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 INTRODUCTION

According to the United Nations Food and Agricultural 
Organization, 795 million people worldwide lack access 
to sufficient food to lead a healthy active life [1]. Cli-
mate change, population growth and land degradation 
further challenge ending hunger [2]. To meet the pro-
jected demand for food of over nine billion people in 
2050, world agricultural production has to increase by 
approximately 60% [2]. Nanotechnology (NT) can in-
crease the quality and quantity of agricultural produc-
tion,[3],[4] and make it more sustainable by decreasing 
pollution from agrochemicals [4],[5],[6], while improv-
ing climate resilience (Sustainable Development Goal 
(SDG) 2: Zero Hunger [7]) [8],[9]. It also has the ability 
to add valuable nutrients to plants [10] and detect and 
remediate heavy metals in the soil, and thus contrib-
ute to better health (SDG 3: Health and well-being [7]) 
[11],[12]. Furthermore, NT can foster more sustainable 
agricultural production (SDG 9: Industry, innovation & 
infrastructure [7]) [3],[4],[13]. 

There is a growing body of knowledge on the benefits 
of applying NT in agriculture, however it has proven dif-
ficult to coordinate findings between important stake-
holders and to integrate knowledge from different fields 
and scientific disciplines [7]. Currently NT is not widely 
applied in agricultural production because of uncertain-
ty regarding environmental and health risks and low 
cost-efficiency [14],[15]. This policy brief will provide an 
overview of the benefits and challenges regarding the 
use of NT in agricultural production. It will also discuss 
its current status and give recommendations on what is 
needed to apply NT in agricultural production success-
fully in the future.  

NT in agriculture is smaller than for other sectors, rec-
ognition of the potential of NT in agriculture is growing 
[17],[18]. For instance, between 2005-2009 literature 
on NT in the agri-food sector doubled [19]. Currently 
Europe, the USA, China and India produce the bulk of 
research and development (R&D) on NT in agriculture 
[19]. Of all NT applications only 9% target agriculture 
[20]. Some applications are already in use to increase 
the distribution, efficacy and controlled release of pesti-
cides, nutrients and agrichemicals, and to detect bacte-
ria and viruses [21],[22].
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 KEY MESSAGES
–– Nanotechnology is highly suitable for applica-

tion in agricultural production because it in-
creases the quality and quantity of yields.   

–– Nanotechnology reduces soil, water and air 
pollution by agrochemicals, which makes ag-
riculture more sustainable.   

–– Challenges to overcome are uncertainty about 
the long-term risks of nanoparticles, adoption 
of international regulation and standardized 
risk assessment tools, cost-efficiency, and the 
inclusive availability of nanotechnology ap-
plications to both developed and developing 
countries.  

Nanotechnologies are technologies that contain 
at least 50% natural or manufactured particles 
in the size range from 1 to 100 nanometres (up 
to a billionth of a meter) [16].    Nanotechnology 
thanks its potential to the unique properties of na-
noparticles (e.g. high volume to surface ratio and 
high solubility). Therefore, nanoparticles show an 
increased reactivity and efficiency [23]. 
This is however not a universal definition of nano-
technology as definitions differ regarding size and 
properties of nanomaterials [16],[24],[25].

 BENEFITS

Increased Quality and Quantity of Yields
Sustainable water use: In order to make agricul-
tural production more sustainable and optimize 

water use, nano-hydrogel can be applied. It is able to 
absorb and release water and nutrients in cycles, lead-
ing to more efficient use of water [26]–[28]. A study on 
silver coated hydrogel showed that soils to which this 
hydrogel is added can hold 7.5% more water than soils 
without [26]. Furthermore, the hydrogel can store be-
tween 130 and 190 times its own weight of rainwater 
or irrigation water [22],[26]. Bio- degradable hydrogels 
are especially promising since it decreases the amount 
of contaminants [27]–[30]. Hence, NT can be especially 
useful in dry areas. This is highly needed as drought is  
considered the largest environmental risk for crop pro-
duction [31].

Treatment of seeds: Through treatment with NT 
seeds can germinate faster and steadier while in-

creasing their resilience to environmental stress [8]. NT 
also increases seedling strength, growth and seed lon-
gevity [32]–[34]. A laboratory study showed that crops 
grown from seeds coated with nanomaterials like na-
no-silver recorded increased water absorption [8]. An-
other study on seeds treated with nanoparticles found a 
73% increase in vegetable dry weight and a three times 
higher vitamins content in seeds [23],[25],[31],[33],[35] 
which increases crops yields. Moreover, seeds that had 
undergone treatment with nanoparticles indicated a 
90% increase in drought resistance [36]. In addition, a 
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16.5%  increase in seed longevity during storage was re-
corded [34]. These advantages contribute to increased 
quality and quantity of yields and climate resilience [32].

