potential hazard that can then be included in the risk assessment process.  Tiered testing 
approaches have been suggested, involving cell-free, cellular and in vivo methodologies, perhaps 
in some distant future to be replaced by in silico models.  Cell-free assays include the assessment 
of the inherent capacity of nanomaterials to induce reactive oxygen species (ROS) in a liquid 
medium; the rationale and hypothesis is that the ROS generating potential correlates with the in 
vivo activity of nanomaterials.  There is an urgent need to standardize and validate non-in vivo 
methods for predicting in vivo responses, in particular doses/concentrations applied in in vitro 
systems are generally not relevant for realistic in vivo exposures. 
  

In vitro studies: 
  •  Cell-free assays: 
 – ROS inducing capacity (DCFH assay) 
 – ESR 
 – Chemical reactivity (Vit C assay) 
 – Solubility in simulated body fluids 
 •  Cellular assays: 
  – choice of cell types, primary and secondary target organs 
  – cell lines; primary cells 
  – GI-tract cells 
  – lung epithelial cells (tracheal bronchial; type I and 2 alveolar) 
  – endothelial cells 
  – neuronal cells 
  – mesothelial cells 
  – hepatic cells 
  – Others ….. 

 Figure  6 
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 Endpoints to be evaluated may be related to induction of oxidative stress, inflammation, 
genotoxicity and others, depending on study objective.  It is essential to design any study by 
using a wide range of doses that include doses estimated to be relevant and occur in vivo (derived 
from biokinetic studies) so that a careful analysis of the shape of dose-response correlations can 
be performed (see below).  Expressing administered doses as concentration per volume of culture 
medium or per cultured cell surface area or per number of cells needs to be discussed.  
Furthermore, the mode of administration as well as the preparation of the nanomaterials to be 
tested (use of dispersants, sonication) can alter resulting effects and need to be carefully 
assessed.  For example, dosing of respiratory tract epithelial cells either in culture medium or by 
aerosol via an air-liquid interface model (to simulate in vivo exposure in the lung) can lead to 
significant differences in response.  Table 2 lists justifications and some of the concerns of high 
dose in vitro studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 In vivo studies: 
  In contrast to in vitro assays, studies in laboratory animals will be of a more 
limited nature given ethical concerns regarding excessive use of animals for toxicity testing as 
well as associated high costs and the need for specific expertise.  However, for validation of 
specific in vitro assays in vivo studies are necessary and essential to assure that responses as well 
as mechanisms observed in vitro are also occurring in vivo.  Depending on the primary portal of 
entry, methods for dosing vary greatly.  For example, if effects of airborne nanomaterials are to 
be assessed, inhalation exposures are the gold standard as the most physiological exposure 
method.  However, since inhalation exposure requires specific expertise and equipment for 
aerosol generating, exposing and monitoring, more simple yet unphysiological methods have 
been designed.  Table 3 contrasts the pros and cons of these different dosing methods. 
 It should be noted that dosing of the respiratory tract also targets the GI-tract via efficient 
clearance of deposited material in the tracheobronchial region via the mucociliary escalator to be 
swallowed.  (TO BE ADDED:  sentences on oral dosing, gavage ….) 

 Table 2 
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 – In vitro- In vivo Correlations:  Issues that need to be considered are listed in 
Table 4 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Exposure Assessment: 
 Information about human exposures with regard to dose levels, and nanomaterial physical 
properties and chemical composition is important for appropriately designing toxicity assays as 
well as for eventually performing quantitative risk assessment.  Measurement of concentrations 
in air, food and water combined with frequency of exposures via different routes will inform 
toxicologists about relevant and realistic doses to be used for toxicity testing.  A major 
shortcoming is the lack of pertinent information about both acute and chronic exposures.  
Multiple sources of exposure need to be considered, including potential exposures during 
different stages of the life-cycle of a nanomaterial.  Another difficulty is the lack of knowledge 
about physico-chemical properties or changes thereof at the time of  and during exposure; for 
example, secondary surface coating/adsorption from air contaminants or from matrix material in 
food can occur which can be reproduced when toxicity tests are designed and the impact on 
toxicity outcome can be determined. 

 Table 4 

 Table 3 
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 Hazard Identification: 
 One goal of nanotoxicology is to generate data for assessing a potential hazard of 
nanomaterial using approaches that are outlined in the preceding paragraphs.  Although a hazard 
can readily be identified by cytotoxicity assays, in vitro results have to be interpreted with 
caution with regard to extrapolation to in vivo conditions.  Whereas studies with irrelevant and 
unrealistic high doses can be useful as proof-of-principle studies or hypothesis-forming studies, 
they may not be practical for hazard identification.  Questions arise with respect to defining 
equivalent in vitro vs. in vivo doses, or how to interpret and analyze dose–response data when 
there is a significant response at very high doses but non-significant responses at realistic doses.  
In addition, the dose-rate in vitro is always very high (bolus type delivery), whereas it is 
generally low in vivo.   
 A careful analysis of dose–response data with consideration of dose- and response-metric 
needs to be performed with the goal to establish hazard categories.  The slope of a dose–response 
curve is dose dependent (Fig. 7) and so are mechanisms that induce effects.  Using the steepest 
slope as a measure of the maximum response per unit dose seems to be a meaningful approach 
for comparing in vitro and in vivo responses.  This value can also be used for establishing hazard 
categories which in turn can be used for classifying new nanomaterials against reference 
materials of known hazard, low or high.  The development of such hazard scale that would allow 
ranking of tested nanomaterials would be of high value, for example expressing biological 
activity/toxicity per unit of a nanomaterial surface area.  Extrapolation of in vitro data involves 
several steps, from acute in vitro to acute in vivo to subchronic and chronic in vivo, and from 
animal to human.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Risk Assessment: 
 The ultimate goal of evaluating the safety of nanomaterials is risk assessment and 
establishment of safe levels for human exposure or intake.  Risk is a function of hazard and 
exposure, and short-term goals of toxicity testing are directed at defining a hazard (see above) 
which then together with exposure data can be used for risk assessment purposes.  A very long-
term goal is to directly use results of in vitro assays for predicting safe human exposures.  Figure 
8 summarizes essential steps and concepts of nanotoxicity testing and its use for hazard 
identification and risk assessment that were briefly discussed in this paper. 
 
 
 

 Figure 7 



G. Oberdörster  NANOAGRI 2010 9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 Future Goals: 
 Essential gaps still need to be filled for establishing validated and widely accepted tests 
for assessing the safety of nanomaterials.  These include greater emphasis of dosimetry based on 
biokinetic data, considering correlations/extrapolations from acute to chronic effects, and 
developing high throughput assays in order to increase and accelerate performance and 
efficiency of testing.  Key is the validation of predictive testing procedures so that final science-
based conclusions regarding human (or environmental) risks from exposure to nanomaterials can 
be made.  An initial assessment of an increased hazard (based on comparison to a known 
accepted positive or negative reference material) should implement precautionary measures to 
avoid exposure until a quantitative risk assessment can be performed.  Although under expected 
low exposure conditions most nanomaterials may not pose a significant health risk, more data 
from chronic exposures are needed to draw final conclusions. 

Figure 8  
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Introduction 
 
 
Over the last decades there has been a significant increase in the amount of plastics 
being used in various sectors, particularly in food packaging applications. In fact, the 
largest application for plastics today is packaging, and within the packaging niche, food 
packaging is the largest plastics demanding application. This is because plastics bring in 
enormous advantages, such as thermoweldability, flexibility in thermal and mechanical 
properties, lightness and low price. However, polymers do also have a number of 
limitations for certain applications when compared to more traditional materials, like 
metals and alloys or ceramics. The chief limitation is their impermeability to the 
transport of low molecular weight components, which leads to issues such as (i) food 
oxidation by penetration of oxygen, (ii) migration of toxic elements from the plastic and 
(iii) scalping of food components on the packaging with the consequent losses in food 
quality attributes. In spite of that, plastic materials continue to expand and replace the 
conventional use of paperboard, tinplate cans and glass, which have been typically used 
as monolayer systems in food applications. Initially, most plastic packaging was made 
of monolayer rigid or flexible materials, but as the advantages of plastic packaging 
became more established and developed, the increasingly demanding product 
requirements found when plastics had to suit more and more food products led, (in 
conjunction with significant advances in plastic processing technologies) to more and 
more complex polymeric packaging formulations. This resulted in complex 
multicomponent structures, such as the so-called multilayer packaging based systems 
widely used today, which in many cases make use of metalized layers. Still, there are 
significant advantages in terms of costs and other issues such as easy of recycling in 
developing simpler, less environmentally concerned packaging formulations. As a 
result, strong efforts in material developments and in material blends have been carried 
out over the last decades to reduce complexity in food packaging structures and to 
develop new materials. 
 
On another line, the substantial increase in the use of plastics has also raised a number 
of environmental concerns from a waste management point of view. As a result, there 
has been strong research interest, pushed by authorities at national and international 
levels, and a concomitant industrial growing activity in the development and use of 
biodegradable and/or biobased materials. On the one hand, “biodegradable” materials 
can disintegrate and biodegrade through processes such as composting into mostly 
carbon dioxide and water, hence reducing plastic waste, whereas “biobased” sustainable 
materials, on the other hand, additionally consume carbon dioxide during their 
production, hence creating the potential for the new concept of “carbon neutral 
materials” [1-3]. 
 



Among biodegradable materials, three families are usually considered: Polymers 
directly extracted from biomass such as the polysaccharides chitosan, starch and 
cellulose and proteins such as gluten and zein. A second family makes use of oil-based 
monomers or of biomass derived monomers, but uses classical chemical synthetic 
routes to obtain the final biodegradable polymer. This is the case of, for instance, 
polycaprolactones (PCL), polyvinyl-alcohol (PVOH) and copolymers (EVOH) and for 
the case of biobased monomers of polylactic acid (PLA) and biopolyethylene [1-3]. The 
third family makes use of polymers produced by natural or genetically modified micro-
organisms such as polyhydroxialcanoates (PHA) and polypeptides [4]. Nevertheless, it 
seems clear that although biodegradability can help reduce plastic waste, from a “green 
house” point of view, biobased sustainable materials (so-called bioplastics) are the way 
to go.  
 
Moreover, in order to reduce both energy consumption during the production of 
bioplastics and to provide additional raw material sources, the valorization of food by-
products is the current trend. Food processing effluents or solid wastes are only partially 
valorized and are mostly disposed in landfill sites where, since they are amenable to 
putrefaction, they have to be treated according to the restrictions identified by, for 
instance, the international Landfill Directive. These byproducts are rarely and most 
recently being used as source of high added values components, such as food 
ingredients, but they present great potential value for their use in the production of 
bioplastics. 
 
In spite of the significant potential of bioplastics to substitute petroleum based materials 
to help reduce environmental concerns, these materials still present a number of 
property and processing shortages that preclude their use in many applications, 
particularly in the food packaging field. The reason for this is their generally lower 
barrier properties to gases and vapours, their strong water sensitivity, lower thermal 
resistance, shelf-life stability due to aging and a number of processability issues still 
associated to bioplastics. In this context, nanotechnology brings in significant 
opportunities to minimize the latter drawbacks. 
 
Nanotechnology is by definition the creation and subsequent utilization of structures 
with at least one dimension in the nanometer length scale that creates novel properties 
and phenomena otherwise not displayed by either isolated molecules or bulk materials. 
Since Toyota researchers in the late 1980s found that mechanical, thermal and barrier 
properties of nylon-nanoclay composite material improved dramatically by reinforcing 
with less than 5% of nanoclay, extensive research work has been performed in the study 
of nanocomposites for food packaging applications. The term nanocomposite refers to 
composite materials containing typically low additions of some kind of nanoparticles, 
most nanocomposites being considered in the food biopackaging sector are based in low 
additions, typically 1 to 7 wt.-%, of modified nanoclays [5]. 
 
Many nanoscale structures display, at the least, a high surface-to-volume ratio, which 
becomes ideal for applications that involve composite materials, chemical reactions, 
drug delivery, controlled and immediate release of substances in active an functional 
food packaging technologies and energy storage for instance in intelligent food 
packaging [6,7]. 
 



Among the various existing nanotechnologies available, the ones that have attracted 
more attention in the bioplastics field are the nanoclay-based nanocomposites. It has 
been broadly reported in the scientific literature that the addition of low loadings of 
nanolayered particles, i.e. nanoclays, with thickness in the nanometer scale and with 
high aspect ratios, to a raw biopolymer can have a profound enhancing effect over some 
material properties, such as mechanical properties, thermal stability, UV-VIS 
protection, conductivity, processability and gas and vapour barrier properties [3,5]. 
Moreover, the addition of nanoadditives does not alter inherently good properties of the 
matrix to a significant extent, such as transparency and flexibility. Important issues 
associated to the use of bioplastics, such as the non-intended migration of plastic 
components to foods, can also be reduced by the use of these nanoclays. Since more 
recently they also offer great advantages in the formulation of active biopackaging 
technologies, such as more efficient antioxidant, oxygen scavengings or antimicrobial 
biopackaging, more direct implications in increasing packaged foods quality and safety 
have occured. 
 
The graph below shows, as an example, that the performance (in terms of oxygen 
barriers) of biopolyesters is already significantly improved by melt compounding 
addition of food contact complying nanoclays. The nanoclay-based PLA, although it 
approaches the performance of the petroleum-based polyester counterpart polyethylene 
terephthalate (PET) compared to PLA, does not, as yet, outperform the polyester and 
further optimization work is required. On the other hand, the nanoclay-based PHB does 
already outperform PET, hence this microbial biopolymer has good potential in  food 
packaging applications. 
 
 

 
 
 
 
 
 

 
 

 
 
Oxygen permeability of PLA, PHB and PET and of their nanocomposites 
 
In terms of costs, the above biopolyesters are already or soon targeted to be, comparable 
to their petroleum based counterparts as world-wide production capacity continues to 
grow. Currently, it is estimated that the consumption of petroleum-based plastics 
amounts to ca. 52 million tons/year, for only ca. 750,000 tons/year for bioplastics. 
Ideally, the biopolymers cost should be below 2 !/kg for mass replacement of their 
petroleum based counterparts. Food contact complying nanoclays, on the other hand, 
are currently mass produced and are said to cost between 3 and 8 !/kg (provided by 
NanoBioMatters S.L., Spain) depending on the grade, facts that together with the 
recommended low dosages, i.e. typically below 5 wt.-%, convert these nanoadditives in 
truly accessible commodity nanotechs for food biopackaging applications. 
 
Most applications of nanocomposites in bioplastics have made use of laminar clays, but 
to some extent also of carbon nanotubes and of nanoparticles of metals and oxides. 



However, there are other types of reinforcing elements, such as biodegradable cellulose 
nanowhiskers and nanostructures obtained by electrospinning, which are very promising 
in a number of application fields [8-11]. The use of biobased nanofillers to reinforce 
bioplastics has the value of generating fully biobased formulations. These nanobiofillers 
have a very large surface to mass ratios (up to 103 higher than a microfiber), excellent 
mechanical strength, flexibility, lightness and in some cases edibility since they can be 
made of food hydrocolloids. The advantage of application of these nanomaterials has 
already been considered in the control release of bioactive principles in the 
pharmaceutical and biomedical fields and can also be applied as reinforcing fillers and 
in the control release of actives and bioactives in food packaging applications and for 
the nanoencapsulation of functional added-value food additives [12]. 
 