Pest and disease detection: Pollutants, pests and 
plant diseases cause severe damage to crops. For 

instance, insect pests cause 25% loss in rice yields and 
50% for cotton [37],[38]. Bio-sensors, consisting of an 
organic-based detection mechanism, such as enzymes, 
are able to detect these specific threats [39],[40]. Due 
to their size-related properties, nano-biosensors show 
an increase in accuracy, detection limits, sensitivity, se-
lectivity, temporal response and reproducibility, com-
pared to conventional biosensors [41]. They are able to 
detect single viruses and contaminants at the molecular 
level. These particles are smaller than is approved by 
EU standards [42]. Therefore, nano-biosensors provide 
a very precise tool that can be used to prevent pest out-
breaks and monitor soil quality, which enhances quality 
and quantity of yields [37],[41],[43],[44].  	

Enhanced delivery of nutrients and plant protec-
tion products (ppp): Up to 70% of conventional 

fertilisers and ppp’s do not reach their target because 
they are unstable in the environment and difficult to be 
taken up [3],[45]. Nano-based smart delivery systems 
have the ability to provide more efficient and targeted 
delivery to specific plant cells due to their size-related 
properties [3],[4],[46],[47]. Also, they show enhanced 
stability in the environment, which improves the avail-
ability of nutrients and ppp’s to crops [3],[37],[48],[49]. 
Smart delivery systems further enhance the delivery 
of nutrients and ppp’s through their ability of slow or 
controlled release [3],[48]. This is shown to extend the 
effectiveness of ppp’s from three to over thirty days 

[50]. In addition, the effect of pesticides was found to 
be twice as strong with half the dose applied [51],[52]. 
Enhanced delivery of nutrients and ppp’s improves the 
resistance of crops towards threats like droughts, pests 
and pollution [6]. Therefore it improves the quality and 
quantity of yields [3],[4],[17]. Nano-biosensors can en-
hance this process even further by enabling smart de-
livery systems to precisely release nutrients and ppp’s 
in response to environmental triggers and biological de-
mands [3],[53]. This provides opportunities for real-time 
monitoring and control [49],[54].ALLENGES

Decreased Pollution   
Reduced runoff: The application of NT in agricul-
tural production has the potential to reduce pol-

lution resulting from fertilisers and ppp’s and remediate 
soils polluted with heavy metals [6],[12],[14],[48],[55]. 
Up to 90% of agrochemicals (in)directly run-off in the 
environment due to their uncontrolled application. 
Through increased efficiency, smart delivery systems 
also decrease pollution and subsequently environmen-
tal and health risks [9],[56]–[60].

Remediation: In addition, soils polluted with 
heavy metals can be remediated using NT, making 

them productive again [12]. This is particularly promis-
ing for China and African countries, where soil pollution 
with heavy metals is severe [61]. NT based soil reme-
diation techniques are proclaimed to be effective, of 
low cost and environmentally friendly [62]. A case study 
using iron nanoparticles for remediation shows a 99% 
reduction of Trichloroethane (a solvent in pesticides) 
within a few days [63].
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 CHALLENGES

Uncertainty   
Toxicity: While nanotechnology has great future po-
tential, its novelty and its pace of development cause 
uncertainty regarding the long-term effects of nano-
particles on the environment and human health [70]. 
In the short-term, no hazards are identified but in the 
long-term they might affect humans through bio-accu-
mulation of toxins in plants and animals [48],[57],[70], 
[71] The toxicity of nanoparticles depends on their 
size-related properties and concentration. This  affects 
their exposure to and mobility within the environment 
[14],[23],[48],[70]. In order to overcome toxicity and 
decrease the environmental damage caused by certain 
nanoparticles, they can be redesigned [9],[72]–[74]. 
Materials that might be applicable in agriculture, be-
cause they are biodegradable and non-toxic [76],[77]. 