 
Challenges and Strategies 
 
In the bioplastics field the main two challenges are associated to functionality, i.e. 
generating reproducible petroleum-based performance, and achieving truly positive life-
cycle analysis, i.e. achieving the goal of carbon neutral or minimizing energy 
consumption. In these issues, it is clear that there is “plenty of room at the bottom”, 
despite the great advances made, but there is no doubt that nanotechnology will play a 
significant role here, since more recently, there is also debate on potential competition 
between the use of crops for foods and to derive biobased products, in what has been 
claimed as a cause for recent increases in the price of foods. The latter issue is perhaps 
not so relevant when it comes to bioplastics, since consumption of food competing 
resources to make biobased plastics is currently negligible but that can surely be 
minimized by valorization of food by-products and by optimization of microbial based 
plastics.  
 
Regarding nanoparticles, it is reckoned that a high nanodispersion should be achieved in 
the bioplastic matrix to reach the level of performance associated to the use of 
nanotechs. Hence, nanoparticles dispersion still remains a challenge for the full delivery 
of the expected properties as announced by the early modelling work. There are several 
technologies to achieve nanodispersion in bioplastics, the most common being in-situ 
polymerization, dispersion in solution and dispersion via melt-blending. In spite of the 
two former being more efficient in achieving nanodispersion in many cases, the latter 
route, less efficient in achieving dispersion, is without doubt the most demanded 
technology from an applied view-point, because it makes use of industry available 
machinery and processes to convert plastics into final articles. 
 
As stated above, most nanocomposite technologies in the market today make use of 
chemical or otherwise modifications of commodity layered 2:1 or 1:1 phyllosilicates, 
the so-called nanoclays. Modification is needed to both compatibilize highly 
hydrophilic clays with the more organic apolar chemical constitution of most 
thermoplastic polyester biopolymers and to increase the clay intergallery space (basal 
space between adjacent layers), hence facilitating both intercalation and exfoliation, i.e. 
nanodispersion, of the clays laminar components in the matrix during compounding. In 
the food chain, specific caution should be taken because the modifications should be 
harmless, comply with migration regulations and make use of food contact approved 
substances as valid modifiers. Currently, many of the existing nanotechs do not comply 
with the existing legislations.   



 
Thus, it is a very important concern that most of the nanocomposite formulations (first 
generation nanocomposites) in the market are currently making use of ammonium salts 
as organophilic chemical modifiers, which have been devised to enhance the properties 
of engineering polymers in structural applications. However, for food packaging 
applications as mentioned above, only food contact approved materials and additives 
should be used and should do so below their corresponding threshold migration levels. 
Thus, second generation nanocomposites are, therefore, referred to as nanocomposite 
formulations, which are specifically designed to comply with current regulations and at 
the same time are cost effective and specifically formulated to target specific materials 
(including biopolymers), materials properties or production technologies. In essence, 
second generation nanocomposites are materials with targeted specifications rather than 
wide spectrum generic formulations. 
 
Nevertheless and in general, there is a lack of knowledge about the impact of 
nanomaterials when inserted into bioplastics in applications. For instance, little is 
known about their stability during processing and potential toxicity issues related to 
decomposition and/or migration and also how they will affect the current establishment 
of afterlife disposal channels such as incineration, composting or recycling. However 
and in regard to this issue, the prospects for natural additives such as food contact 
complying nanoclays, nanobiofibers and nanometals such as silver, may not be of so 
much concern. For instance, we have found out in our research that nanoclays in 
biodegradable matrices do not delay biodegradation during composting, since it is a 
process that occurs from the outside towards the inside and that the nanoclays, due to 
their inherent high surface energy, re-attach to each other to become microparticles of 
soil once the polymer matrix disappears. It is also very important regarding inherent 
nanoparticle hazard assessment to differentiate between three-dimensional nanoparticles 
(spherical or otherwise 3D nanoparticles such as nanometals), bi-dimensional 
nanoparticles (nanofibers, with only nanodimensions in the 2D cross-section) and the 
least concerned, one dimensional nanoparticles (nanoclays with only one 
nanodimension in the thickness). Thus, nanoclays should be considered aside because in 
essence they are heat stable microparticles, which remain such all along the process of 
production, commercialization and, since in commercial products nanodispersion is 
seldom achieved, also within the biopolymer matrix during service.   
 
 
Strategies to overcome the above and other pending issues will come from 
strengthening on the following items: 
 
- The creation of nanotech industry based platforms with solid knowledge of the 
problems to solve and of the legislation and commercialization barriers ahead should be 
boosted. Open innovation and development and commercialization of commodity 
products are a must. Nanotech will only serve to widespread the use of bioplastics by 
balancing their properties if they become a commodity in terms of pricing and volumes. 
 
- Stronger R&D effort focus to provide real value for nanobiocomposites, i.e. the 
development of the underpinning science and technology to understand and control the 
composition/properties/processing/aging relationship of nanobiocomposites. 
 



- Development of new bioplastics and tailor made reinforcing nanobioadditives that 
make use of only biobased products and resources, particularly derived from 
valorization of food byproducts. 
 
- Establishment of a clear and knowledge-based legislation worldwide that defines 
nanoproducts and enables a clear assessment of the liability of existing ones in the 
various application fields and that provides concise guidelines for the clearance route of 
new developments. It might be that there is no need to change legislation to 
accommodate many existing nanomaterials and, therefore, it is all related to complying 
with the current global legislation for most of these. But then this has to be clearly 
stated to industries and society to boost implementation. FDA says ‘we regulate 
products, not technologies’, and perhaps this should be the right approach. 
 
- Deepening our understanding regarding the life cycle analysis of nanobiocomposites. 
 
- Deepening our understanding about the potential toxicity of current and under 
development nanomaterials and of their nanobiocomposites. Characterization of the 
stability of nanobiocomposites during processing and shelf-life, full migration studies 
and assessment of issues related to the various disposal channels should be carried out.   
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Nanomaterials for Renewable Energy 

Prof.(Dr.) Kuruvilla Joseph1, 

 

Introduction 

 

Availability of energy at low cost is key to the development of any nation. However, over 

dependency on fossil fuels not only made them scarce but also resulted in global warming. 

One way to get out of this misery is to increase our dependency on renewable energy sources. 

Renewable energy sources such as hydroelectricity, electricity from wind, tide, bio-mass, 

geothermal energy and solar light already proved their capability. However, their share in the 

total energy is very low.  

Large scale tapping of solar energy with photovoltaic technology is the most viable way to 

increase the share of renewable energy. The single crystal silicon photovoltaic technology, 

having low conversion efficiency, limits widespread usage. Nanomaterials and 

nanotechnology have already shown the way to improve the efficiency to a remarkably high 

value.  

 

Key issues to be discussed 

 

Supercapacitors, solar cells and fuel cells with improved efficiency using nanotechnological 

advancements. Due to greater energy density than those of conventional capacitors and greater 

power density than batteries; supercapacitors have kindled the interests of the researchers in 

this field of energy storage. As a result, supercapacitors have become an attractive power 

solution for an increasing number of applications. Various nanocomposite materials are the 

focus of attention in developing multifunctional electrode materials for high power super 

capacitor applications. CNT is an excellent electrode material for supercapacitor application 

because of its high electrical conductivity, large surface area, polarizability, chemical and 

thermal stability. Utilization of Carbon nanotube (CNT) is an excellent electrode material for 

super capacitor application because of its high electrical conductivity, large surface area, 

polarizability, chemical and thermal stability. Fine 
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tailoring of the nano-scale attachment of the electrode material that would definitely  result in 

optimal performance in terms of energy, power, and cycling capabilities, demonstrating 

exceptional capacitance behavior and long-term chemical stability potentially suitable for 

numerous applications. 

 

Fuel cells have the potential to serve a wide range of applications, including portable, 

stationary, and transportation power. Of particular interest is the portable power sector for 

commercial applications, such as portable electronics, and military applications in, for 

example, unmanned systems. As these applications increase in capability, power consumption 

increases and device operating time decreases. Since a fuel cell power source can provide 

extended operating time or instant recharge, it is an excellent candidate for use in high 

performance electronics. Researchers are using nano-sized catalysts to vastly improve the 

production of hydrogen through water electrolysis a vastly more efficient process. Efficient 

processes for hydrogen production are required, to pave the way for hydrogen as the future 

energy carrier,. Nanostructuring helps increase efficiency of precious metal catalysts in the 

electrolytic decomposition of water. 

 

Challenges identified  

 

Portable fuel cells typically use hydrogen or methanol as a fuel source. Direct methanol fuel 

cells (DMFCs) are attractive because the fuel can be stored as a liquid, whereas hydrogen fuel 

would need to be stored as a compressed gas or in the solid state as a hydride for a hydrogen 

fuel cell. Finally, the most common catalyst used in DMFCs is platinum, a precious metal that 

is expensive and limited in supply.  

Carbon nanotubes (CNTs), with excellent electrical conductivity and high surface areas, have 

been fabricated for supercapacitors. Despite the advantages, the specific capacitance of 

pristine CNT is mediocre (< 40 F/g).  
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New generation photovoltaic cells based on nanomaterials, such as quantum dots and carbon 

nanotubes, have shown excellent performance in the laboratory scale. However, novel 

processing technologies has to be developed for the mass production of photovoltaic devices 

based on the nanomaterials. Photovoltaic cells based on organic nanomaterials have also been 

demonstrated. Though photovoltaic cells based on organic and polymeric materials have 

advantages with respect to ease of fabrication, they also have very low conversion efficiency. 

A tremendous amount of effort has to be put into improving the efficiency of organic 

photovoltaic cells. 

 

 

Strategies to overcome the challenges 

Approximately 20 - 30% of a DMFCs cost is related to high platinum loading. To bring down 

the price of the fuel cells, it is probable that costly platinum metal would be replaced with 

cheaper nanomaterials, resembling platinum chemically, like palladium.However, CNT-based 

supercapacitors have not met expected performance; one possible reason is probably due to 

the observed contact resistance between the electrode and current collector. Hence, many 

studies have focused on the morphology of the carbon materials to boost the performance of 

the capacitor, such as growing CNTs directly on bulk metals to eliminate contact resistance. 

The fine tailoring of the nanoscale attachment of the electrode material will definitely result in 

optimal performance in terms of energy, power, and cycling capabilities. Methods to improve 

the CNT capacitance via mixing with pseudocapacitive materials like MnO2 have been 

reported. Due to their unique structural and electrical properties, carbon nanotubes (CNTs) 

have been extensively investigated as promising catalyst supports to improve the efficiency of 

direct ethanol/methanol fuel cells. CNTs have a significantly higher electronic conductivity 

and an extremely higher specific surface area in comparison with the most widely-used 

carbon support. Several approaches, such as electrochemical reduction, electroless deposition, 

spontaneous reduction, sonochemical technique, microwave-heated polyol process, and 

nanoparticle decoration on chemically oxidized nanotube sidewalls, have been reported to 

form CNT-supported platinum catalysts. Some remarkable progress has been made in 

synthesis techniques; however, pioneering nanotechnology breakthroughs have not been made 

yet in terms of cost-effectiveness catalyst activity, durability, and chemical-electrochemical 

stability. Nanotechnology researchers have now discovered that platinum nanoparticles 

selectively grow on carbon nanotubes in accordance with single-stranded DNA (ssDNA) 

locations. They have demonstrated that not only can ssDNA bind to nanotube surfaces, but 
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they  can also disperse bundled single-walled carbon nanotubes (SWCNTs) into individual 

tubes. This finding suggests a method to synthesize other types of carbon nanotube-supported 

nanoparticles, such as palladium and gold for applications in fuel cells and nanoscale 

electronics. The major problems hampering the development of CNT-supported platinum 

catalysts are the lack of reliable approaches for controlling morphology, size, density, and 

configuration of platinum nanoparticles along carbon nanotubes.  

Nanotubes tend to form bundles due to hydrophobic interactions in aqueous solutions and 

strong inter-tube van der Waals interactions. Consequently, most reported attempts have been 

limited to multi-walled carbon nanotubes (MWCNTs) and bundles of SWCNTs. SWCNTs are 

expected to have better characteristics as catalyst supports due to their larger surface area and 

smaller diameters. A desirable approach to producing platinum nanoparticles on SWCNTs 

must include two processes: the separation of bundled SWCNTs into individual tubes and the 

synthesis of platinum nanoparticles on the nanotubes 

 

. Tuning of the nano rods to absorb various wavelengths of light could significantly increase 

the efficiency of the solar cell because more of the incident light could be utilized. Another 

major revolution that is likely to be executed within a few years is the possibility of the 

widespread use of solar cells based on quantum dots. Quantum dot based solar cells represent 

a milestone to breaking efficiency limits through use of nanomaterials. 

 

 

Conclusion 

One of the most feasible ways to overcome the present energy crisis is to achieve quantum 

leap processing in harvesting renewable energy resources. Energy harvesting, storage and 

energy management is to be carried out using clean energy sources. The goal is to make it 

practical and cost-effective to produce hydrogen from water and electricity for existing 

industrial uses and for fueling the next-generation hydrogen-fueled vehicles. Fabrication of 

highly reactive catalytic nanoparticle coatings could increase the efficiency of electrolysis, 

and the coatings could also eliminate the need for expensive metals like platinum in hydrogen 

fuel cells. Detailed information about the shipping environment is of special interest for 

perishable goods supply chains. Control and visibility over product handling is limited due to 
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several echelons of the supply chain. Currently, battery-powered devices are used to monitor 

the shipping environment of goods in a cold chain but the cost of these devices, their 

bulkiness, and their limited lifetime prevent high market penetration. As a result, only limited 

information is available about the cold chain, which precludes useful insights as to its 

efficiency. Currently with the advance of nanotechnology there is a possibility of using 

nanosensors to track the cold chain and thus make the storage system more efficient. The 

insertion points for nanotechnology in sensing applications are many. Nanotechnology has the 

potential to enable the vision of future sensor technology and sensing systems. The high 

surface to volume ratio of nano wires and other nonmaterials add to increasing the sensitivity 

of the transducer in the sensor. Market potentials of nanotechnology in the energy conversion 

sector will mainly arise in the field of thin layer solar cells and in fuel cell technology. Apart 

from potentially low production costs and a more flexible scalability, thin layer solar cells 

bear the advantage of more consistent performance- even at fluctuating temperatures and sub 

optimum radiation conditions (angle of incidence, clouds). This opens up new application 

fields like flat roofs or extensive solar plants. 

 

 

. 
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Applications of nanomaterials and nanotechnology in food packaging materials 
 
Laurence Castle, Emma L Bradley and Qasim Chaudhry 1 
 
 
Introduction 
 
Nearly all of the food and drink that we buy and then consume is packaged in some way.  The 
main functions of food packaging is to protect and preserve the food, to maintain its quality 
and safety, and to reduce food waste.  There can be no doubt that food packaging materials 
and technologies have fulfilled these functions.  Packaging plays a key role in helping to 
providing a safe and nutritious food supply.  There can be a down-side however and this is the 
potential for contamination of the food by chemical migration from the packaging.  Any 
chemical migration must be kept under an acceptable level of control.  A second 
consideration is the fate and environmental impact of the packaging when the consumer is 
finished with it.  Packaging materials and packaging technologies have of course developed 
over the centuries and the possible application of nanomaterials and nanotechnology is one of 
the most recent steps in this continuing evolution.  Other examples include the use of new 
types of plastics and new formulations of biodegradable materials, and new processing 
technologies applied to the packaged food such as ionising radiation, microwave heating and 
high pressure processing. These materials and processes now exist in the market but as they 
emerged they were scrutinised for any potentially adverse effect on the safety or the quality of 
the packaged food.  This scrutiny of existing packaging of course continues.  In the same way, 
therefore, potential applications of nanomaterials and nanotechnology in food packaging 
materials need to be evaluated for safety and then monitored. 
 