Risk assessment: Risk assessment consists of testing ex-
posure and potential risk [25]. The great variety of na-
noparticles and the lack of data on their toxicity under 
various conditions impedes the creation of standardized 
risk assessment tools [13]–[15],[24],[25],[70]. Group-
ing nanoparticles with the same properties increases 
the feasibility of risk assessment, but is not yet reliable 
[23],[70],[78]–[80]. This is also hampered by the lack 

of an internationally agreed upon workable definition 
of NT [14],[24]. Risk assessment differs per region and 
sometimes per sector [25]. Currently, risk assessment 
becomes more holistic: scientists, regulators, industries 
and non-governmental organisations work together in a 
multi-disciplinary setting [25],[80]. Risk assessment will 
continuously change and adapt as a result of the con-
tinuous development of NT [23],[25], [70]. Standardized 
tools developed by the OECD and the EU are expected 
in the next two years [70]. 

Regulation: Due to their size-related properties, which 
may differ from their bulk counterpart, adopting regu-
latory frameworks that adequately deal with NT can be 
challenging [81],[82]. While some argue current regula-
tory frameworks are sufficient to deal with the risks and 
uncertainty of NT [83], others state there is a need for 
nano-specific provisions and regulation [70],[82]. The 
lack of an internationally agreed upon workable defini-
tion of NT makes this difficult however [14],[24]. Adopt-
ing nano-specific regulation and formulating a common 
definition is needed to stimulate countries to share 
knowledge, trade in products containing nanomaterials 
and mitigate associated risks [84].  

Inclusive Availability
It needs to be ensured  that the benefits of NT will be 
shared inclusively between a wide range of countries 
and stakeholders [85],[86]. Currently most of the R&D 
is taking place in a select number of countries and 
knowledge is unequally distributed [87]. Relatively lit-
tle efforts are made to make products that benefit the 
poorest countries as this is often unattractive from a 
financial point of view [86],[88]. Therefore, the gap in 
production and innovativeness between developed and 
underdeveloped nations and between large and small 
corporations may be widened [86]. Because large com-
panies possess most patents, it is difficult for small com-
panies to gain entry to the market [86],[88]. However 
there are techniques to create NT that are cheap and 
affordable for developing countries and small compa-
nies [20]. This can for instance be achieved by lowering 
the administrative burden when registering products or 
establishing support structures for small companies or 
underdeveloped nations [89]. In addition, NT needs to 
become more cost-efficient and to be transferred to the 
field, to become relevant in agricultural production and 
for developing countries [13],[90]. Because NT applica-
tions in agricultural production are entering the market 
phase, it is important to look at this now.

Promising case studies
Treatment of seeds: A 29,5% and 26.3% increase yield 
of peanuts while using 15% less nanomaterial (zinc) in 
comparison to its bulk counterpart was found in two 
field researches in India (SDG 2.1) [64].

Enhanced delivery: 30% of people worldwide and 40% 
of schoolchildren suffer from iron deficiency. This is fur-
ther aggravated by TBC, HIV and malaria [65]. A study 
on fertilizers containing nano-iron particles  has shown 
nanotechnology can increase the iron level in water-
melons substantially [66]. 

Pollution detection: Mercury is toxic in small amounts 
and identified by the WHO [67] as a serious threat to 
the health of young children and especially fetuses. 
Nanosensors based on silver particles are able to de-
tect these small amounts of mercury in soil and plants 
[65],[66],[68],[69].  

Sustainable water use: Biodegradable hydrogels show 
an increased soil moisture of up to 400% compared to 
soil that hasn’t been amended with hydrogel [29].
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 RECOMMENDATIONS     

–– Focus R&D on long-term toxicity and expo-
sure of nanoparticles in the environment and 
their implications for human health. 

–– Select non-toxic, environmentally friendly 
nanomaterials for their application in agricul-
tural production.

–– Develop international standardized risk as-
sessment methods in close collaboration 
with scientists and private companies in or-
der to reduce costs and integrate knowledge.

–– Reach international consensus on a workable 
definition of NT in order to coordinate legis-
lation and risk assessment.

U
N

C
E

R
TA

IN
T

Y

–– Focus R&D on improvement of cost-efficien-
cy of NT to make it more affordable for devel-
oping countries.

–– Form collaborations between countries that 
have advanced research and applications of 
NT and those that could benefit from NT to 
ensure inclusive availability of NT. 

A
V

A
IL

A
B

IL
IT

Y

Tammo Bakker,  Ellen Brauers,   
Gersom van der Elst, and Eunice Wangari

This policy brief was commissioned by the UN Policy Analysis Branch, Division for Sustainable Development. 
The views expressed in this policy brief do not necessarily reflect those of Wageningen University & Research, nor the experts consulted.  