This mini-paper focuses on the questions of consumer safety and environmental safety of 
nanomaterials and nanotechnology used in food packaging materials and the extent to which 
regulation and market uptake is impeded by current uncertainties.  The technical, economic 
and social aspects of the development, production and commercialisation of new food 
packaging materials is outside the scope here. 
 
Note 1.  The term Packaging Materials is used here as convenient shorthand for materials and articles intended to 
come into contact with foodstuffs.  There are other applications of food contact materials (tubing, conveyor belts, 
cooking utensils etc) but this paper focuses on food packaging materials. 
 
Actual and near-market applications of nanomaterials in food packaging 
 
Whilst most nanotechnology derived food products are still at R&D or near-market stages, 
applications for food packaging are rapidly becoming a commercial reality. The main 
developments include: 
 
Improvement of mechanical properties through nanocomposites 
Food packaging must protect the food from physical damage and from dirt and insects etc.  
Food packs must also be easy to handle, be used to dispense the food, and have many other 
attributes linked to the physical characteristics of the packaging material.  The use of 
nanoparticles (nano in all three dimensions) or nano fibres and rods (nano in two dimensions) 
or nano layers and sheets (nano in one of the three dimensions) can confer useful physical 
properties to the packaging.  Nanomaterials can have unique properties such as strength and 
                                                
1 The Food and Environment Research Agency, York (UK) 
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stiffness that exceed conventional materials.  So unlike some conventional fillers e.g. glass 
fibres and talc, only a low level of nanomaterials may be sufficient to enhance the 
performance of the composite materials. 
  

 
Figure.  Nanomaterials as;  (a) particles;  (b) rods;  (c) layers 
 
Improvement of barrier properties 
Food packaging must help maintain freshness and protect the food against spoilage by light, 
oxygen ingress, humidity, taint and odour pick-up or the loss of flavour components.  With 
the increasing moves to light-weighting of materials and to provide extended shelf-life to 
reduce food waste, materials that are thin but that have high-barrier properties are in great 
demand.  Using nanocomposites (polymer + nanoparticles) or using nano-thin coatings can 
help provide enhanced barrier performance. 
 
Active packaging 
Conventional packaging is intended to be largely "passive" in that it serves a protection and 
preservation role as a barrier to- and from- the external environment.  On the other hand, 
active packaging concepts exist where the packaging is intended to change the nature or the 
composition of the food or of the atmosphere that surrounds the food in the pack.  
Nanomaterials may be used in these active packages.  Examples include nanoparticles used 
for scavenging purposes - removing oxygen or taint & odour chemicals from within the pack.  
Alternatively, nanoencapsulates may be used to release additives such as preservatives or 
colours onto the food surface thereby reducing the amount of chemical additive needed. 
 
Surface biocides 
These should not be confused with active packaging.  For surface biocides, the biocidal agent 
is intended to help maintain the hygienic condition of the food contact surface by preventing 
or reducing microbial growth and helping ‘cleanability’.  There should be no preservative 
effect on the food.  Surface biocides may have a useful function in food processing equipment 
(e.g. poultry lines) and food handling equipment (e.g. conveyor belts) that are difficult to 
clean in place.  They may also have a role to play in reusable food containers and the inside 
liners of refrigerators and freezers.  Their relevance to single-use disposable packaging is 
questionable.  Since nanomaterials have a very high ratio of surface area to mass, materials 
such as nano-silver zinc oxide or magnesium oxide may have an effective action as a surface 
biocide in food contact plastics, rubber, silicones etc. 
Note 2.  Nanomaterials and nanotechnology may also be used in packaging to confer biodegradability or to 
confer intelligent functionality.  These applications are described in other background documents and they are 
not discussed here. 
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Advantages of nanomaterials in food packaging 
 
The main technical benefits offered by nanomaterials and nanotechnology are reflected in the 
actual or near-market applications above.  They include: 
 
Innovation 
The main driver for applications of nanomaterials and nanotechnology in food packaging 
materials is innovation and new product development.  New products can give greater 
consumer choice and convenience.  New products can support social change and lifestyles.  
New products can open new markets and create wealth and employment. 
 
Light-weighting 
Using less packaging material but with the same technical performance offers lower material 
usage.  This could give a lower carbon / environmental footprint from the manufacture and 
transport of the packaging and the packaged food. 
 
Greater protection and preservation of the food 
Better barrier properties can help maintain and even increase shelf life without additional 
chemical preservatives etc.  This can provide potentially cheaper food, better nutrition and 
less food waste. 
 
Costs and capacity needed to access the technology 
 
The main applications described in the literature come from the USA, Japan, several member 
states of the the EU, Australia, China, Korea, Taiwan and New Zealand,  Considering the 
rapid developments in this field and the global nature of international food companies, it is 
not unreasonable to anticipate that nanotechnology-derived food packaging could start 
appearing in many other markets in the next few years.  
 
A distinction can be made between the relatively low resources and know-how necessary to 
employ nanomaterials in food packaging materials compared to the higher economic and 
technical requirements to apply nanotechnology in making food packaging materials. 
 
One of the first applications to emerge on the market as improved materials for food 
packaging were polymer nanocomposites incorporating clay nanoparticles.  The nanoclay 
mineral used in these nanocomposites is montmorillonite (also known as bentonite), which is 
a natural clay commonly obtained from volcanic ash/ rocks.  Other polymer nanocomposites 
incorporate metal (oxide) nanoparticles.  These additives can be purchased freely on the open 
market.  They can then be incorporated into polymers and then these polymers ca be 
converted into packaging materials and articles such as films and containers, all using rather 
conventional technology.  In this respect, aside from the cost of the additives, the economic 
and technical barriers to entry are low. 
 
On the other hand, for a more significant re-engineering of materials then there are significant 
cost and technology barriers to entry.  Examples include nano-coatings applied in a multi-
layer deposition process, either layer-by-layer or by electrostatic self-assembly.  Other 
examples of high technology include hybrid organic-inorganic nanocomposite coatings of 
hybrid precursors and sol-gel systems.  Some coatings are produced using atmospheric 
plasma technology using dielectric barrier discharges and others such as silica-polymer 
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hybrids are manufactured by sol-gel processes.  These systems are proprietory and the costs 
of development are not made public.  
 
Key issues to be discussed 
 
There are two key issues of relevance to this discussion paper.  The first is food safety and 
quality and any potential impact on consumers.  The question is, would the use of 
nanomaterials and nanotechnology in food packaging materials, and especially any migration 
into the food, have any negative impact on the safety or the quality of the food.  The second 
issue is the question of environmental impact - initially on the production of the packaging 
material but more crucially when it is finished with and disposed of.  A specific question 
pertains to recycling and if using nanomaterials would compromise the performance of 
existing recycling systems.  Regulation and market uptake is impeded by these uncertainties 
in consumer safety and environmental safety. 
 
Scientific and technical challenges 
 
First, there is a lack of understanding on how to evaluate hazard of nanomaterials by the oral 
(food) route.  This is not a unique knowledge-gap for any migration from food packaging 
because it applies to all aspects of nanotechnology applications in the food sector.  But any 
possible impact of food packaging on the nature of the hazard has to be considered. - e.g. any 
effect of polymerisation or processing on the size or shape or surface chemistry of 
nanoparticles has to be evaluated 
 
Second, there is a lack of tools to use to estimate exposure.  The central question here is; is 
there any migration of nanomaterials from packaging into food and, if so, how much.?  
Depending on how the hazard is characterised (above) information would be needed on the 
concentration or number of nanoparticles, what type with respect to size, shape and surface 
chemistry etc.  Currently, based on theoretical considerations and the fixed or embedded 
nature of nanoparticles in food packaging, the expectation is they are not likely to migrate and 
pose any significant risk to the consumer.  But we do not have the analytical measuring tools 
to confirm this no-migration prediction by actually testing packaged foods. 
 
Third, it may be possible that the high surface area and active surface chemistry of some 
nanomaterials could give rise to unwanted chemical reactions.  So a third problem is if using 
nanomaterials could potentiate (elevate) the migration of non-nano ingredients or could cause 
(catalyse) the formation of undesirable reaction products during the processing and 
fabrication of packaging materials.  
 
Fourth, there is a lack of understanding on the impact of nanomaterials in waste disposal 
streams.  These include re-use, recycling, burning for energy recovery and landfill.  The last 
two are general questions and not specific for nanomaterials in packaging.  The specific 
question on recycling and packaging is, if using nanomaterials e.g. in plastics or glass or 
paper/board or metal packaging would compromise the performance of existing recycling 
systems. 
 
Last but not least, the legitimate questions and concerns on nanomaterials have cast a shadow 
onto some ‘conventional’ packaging ingredients and processes.  These may have a size range 
that incidentally has a nano fraction or a nano character.  Examples include existing fillers, 
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pigments and surface coatings.  This raises the question - what is conventional and what is 
novel, nano? 
 
Strategies to overcome the challenges 
 
Note 3.  Research needs that are generic to nanomaterials such as hazard identification and characterisation are 
not described here.  These are described in other background documents. This includes the need to set health-
based reference values with which to compare the types and levels of any migration of nanomaterials from food 
packaging. 
 
Develop the tools to characterise nanomaterials in packaging and to characterise and quantify 
any migration from packaging into foods. The expectation is that nanomaterials will be fixed 
or embedded in most types of food packaging and so not be available to migrate.  However, 
tools are needed to examine packaging materials to see if this is correct.  
 
Apply these new tool to test the packaging materials for migration of any man-made 
nanomaterials.  Given the complexity of foods, the testing of packaging for migration often 
uses food simulants as model foods.  These are simple liquids designed to mimic the 
properties of foods - e.g. aqueous, fatty, alcoholic or acidic.  The food simulants have been 
designed for normal migration of chemicals by diffusion and dissolution.  It would need to be 
checked if they are appropriate for testing for any migration of nanomaterials. 
 
Test existing packaging materials such as plastics, elastomers, coatings and inks etc. to see, if 
nanomaterials were incorporated into them, could they potentiate migration of chemicals or 
cause new and unwanted chemicals to be formed and subsequently migrate. 
 
Evaluate existing and foreseeable recycling technologies to see, if nanomaterials were used 
widely, would they compromise the performance of the recycling streams. 
 
Conclusion 
 
Food packaging applications form the largest share of the current and short-term predicted 
market for nano-enabled products in the food sector.  Regulation and market uptake is 
impeded by uncertainties in consumer safety and environmental safety.  Analytical tools need 
to be first developed and then applied to test if any nanomaterials and related non-nano 
associates, migrate from food packaging into food. 
 



Business perspective on regulatory frameworks and innovation for 
nanotechnologies  
Richard Canady1 
 
 
Introduction 
Successfully managed innovation can provide net benefits to the public welfare.2 Un-necessary 
inhibition of innovation can therefore have the potential for adverse effects on future public 
welfare.   For this reason, inhibiting effects to innovation should be evaluated for their net 
benefit.  Application of regulatory frameworks to uses of nanotechnology faces at least two 
challenges that may inhibit innovation.  The first challenge is the perception by some, and 
perhaps many, that regulatory frameworks are not working to manage health and environmental 
risk for products of nanotechnology.  This perception can inhibit innovation because it creates an 
environment of uncertainty that regulation may be substantially and indiscriminately increased 
for any material made with the technology.  Such an environment of “potential regulatory 
constriction” can inhibit investment in new product development because there is fear that 
money will be wasted if products are delayed in authorization or pulled from the market 
unnecessarily.  A second challenge to innovation is the perception that methods for testing and 
characterizing nanomaterials are lacking.  This perception can also unnecessarily inhibit 
innovation to the degree that it is incorrect for any particular nanoscale material application that 
provides a net benefit to public welfare.  The effects of both challenges can be reduced through 
specific attention to standardization of methods and evaluation of data that characterize whether 
exposures occur in real world applications of nanoscale materials.  
 
 
Challenges to innovation 
 
Perceptions of inadequacy of regulatory frameworks to manage risks.  Through the reviews by 
a number of government regulatory agencies, it appears that there is general agreement that 
regulators can require the same level of proof of safety for nanomaterials as they can for non-
nanomaterials.3  Therefore, provided that a company does go through the appropriate 

                                                
1 Director, Center for Human Health Risk Assessment. Research Foundation of the International Life Sciences 
Institute (ILSI) 

2 Considering the impacts of distributed versus individual costs and benefits.  

3 For example, see http://www.wlf.org/upload/07-25-08brown.pdf ; and  
http://www.fda.gov/ScienceResearch/SpecialTopics/Nanotechnology/NanotechnologyTaskForceReport2007/default
.htm and a US government-wide evaluation in 2007 titled “Principles for Nanotechnology Environmental, Health, 
and Safety Oversight.” which concluded that “The Federal government’s current understanding is that existing 
statutory authorities are adequate to address oversight of nanotechnology and its applications. As with any 
developing area, as new information becomes available the Federal government will adapt or develop additional 
oversight approaches, as necessary, to address the area of nanotechnology.”   

However, also note that the Food Safety Authority of Ireland concluded that regulatory mechanisms are insufficient. 
http://www.fsai.ie/WorkArea/DownloadAsset.aspx?id=7858  



authorization steps for a food additive made using nanotechnology, then presumably a resulting 
nanomaterial would be demonstrated to be at least as safe as other materials used in foods that 
have gone through the same process. Materials that are tested and found to be safe, or that are 
generally recognized to be safe (by experts who understand effects of the nanoscale properties), 
should be safe in the meaning of the regulations whether they have nanoscale properties or not. 
The food additive regulatory change should therefore not differentially provide an uncertain 
future for nanomaterial development.  Once a product made with nanotechnology goes through 
the data review and authorization processes, it should be as safe as any other product.   
 
So why is there uncertainty about whether regulation is adequate to address products of 
nanotechnology?  Press accounts refer to nanomaterials in products as though there are 
unevaluated materials in the foods that are likely to be a risk to health.4   The press accounts do 
not refer to regulatory agency evaluations of their own regulations, or of the authorization history 
itself for particular materials.  Where is the disconnect happening?  What data or evaluations 
could bridge the gap in understanding? 
 
Similarly, reports in policy review and opinion literature state that “oversight implementation” is 
challenged by nanotechnology, and further say that entirely new legislation is needed to address 
nanotechnology.  
 

Oversight of new technologies in this century will occur in a context characterized by  
rapid scientific advancement, accelerated application of science and frequent product 
changes. The products will be technically complex, pose potential health and 
environmental problems and have an impact on many sectors of society simultaneously. 
They may also raise challenges to moral and ethical beliefs. Nanotechnology embodies 
all of these characteristics as well as particular ones that challenge conventional 
methods of risk assessment, standard setting and oversight implementation.5 

 
Therefore despite evaluations by those on the front-lines at the regulatory agencies that the 
regulatory frameworks are as adequate for the products of nanotechnology as they are for any 
other materials, it is apparent that uncertainty remains in the minds of some, and perhaps many, 
as to whether regulation is effectively applied to the uses of nanotechnology in foods.   
 
The perception that there is harm due to inadequate regulatory oversight is difficult to address in 
the face of a lack of information that exposures to nanoscale materials have or have not occurred, 
or furthermore that harm has or has not occurred because of materials made with nanotechnology 
in foods.  The concern about potential adverse effects is based entirely on what could 
hypothetically happen in products rather than a demonstration of harm for any particular product.  
The concern furthermore is based on speculation that the harm shown under specific controlled 
laboratory conditions for some nanoscale materials applies to entirely different conditions for 
other materials in food or food contact material matrices.  Therefore, those wishing to innovate 
using nanotechnology are effectively faced with proving a negative (to investors) that risk does 

                                                
4 http://www.aolnews.com/category/nanotech/  

5 http://207.58.186.238/process/assets/files/7316/pen-18.pdf  



not exist in the abstract and general case of all nanomaterials, before they can develop a product 
to test for toxicity or risk.   
 