Experts speak on their own behalf and their views do not necessarily reflect the views of their institutions.



5

Reference List
[1] FAO, “Goal 2. End Hunger, achieve food security 
and improved nutrition and promote sustainable ag-
riculture.,” Goal 2. End Hunger, achieve food security 
and improved nutrition and promote sustainable agri-
culture., 2014. [Online]. Available: http://www.fao.org/
sustainable-development-goals/goals/goal-2/en/. [Ac-
cessed: 15-Dec-2016].
[2] FAO, “Hunger Statistics, WFP, United Nations World 
Food Programme.,” Hunger Statistics, WFP, United Na-
tions World Food Programme., 2014. [Online]. Availa-
ble: http://www.wfp.org/hunger/stats. [Accessed: 15-
Dec-2016].
[3] P. Solanki, A. Bhargava, H. Chhipa, N. Jain, and J. Pan-
war, “Nano-fertilizers and Their Smart Delivery System,” 
in Nanotechnologies in Food and Agriculture, M. Rai, C. 
Ribeiro, L. Mattoso, and N. Duran, Eds. Cham: Springer 
International Publishing, 2015, pp. 81–101.
[4] H. Chhipa and P. Joshi, “Nanofertilisers, Nanopesti-
cides and Nanosensors in Agriculture,” in Nanoscience 
in Food and Agriculture 1, vol. 20, S. Ranjan, N. Dasgup-
ta, and E. Lichtfouse, Eds. Cham: Springer International 
Publishing, 2016, pp. 247–282.
[5] K. Aschberger et al., “Nanomaterials in Food - Cur-
rent and Future Applications and Regulatory Aspects,” J. 
Phys. Conf. Ser., vol. 617, p. 12032, May 2015.
[6] M. Kah and T. Hofmann, “Nanopesticide research: 
Current trends and future priorities,” Environ. Int., vol. 
63, pp. 224–235, Feb. 2014.
[7] United Nations, “Sustainable Development Report 
2016,” Sustainable Development Report 2016, 2016. 
[Online]. Available: https://sustainabledevelopment.
un.org/globalsdreport/2016. [Accessed: 15-Dec-2012].
[8] T. Adhikari, S. Kundu, and A. S. Rao, “Zinc delivery to 
plants through seed coating with nano-zinc oxide par-
ticles,” J. Plant Nutr., vol. 39, no. 1, pp. 136–146, Jan. 
2016.
[9] N. Dasgupta et al., “Thermal co-reduction approach 
to vary size of silver nanoparticle: its microbial and cel-
lular toxicology,” Environ. Sci. Pollut. Res., vol. 23, no. 5, 
pp. 4149–4163, Mar. 2016.
[10] P. Wang, E. Lombi, F.-J. Zhao, and P. M. Kopittke, 
“Nanotechnology: A New Opportunity in Plant Scienc-
es,” Trends Plant Sci., vol. 21, no. 8, pp. 699–712, Aug. 
2016.
[11] F. A. Caliman, B. M. Robu, C. Smaranda, V. L. Pav-
el, and M. Gavrilescu, “Soil and groundwater cleanup: 
benefits and limits of emerging technologies,” Clean 
Technol. Environ. Policy, vol. 13, no. 2, pp. 241–268, Apr. 
2011.
[12] M. M. Rabbani, I. Ahmed, and S.-J. Park, “Applica-
tion of Nanotechnology to Remediate Contaminated 
Soils,” in Environmental Remediation Technologies for 
Metal-Contaminated Soils, H. Hasegawa, I. M. M. Rah-
man, and M. A. Rahman, Eds. Tokyo: Springer Japan, 
2016, pp. 219–229.
[13] S. Mukhopadhyay, “Private Interview,” 14-Dec-
2016.
[14] M. Kah, “Private Interview,” 18-Nov-2016.