Obviously it is impossible to develop information regarding risk of all nanomaterials because the 
set of all nanomaterials is an infinite set, and therefore the product developer’s task of countering 
the claims of inadequate regulation is an impossible one.   However, there are likely to be 
general characteristics of some material types or some material uses that may provide indications 
of greater or lower risk that can begin to change the generalized perception of harm and lack of 
regulation into a body of knowledge about specific areas of application.   
 
Lack of clarity regarding what methods can be used to support risk management decisions.  
Some part of the perception of regulatory framework inadequacy can be attributed to perceptions 
that there is a lack of methods to characterize nanoscale materials in products, the environment, 
or our bodies.6  The general case has been made in review documents by government agencies, 
advisory bodies, and others that methods do not exist, that methods are needed before testing can 
be done properly, and that because of a lack of such methods we do not know true exposures or 
risk.  The challenge to innovators in this case is either to demonstrate to investors that existing 
methods are adequate to support the risk management decisions for a specific product, or to 
develop new methods as they also develop the product.   
 
However, it is possible that in many cases where nanotechnology has been used that existing 
methods will provide most if not all of the needed data to make risk management decisions.  For 
example, existing methods may be sufficient in categories of nanomaterial use where the 
material enters into a matrix and can be demonstrated to not exit as a nanomaterial (although the 
initial demonstration of the lack of release as nanomaterials could require nanomaterial-specific 
methods).  For example, structural components of containers added during fabrication that 
become bonded to a matrix could be demonstrated to not leave the matrix as nanomaterials.7 
Standard chemical analytical methods should suffice once the material has been added to the 
matrix in these cases where there is no subsequent exposure to a nanomaterial. Therefore, it 
seems possible that a substantial amount of the evaluation of nanomaterial use in foods could be 
addressed using existing methodologies, and if that were the case then the perception that new 
methods are needed would be an unnecessary inhibition to the development of products using 
nanotechnology.  Guidance to determine when such conditions exist could therefore substantially 
improve the likelihood that a product is worth investing in.   
 
Lack of guidance or standards regarding what nanoscale data and reporting will be accepted 
by regulators to support risk management decisions.  On the other hand, new methods will be 
needed to characterize particles with nanoscale characteristics in those cases where exposures to 
the nanomaterials are expected. A factor complicating the development of products is that there 
                                                
6 See for example, http://www.fsai.ie/WorkArea/DownloadAsset.aspx?id=7858 ; 
http://www.fda.gov/ScienceResearch/SpecialTopics/Nanotechnology/NanotechnologyTaskForceReport2007/default
.htm ; http://www.nano.gov/NNI_EHS_Research_Strategy.pdf  

7 US EPA has indicated in responses to some pre-manufacturing notifications that polymer matrix bound carbon 
nanotubes are an acceptable form for commercial distribution but free carbon nanotubes may not be, indicating that 
a lower risk is expected from the polymer bound forms. 



is a range of possible new methods for measuring specific nanoscale characteristics.  Because it 
is not clear what methods will be preferred or required by regulatory agencies, there is a risk that 
any data developed now during product development may prove to be irrelevant.  This risk again 
provides an inhibitory influence on investment.  
 
For example, the Nanotechnology Characterization Laboratory of the US National Cancer 
Institute has found that size reported for particles can vary depending on the instrumentation and 
preparation methods used.8  Therefore the choice of which method to use may play a critical role 
in the evaluation of data.  Furthermore, there is also a range of possible characteristics and their 
“measurands”9 to report about a particular nanoscale material.  The Organization of Economic 
Cooperation and Development’s Working Party on Manufactured Nanomaterials (OECD 
WPMN) and the International Organization of Standards (ISO TC 229) have been working on a 
list of about 16 characteristics that should be reported in studies; however, there is no general 
acceptance or guidance specifying that any particular characteristic or measurand should be used. 
Because of this variability, the reported data for a study (for example a toxicity study) can vary 
substantially for nanomaterials, so that the ability to compare results between studies can be 
substantially limited.   
 
 
Strategies to overcome the challenges 
 
Developing a body of knowledge showing product categories where there is little likelihood of 
harm (proving a negative).  Data showing whether and how exposures occur for specific product 
types that are likely to be developed would have a stimulating effect on product development.  
For example, if nanoclays are being proposed for use in packaging then generalized information 
about the release of nanoclays as nanomaterials could be developed for various polymers.  Some 
information like this has already been generated, and perhaps the best approach would be to 
simply collect it with respect to particular hypotheses (for example, do nanoclays migrate to food 
from polymer matrices) determine the gaps in understanding relevant to anticipated product uses 
of the material, and propose research to fill the gaps.  Generalized principles of aggregation and 
of factors that increase or decrease release from matrices could also be developed around specific 
kinds of applications. As data are generated about types of specific applications, the perception 

                                                
8 For example, see reports on solvent and temperature effects on size for dendrimers and ceramide liposomes 

http://ncl.cancer.gov/working_technical_reports.asp  

9 Definitions of measurand on the Web: 

“A quantity that is being determined by measurement.”  http://en.wiktionary.org/wiki/measurand    

“The physical quantity, property, or condition which is measured. (eg: pressure, load, weight, acceleration).” 
www.endevco.com/resources/Glossary.aspx  

“The particular quantity or subject to be measured under specified conditions; a defined set of specifications for a 
measurement application.”  www.measurementdevices.com/index.php  



of “all nanomaterials are un-regulated” may change to a discussion of particular applications and 
how to manage the risks for them.  
 
Development of generally accepted and widely-used standards of measurement and reporting 
for “nanoscale elements” of materials.   Stakeholders should develop standard methods of data 
development and reporting so that data can be compared and so that data developed now will be 
less likely to be obsolete.  This is an area of active development by OECD WPMN and ISO TC 
229 and should be further addressed through development of international guidance for specific 
application to assessment of nanomaterials in foods.  To encourage utility of academic research 
in regulatory decision-making, mechanisms such as grants approvals, journal submission rules, 
and regulatory guidance should be coordinated so that all are requiring the same sets of 
information in studies. Stakeholder involvement should be encouraged so that the specific 
products being developed for food applications can be considered in the development of such 
guidance and practices.  
 
 
Conclusion 
 
Through the development of such standards of measurement and reporting and development of 
knowledge of release and exposure it will possible to reduce barriers to innovation while 
providing for safe use of nanotechnology. 
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Thembela Hillie 
 
Introduction  

It is well accepted that a significant change in the quality of life, from the more successful 
emerging societies to the poorest, can only happen through knowledge, technology and 
innovation.  Nanotechnologies have promised numerous benefits across the board. The 
proponents of nanotechnology are confident that it will deliver the Millennium 
Developmental Goals (MDGs) to solve the problems that still confront the developing 
countries.  They also promise to provide alternative technological solutions that will be 
successful in mitigating the effects of climate change. Contrary to the promises are the 
realities that are encountered in any development and transfer of any technology and these are 
also pronounced in nanotechnologies. They include the cost, infrastructure, technical capacity 
for research and development and regulatory issues.  Although these are expected and are 
easily addressed in the developed world, they might prove to be impediments in the 
developing world.  This mini paper seeks to address these issues and suggest ways to 
overcome them. 

Key issues to be discussed  

Nanotechnology provides opportunities for everyone to be involved in addressing their own 
priorities.  This is so because nanotechnology has different levels of sophistication which are 
related to the complexity of integration and control of fundamental properties. There are four 
perceived generations of nanotechnology development which are passive nanostructures, 
active nanostructures, systems of nanostructures and molecular nanosystems and they have 
different timeframes to be realised.  Developing countries are at different levels of scientific 
progress and capacity in terms of expertise and infrastructure.  Some of the developing 
countries are already engaged in nanotechnology with some coordinated efforts to consolidate 
research pockets, whilst some have national nanotechnology strategies [1] to inform these 
activities. Although the problems are different, they are also similar presenting prospects for 
collaborations.   