[15] V. Stone, “Private Interview,” 12-Dec-2016.
[16] C. Parisi, M. Vigani, and E. Rodríguez-Cerezo, Pro-
ceedings of a workshop on “Nanotechnology for the 
agricultural sector: from research to the field.” Luxem-
bourg: Publications Office of the European Union, 2014.
[17] S. S. Mukhopadhyay, “Nanotechnology in agri-
culture: prospects and constraints,” Nanotechnol. Sci. 
Appl., p. 63, Aug. 2014.
[18] C. Parisi, M. Vigani, and E. Rodríguez-Cerezo, “Ag-
ricultural Nanotechnologies: What are the current pos-
sibilities?,” Nano Today, vol. 10, no. 2, pp. 124–127, Apr. 
2015.
[19] S. Cozzens, R. Cortes, O. Soumonni, and T. Wood-
son, “Nanotechnology and the Millennium Develop-
ment Goals: Water, Energy and Agri-Food,” J. Nanopar-
ticle Res., vol. 15, p. 2001, Oct. 2013.
[20] R. J. B. Peters et al., “Nanomaterials for products 
and application in agriculture, feed and food,” Trends 
Food Sci. Technol., vol. 54, pp. 155–164, Aug. 2016.
[21] V. Amenta et al., “Regulatory aspects of nanotech-
nology in the agri/feed/food sector in EU and non-EU 
countries,” Regul. Toxicol. Pharmacol., vol. 73, no. 1, pp. 
463–476, Oct. 2015.
[22] S. Makama, “Private Interview,” 09-Dec-2016.
[23] H. Bouwmeester, “Private Interview,” 24-Nov-
2016.
[24] A. Eftekhari, “Private Interview,” 12-Dec-2016.
[25] Fordsmand, “Private Interview,” 09-Dec-2016.
[26] R. Vundavalli, S. Vundavalli, M. Nakka, and D. S. 
Rao, “Biodegradable Nano-Hydrogels in Agricultural 
Farming - Alternative Source For Water Resources,” Pro-
cedia Mater. Sci., vol. 10, pp. 548–554, 2015.
[27] F. F. Montesano and F. Serio, “Private Interview,” 
05-Dec-2016.
[28] C. Demetri, “Private Interview,” 05-Dec-2016.
[29] F. F. Montesano, A. Parente, P. Santamaria, A. San-
nino, and F. Serio, “Biodegradable Superabsorbent Hy-
drogel IncreasesWater Retention Properties of Growing 
Media and Plant Growth,” Agric. Agric. Sci. Procedia, 
vol. 4, pp. 451–458, 2015.
[30] A. S. G. Magalhães, M. P. Almeida Neto, M. N. 
Bezerra, and J. P. A. Feitosa, “Superabsorbent Hydrogel 
Composite with Minerals Aimed at Water Sustainabili-
ty,” J. Braz. Chem. Soc., vol. 24, no. 2, pp. 304–313, 2013.
[31] C. A. Jaleel et al., “Drought stress in plants: a review 
on morphological characteristics and pigments compo-
sition,” Int J Agric Biol, vol. 11, no. 1, pp. 100–105, 2009.
[32] E. H. Dehkourdi and M. Mosavi, “Effect of Anatase 
Nanoparticles (TiO2) on Parsley Seed Germination (Pet-
roselinum crispum) In Vitro,” Biol. Trace Elem. Res., vol. 
155, no. 2, pp. 283–286, Nov. 2013.
[33] M. Khodakovskaya et al., “Carbon Nanotubes Are 
Able To Penetrate Plant Seed Coat and Dramatically Af-
fect Seed Germination and Plant Growth,” ACS Nano, 
vol. 3, no. 10, pp. 3221–3227, Oct. 2009.
[34] T. Adak, J. Kumar, N. A. Shakil, and S. Pandey, “Role 
of nano-range amphiphilic polymers in seed quality en-
hancement of soybean and imidacloprid retention ca-
pacity on seed coatings: Soybean seed quality enhance-