Cost issues  

It is believed that it is incorrect to assume that nanotech is too difficult or too expensive to be 
implemented in developing countries and it may be a critical tool for research and 
development to offer important benefits. The costs associated to carrying out nanoscale 
science research is not a significant issue at the passive stage, as most of the research is still 
under traditional science disciplines with emphasis on the novel properties at nanoscale.  This 
will be different with the progression to more advanced research. The critical aspect in 
relation to research is the characterisation of nanomaterials which requires sophisticated 
microscopy and in some cases instrumentation in well established facilities.   

Infrastructures  

Successful nanotechnology research and development also depends strongly on the supportive 
infrastructure in place. Characterisation remains the most expensive aspect, especially in 
nanotechnology research and can be critical in widening the gap in nanoscience between the 
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developing and developed countries. Promoting cooperation among facilities and providing 
access to the less developed countries and disseminating information on advanced user 
facilities worldwide could assist in this regard. 

       

Technical capacity for R&D on nanoscience and nanotechnology  

Local capacity in nanoscale science and nanotechnology is crucial for the successful 
development and implementation of nanotechnology.  It is also essential for the adoption and 
adaptation of the technologies which are not developed locally. Capacity building can be 
facilitated through research institutions of the respective countries by developing common 
research projects which will promote the movement of students and scientists among these 
institutions.  These exchange visits should be budgeted for as part of the partnership.    

Regulatory issues   

The issues of governance and regulation have been a subject of concern globally.  There are 
various platforms that have been created to provide a uniform approach to these issues. The 
OECD dialogues in responsible nanotechnology research, the International Risk Governance 
Council and the International Standards Organisation committees in nanotechnologies are 
some of these platforms.  Participation in them is critical and it should be an inclusive 
exercise to promote responsible nanotechnology research across the board 

 
Challenges identified 
 
Local Capacity 
 
Building local capacity of expertise to adopt and adapt some of the developed 
nanotechnologies and tailor make them for the local needs.  This is vital for sustainable 
development and the transfer of nanotechnologies in developing countries. 
 
Awareness 
 
There is lack of awareness in society at large, including business, about both the risks and 
opportunities that nanotechnology can offer.  There is a need for public engagement to 
promote broader stakeholder participation that will inform local priorities.  
 
 
Policy frameworks 
 
For an effective sustainable development of nanotechnology, governments should drive the 
process and commit funds and strategic support to the initiative. This is still lacking in  
developing countries and poses a challenge to the existing fragmented research pockets to 
consolidate. 
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Strategies to overcome the challenges  

What has been done so far and what is missing  

There are lot of active research pockets in developing countries and these are tailored to their 
priorities.  A lot of country to country bilateral, be it North-South or South-South, have 
nanotechnology as an area of interest.  Access to research infrastructure is facilitated and 
exchange visits are utilised to build human capital.  Missing in some countries are national 
strategies and policies to provide direction for all the stakeholders.  The council of emerging 
technologies of the World Economic Forum has proposed an institute that would address 
three challenges in particular, namely (1) working effectively across traditional boundaries 
(including scientific, organisational and national boundaries); (2) effective technology 
development and technology transfer; (3) and predicting, assessing and avoiding adverse 
consequences of emerging technologies. It also aims to engage the society for its input to 
inform the priority areas.  

Mechanisms for knowledge transfer on Nanotechnologies 

Nanoschools 

Nano schools to train young researchers, theme meetings in identified areas of mutual 
interests and specialized workshops in the area of nano research can be organised as part of 
Human Capacity development programs.   These schools can be on a specific area of interest 
i.e. flagship projects, and the host countries can rotate to give maximum benefit to the local 
students. 

Exchange visits 

In addition, exchange visits of scientists outside the scope of flagship projects and 
participation in relevant conferences/meetings organised by the participating countries could 
be supported under the partnership. This would eventually help to explore new areas of 
collaboration and to develop new flagship projects. 

Virtual institutions  

The organisation of scientific research is undergoing a fundamental transformation with the 
emergence and growth of global science networks on the rise. The shift from big science to 
global networks creates unprecedented opportunities for developing countries to tap science's 
potential. Rather than squander resources in vain efforts to mimic the scientific establishments 
of the twentieth century, developing country governments can leverage networks by creating 
incentives for top-notch scientists to focus on research that addresses their concerns and by 
finding ways to tie knowledge to local problem solving [2].  

 

 



Partnerships and collaborations in Research and Development and regulatory issues Hillie 

4/5 

Partnerships and Collaborations  

Partnerships and collaborations based on a principle of equality and mutual benefits provide 
unique opportunities to promote transfer of knowledge and skills.  They can help solve 
common problems with a concerted effort and stimulate the economies by exposing 
companies from the respective countries to different market demands and in some cases 
supporting risk through government financial support.  Each partnership will be informed by a 
particular strategic objective and a country should be involved in a combination of these to 
benefit the broader stakeholder.  Some of the examples of partnerships and their goals 
involving the developing countries are listed below:  

South-South IBSA  

IBSA is a trilateral, developmental initiative between India, Brazil and South Africa to 
promote South- South co-operation and exchange. The IBSA- Nanotechnology initiative is 
sponsored by the Republic of India-Department of Science and Technology, Federative 
Republic of Brazil-Ministry of Science and Technology and Republic of South Africa- 
Department of Science and Technology. India is recognized as leading the IBSA 
nanotechnology initiative. Advanced Materials, Energy, Health and Water are identified as 
the priority subject areas for this collaboration. Human resource development is also 
considered as a thrust area for the initiative [3].  

 

Regional- Asian Nano Forum 

Asian countries are at different levels of development and are assisting each other in 
developing nanotechnology for regional benefits.  The Asian Nano Forum (ANF) is a network 
organisation founded in 2004 to promote excellence in research, development and the 
economic uptake of nanotechnology within the Asian region [4].  The ANF seeks to benefit 
its member economies educationally, socially, environmentally and economically by fostering 
collaboration and acting as a focus for regional and global nanotechnology issues.  The 
network is supported by 15 economies in the Asia Pacific region and the Middle East and has 
actively supported member economies with their national initiatives and events. 

 

North-South ICS-UNIDO  

The International Centre for Science and High Technology (ICS) seeks to promote excellence 
in science, catalyse collaborations between North-South and South-South, building human 
capabilities, and, specifically in the case of ICS, drive technological transfer to promote 
economical progress. Although nanotechnology is in its infancy, ICS realised that it was time 
to explore its implementation in developing countries to avoid another gap, similar to the 
digital and biotechnological gaps, between industrialised countries and developing countries.  

There are other networks that are available, such as the Global Nanotechnology Network 
(GNN) [5] which is an international network of nanotechnology stakeholders dedicated to:  
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1. Facilitating an effective exchange of scientific, technical and educational information 
2. Enhancing access to critical nano-related resources 
3. Promoting global collaborations in nanotechnology research and education. 

Some of the general benefits that the collaborations in R&D can provide are: 

• The Expansion of scientist networks and the exposure of their work 
• Access to critical infrastructure for research 
• International experience for students 
• Impetus to pursue new research areas!
• Local expertise for adoption and adaptation of technologies 

 Importance of adequate policy to promote and support nanotechnologies development  

The commitment by governments to formulate policies around nanotechnology provides 
direction and facilitates a required environment for a broader stakeholder involvement. It also 
provides the impetus to the private sector involvement and can rally other players such as 
research institutions behind the national objectives.   

 
Conclusion 
 
Nanotechnology research and development can also thrive in developing countries only if 
partnerships and collaborations can be established for mutual benefits and provide adequate 
access to facilities, which can be research facilities and commercial facilities of different size 
and scope.                                                                                                                                                       
There should be a resolve by governments at policy level to support the nanotechnology 
initiatives and commit funding as nanotechnologies have a potential to solve especially the 
needs of the poor. 
Governance and regulation in nanotechnology have global consequences and only if 
inclusivity in participation in the existing platforms is promoted will the benefits for the 
developing countries be guaranteed.   
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