6

ment by amphiphilic nano-polymers,” J. Sci. Food Agric., 
vol. 96, no. 13, pp. 4351–4357, Oct. 2016.
[35] F. Yang et al., “The Improvement of Spinach Growth 
by Nano-anatase TiO2 Treatment Is Related to Nitrogen 
Photoreduction,” Biol. Trace Elem. Res., vol. 119, no. 1, 
pp. 77–88, Sep. 2007.
[36] D. Rahimi, D. Kartoolinejad, K. Nourmohammadi, 
and R. Naghdi, “Increasing drought resistance of Alnus 
subcordata C.A. Mey. seeds using a nano priming tech-
nique with multi-walled carbon nanotubes,” J. For. Sci., 
vol. 62, no. No. 6, pp. 269–278, Jun. 2016.
[37] M. Rai and A. Ingle, “Role of nanotechnology in 
agriculture with special reference to management of in-
sect pests,” Appl. Microbiol. Biotechnol., vol. 94, no. 2, 
pp. 287–293, Apr. 2012.
[38] G. S. Dhaliwal, V. Jindal, A. K. Dhawan, and oth-
ers, “Insect pest problems and crop losses: changing 
trends,” Indian J. Ecol., vol. 37, no. 1, pp. 1–7, 2010.
[39] V. Perumal and U. Hashim, “Advances in biosen-
sors: Principle, architecture and applications,” J. Appl. 
Biomed., vol. 12, no. 1, pp. 1–15, Jan. 2014.
[40] S. Otles and B. Yalcın, “Strategic Role of Nanobio-
sensor in Food: Benefits and Bottlenecks,” in Nanotech-
nologies in Food and Agriculture, M. Rai, C. Ribeiro, L. 
Mattoso, and N. Duran, Eds. Cham: Springer Interna-
tional Publishing, 2015, pp. 169–182.
[41] L. Huang, Y. Guo, Z. Peng, and A. L. Porter, “Charac-
terising a technology development at the stage of early 
emerging applications: nanomaterial-enhanced biosen-
sors,” Technol. Anal. Strateg. Manag., vol. 23, no. 5, pp. 
527–544, May 2011.
[42] S. Viswanathan, H. Radecka, and J. Radecki, “Elec-
trochemical biosensor for pesticides based on acetyl-
cholinesterase immobilized on polyaniline deposited on 
vertically assembled carbon nanotubes wrapped with 
ssDNA,” Biosens. Bioelectron., vol. 24, no. 9, pp. 2772–
2777, May 2009.
[43] P. Ram, K. Vivek, and S. P. Kumar, “Nanotechnology 
in sustainable agriculture: Present concerns and future 
aspects,” Afr. J. Biotechnol., vol. 13, no. 6, pp. 705–713, 
Feb. 2014.
[44] H. Chen and R. Yada, “Nanotechnologies in agricul-
ture: New tools for sustainable development,” Trends 
Food Sci. Technol., vol. 22, no. 11, pp. 585–594, Nov. 
2011.
[45] M. Arias-Estévez, E. López-Periago, E. Martín-
ez-Carballo, J. Simal-Gándara, J.-C. Mejuto, and L. 
García-Río, “The mobility and degradation of pesticides 
in soils and the pollution of groundwater resources,” 
Agric. Ecosyst. Environ., vol. 123, no. 4, pp. 247–260, 
Feb. 2008.
[46] A. Gogos, K. Knauer, and T. D. Bucheli, “Nanomate-
rials in Plant Protection and Fertilization: Current State, 
Foreseen Applications, and Research Priorities,” J. Agric. 
Food Chem., vol. 60, no. 39, pp. 9781–9792, Oct. 2012.
[47] R. Nair, S. H. Varghese, B. G. Nair, T. Maekawa, Y. 
Yoshida, and D. S. Kumar, “Nanoparticulate material de-
livery to plants,” Plant Sci., vol. 179, no. 3, pp. 154–163, 
Sep. 2010.

[48] M. Kah, S. Beulke, K. Tiede, and T. Hofmann, “Na-
nopesticides: State of Knowledge, Environmental Fate, 
and Exposure Modeling,” Crit. Rev. Environ. Sci. Tech-
nol., vol. 43, no. 16, pp. 1823–1867, Jan. 2013.
[49] R. Liu and R. Lal, “Potentials of engineered nano-
particles as fertilizers for increasing agronomic produc-
tions,” Sci. Total Environ., vol. 514, pp. 131–139, May 
2015.
[50] T. Adak, J. Kumar, D. Dey, N. A. Shakil, and S. Walia, 
“Residue and bio-efficacy evaluation of controlled re-
lease formulations of imidacloprid against pests in soy-
bean (G lycine max ),” J. Environ. Sci. Health Part B, vol. 
47, no. 3, pp. 226–231, Mar. 2012.
[51] C. Xiang, A. G. Taylor, J. P. Hinestroza, and M. W. 
Frey, “Controlled release of nonionic compounds from 
poly(lactic acid)/cellulose nanocrystal nanocomposite 
fibers,” J. Appl. Polym. Sci., vol. 127, no. 1, pp. 79–86, 
Jan. 2013.
[52] M.-R. Song et al., “Dispersible silica nanoparticles 
as carrier for enhanced bioactivity of chlorfenapyr,” J. 
Pestic. Sci., vol. 37, no. 3, pp. 258–260, 2012.
[53] H. Chhipa, “Private Interview,” 29-Nov-2016.
[54] G. N. Ramesiah, “NANO FERTILIZERS AND NANO 
SENSORS  – AN ATTEMPT FOR  DEVELOPING SMART AG-
RICULTURE,” pp. 314–320, Feb. 2015.
[55] B. Karn, T. Kuiken, and M. Otto, “Nanotechnology 
and in Situ Remediation: A Review of the Benefits and 
Potential Risks,” Environ. Health Perspect., vol. 117, no. 
12, pp. 1823–1831, Jun. 2009.
[56] M. Kah, “Nanopesticides and Nanofertilizers: 
Emerging Contaminants or Opportunities for Risk Mit-
igation?,” Front. Chem., vol. 3, Nov. 2015.
[57] M. Kah and T. Hofmann, “The Challenge: Carbon 
nanomaterials in the environment: New threats or won-
der materials?,” Environ. Toxicol. Chem., vol. 34, no. 5, 
pp. 954–954, 2015.
[58] D. Pimentel and M. Burgess, “Environmental and 
Economic Benefits of Reducing Pesticide Use,” in Inte-
grated Pest Management, D. Pimentel and R. Peshin, 
Eds. Dordrecht: Springer Netherlands, 2014, pp. 127–
139.
[59] V. Saharan and A. Pal, “Current and Future Pros-
pects of Chitosan-Based Nanomaterials in Plant Protec-
tion and Growth,” in Chitosan Based Nanomaterials in 
Plant Growth and Protection, New Delhi: Springer India, 
2016, pp. 43–48.
[60] H. Hasegawa, I. M. M. Rahman, and M. A. Rahman, 
Eds., Environmental Remediation Technologies for Met-
al-Contaminated Soils. Tokyo: Springer Japan, 2016.
[61] X. Qu, P. J. J. Alvarez, and Q. Li, “Applications of 
nanotechnology in water and wastewater treatment,” 
Water Res., vol. 47, no. 12, pp. 3931–3946, Aug. 2013.
[62] Q. Wei, D. Yang, M. Fan, and H. G. Harris, “Appli-
cations of Nanomaterial-Based Membranes in Pollution 
Control,” Crit. Rev. Environ. Sci. Technol., vol. 43, no. 22, 
pp. 2389–2438, Jan. 2013.
[63] W. Zhang, “Nanoscale iron particles for environ-
mental remediation: an overview,” J. Nanoparticle Res., 
vol. 5, no. 3–4, pp. 323–332, 2003.



7

[64] T. N. V. K. V. Prasad et al., “EFFECT OF NANOS-
CALE ZINC OXIDE PARTICLES ON THE GERMINATION, 
GROWTH AND YIELD OF PEANUT,” J. Plant Nutr., vol. 35, 
no. 6, pp. 905–927, Apr. 2012.
[65] WHO, “State of the art on the initiatives and the 
activities relevant to risk assessment and risk manage-
ment of nanotechnologies in thefood and agricultural 
sector.” WHO, 2013.
[66] Y. Wang, J. Hu, Z. Dai, J. Li, and J. Huang, “In vit-
ro assessment of physiological changes of watermelon 
(Citrullus lanatus) upon iron oxide nanoparticles expo-
sure,” Plant Physiol. Biochem., vol. 108, pp. 353–360, 
Nov. 2016.
[67] WHO, “World Health Organization,” World Health 
Organization, 2016. [Online]. Available: http://www.
who.int/mediacentre/factsheets/fs361/en/. [Accessed: 
12-Dec-2016].
[68] Y. Ding, S. Wang, J. Li, and L. Chen, “Nanomateri-
al-based optical sensors for mercury ions,” TrAC Trends 
Anal. Chem., vol. 82, pp. 175–190, Sep. 2016.
[69] A. Jeevika and D. R. Shankaran, “Functionalized sil-
ver nanoparticles probe for visual colorimetric sensing 
of mercury,” Mater. Res. Bull., vol. 83, pp. 48–55, Nov. 
2016.
[70] W. Peijnenburg, “Private Interview,” 02-Dec-2016.
[71] S. Rana and P. T. Kalaichelvan, “Ecotoxicity of Nan-
oparticles,” ISRN Toxicol., vol. 2013, pp. 1–11, 2013.
[72] A. L. Neal, “What can be inferred from bacterium–
nanoparticle interactions about the potential conse-
quences of environmental exposure to nanoparticles?,” 
Ecotoxicology, vol. 17, no. 5, pp. 362–371, Jul. 2008.
[73] S. babu Maddinedi, B. K. Mandal, S. Ranjan, and 
N. Dasgupta, “Diastase assisted green synthesis of 
size-controllable gold nanoparticles,” RSC Adv, vol. 5, 
no. 34, pp. 26727–26733, 2015.
[74] A. Jain, S. Ranjan, N. Dasgupta, and C. Ramalingam, 
“Nanomaterials in Food and Agriculture: An overview 
on their safety concerns and regulatory issues,” Crit. 
Rev. Food Sci. Nutr., no. just-accepted, pp. 0–0, 2016.
[75] K. W. Guo, “Nanomaterials Formed by Green Na-
notechnology for Bioapplication,” in Nanotechnology: 
Recent Trends, Emerging Issues and Future Directions, 
United Kingdom: Nazrul Islam, 2014, p. 525.
[76] G. B. Smith and C. G. Granqvist, Green nanotech-
nology: solutions for sustainability and energy in the 
built environment. Boca Raton, FL: CRC Press, 2011.
[77] A. Oomen et al., “Grouping and Read-Across Ap-
proaches for Risk Assessment of Nanomaterials,” Int. J. 
Environ. Res. Public. Health, vol. 12, no. 10, pp. 13415–
13434, Oct. 2015.
[78] R. Landsiedel, “Concern-driven integrated ap-
proaches for the grouping, testing and assessment of 
nanomaterials,” Environ. Pollut., vol. 218, pp. 1376–
1380, Nov. 2016.
[79] K. Rasmussen, M. González, P. Kearns, J. R. Sintes, 
F. Rossi, and P. Sayre, “Review of achievements of the 
OECD Working Party on Manufactured Nanomaterials’ 
Testing and Assessment Programme. From exploratory 
testing to test guidelines,” Regul. Toxicol. Pharmacol., 

vol. 74, pp. 147–160, Feb. 2016.
[80] D. Rickerby, “Private Interview,” 13-Dec-2016.
[81] M. Rai, C. Ribeiro, L. Mattoso, and N. Duran, Eds., 
Nanotechnologies in Food and Agriculture. Cham: 
Springer International Publishing, 2015.
[82] R. S. Kookana et al., “Nanopesticides: Guiding 
Principles for Regulatory Evaluation of Environmental 
Risks,” J. Agric. Food Chem., vol. 62, no. 19, pp. 4227–
4240, May 2014.
[83] Kobe, “Private Interview,” 09-Dec-2016.
[84] OECD, “Symposium on Assessing the Economic Im-
pact of Nanotechnology Synthesis Report.” OECD, 2013.
[85] G. Foladori, “Private Interview,” 01-Dec-2016.
[86] F. Salamanca-Buentello and A. S. Daar, “Dust of 
Wonder, Dust of Doom: A Landscape of Nanotechnolo-
gy, Nanoethics, and Sustainable Development,” in Glob-
al Bioethics: The Impact of the UNESCO International 
Bioethics Committee, vol. 5, A. Bagheri, J. D. Moreno, 
and S. Semplici, Eds. Cham: Springer International Pub-
lishing, 2016, pp. 101–123.
[87] N. Islam, “Private Interview,” 30-Nov-2016.
[88] K. Beumer, “Broadening Nanotechnology’s Impact 
on Development,” Nat. Nanotechnol., vol. 11, pp. 398–
400, May 2016.
[89] European Commission, “Thematic studies for Re-
view of REACH.” European Commission, 2011.


	ACKNOWLEDGEMENTS
	EXECUTIVE SUMMARY
	KEY MESSAGES
	GENERAL REPORT KEY MESSAGES

	INTRODUCTION
	The ‘Zero Hunger – Health & Well-Being – Industry, 
	Innovation & Infrastructure’ Nexus Analysis
	INSECTS AS LIVESTOCK FEED
	THE ROLE OF MOBILE PHONE SERVICES IN DEVELOPMENT
	NANOTECHNOLOGY IN AGRICULTURAL PRODUCTION
	NANOTECHNOLOGY IN WATER TREATMENT
	ANNEX: METHODOLOGY
	REFERENCES

