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Abstract 

Engineered nanomaterials (NM) are man-made nanoscale compounds, with at least one 

dimension between 1-100nm. Their utilisation presents a novel method to reduce the excessive use of 

synthetic fertiliser prevalent in industrial agriculture. The excess synthetic fertilisers are lost through the 

gaseous emission of N compounds, including N2O, NH3 and NOY, as well as through surface run-off 

and groundwater losses, increasing NO3
- and NH4

+
 concentrations in waterways, impacting water 

quality. For NMs to be effective and sustainably used in agriculture there are several essential 

considerations that must be optimised: increased crop productivity and quality; positive effects on 

nutrient biogeochemical cycling, particularly N cycling to reduce emissions and run-off; and limiting 

impacts on soil biota including microbes and soil fauna, like earthworms.  

The effects of NM exposure on seed germination were tested using seed priming experiments. 

NM effects were both species and NM dependent, although trends within “classes” of NMs were hard 

to predict, with constituent elements, concentration, agglomerate size, zeta potential and more 

sophisticated structure, like pore size, all impacting NM-plant interactions. NM application to soils in 

conjunction with reduced fertiliser application was used to determine NMs effects on plant growth and 

N cycling, using N2O gas sampling and N compound losses in leachate. Zeolite NMs can have very 

different effects on terrestrial N cycling, with the sophisticated structure of the NM likely the root cause 

of these differences. Zeolites of the same type, like BEA-19 and BEA-150, were used in different soils 

and had very different impacts on N emissions and losses, reflecting the importance of NM 

characteristics, on NM environmental effects. BEA-150 triggered elevated N2O emissions in the 

presence of microbes, while ZSM-5-15, another zeolite, decreased emissions in this soil type and 

increased them in another. This is indicative of the importance of soil abiotic factors, like soil moisture, 

clay and colloids, and soil microbial community composition on NM effect. Increased N2O emissions 

may be generated through a process of ion exchange, with ZSM-5-15’s extra-framework ion being 

exchanged for H+ ions in its pores, leading to an increase in NH4
+ accessible for nitrifying microbes to 

act upon and increasing nitrification derived N2O. Wider effects of NMs on the soil environment were 
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studied using earthworm reproduction assays. ZSM-5-15 also triggered sub-lethal effects on 

reproduction of the earthworm Eisenia fetida, reducing the number of unhatched cocoons at 25 mg L-1, 

a relatively low concentration. This may be through lower concentrations producing smaller NM 

agglomerates that are more able to pass through the worm epithelia and thus result in higher exposure 

at lower concentrations.  

Ce0.75Zr0.25O2 NMs didn’t increase N2O emissions in the loam soil studied but did in the sandy 

loam, also increasing NO3
- leachate concentration. Ce0.75Zr0.25O2 leaches Zr4+ ions into soil, transforming 

the NM into Ce0.9Zr0.1O2 and CeO2, as determined using X-ray near-edge absorption spectroscopy 

(XANES). Ce0.75Zr0.25O2 is able to translocate from lettuce roots to shoots, with the NM found in 

aboveground lettuce tissue after soil-based NM application. Zr metal and ZrCl4 were also found to be 

present in lettuce leaves, but whether these transformations occur in the soil before uptake and 

translocation or in lettuce shoots and leaves after uptake is uncertain. Other nano metal oxides used were 

TiO2 PVP and Co2.25Fe0.75O4 which were both applied in hydroponic medium. NM impact on N2O 

emissions from hydroponics was minimal, however K15NO3 stable isotope application showed that the 

majority of the N2O emissions were nitrification derived. This reflects the aeration of the rockwool 

substrate that the lettuce roots were grown in. TiO2 PVP and Co2.25Fe0.75O4 NMs may act on denitrifying 

microbes hence the minimal impact they have on total N2O emissions. 

NM co-application with synthetic fertiliser was found to increase the risk of N losses to the 

environment, while NMs with nutrients as part of their physical structure may be able to limit these 

losses. Urea-doped amorphous calcium phosphate (U-ACP), a hydroxyapatite NM with both N and P 

within its structure, was able to reduce NOY emissions from soil. The lack of N2O and NH3 gas data 

however means that there are several N cycling endpoints that are missed, so whether U-ACP application 

reduces net N losses or shifts the balance of the soil N cycle is unknown. U-ACP increased lettuce 

production as compared to urea, with this mostly being derived from urea application triggering soil 

acidification and limiting lettuce growth. U-ACP application also increased the community of nitric 
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oxide reductase (qNorB in particular) expressing soil bacteria, indicative of an increase in the soil 

microbial community active in denitrification.  

Understanding NM impacts on N cycling is essential for a holistic view of fertilisation and for 

nano-enabled agriculture to truly increase sustainability while minimising the risk of regrettable 

substitutions. This thesis presents a first step towards achieving this holistic view. 
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Chapter 1. Aims and Hypotheses 

The initial and overarching aim of this body of work was to optimise the choice of engineered 

nanomaterials (NMs) to be used as nanofertiliser as a remedy to over-fertilisation and losses of reactive 

nitrogen (Nr) pollution into the atmosphere and waterways. This aim for sustainable nanofertiliser 

development also required that certain crop qualities, like yield or nutritive quality, were maintained, or 

even enhanced. This aim led to the first experiment (Chapter 3), a large screening process whereby 54 

NMs, including metal oxides, metal organic frameworks, biochar-based hydroxyapatites, nanopolymers 

and zeolites were tested in terms of their impacts on seeds. The screening process was thus a seed 

priming experiment on both lettuce (Lactuca sativa) and wheat (Triticum aestivum) which aimed to 

identify NMs for further study and help in identifying the NM characteristics responsible for positive 

and negative impacts on seed germination rate, seedling growth, biomass and vigour. From this initial 

screening experiment a subset of NMs were chosen for further study in growing lettuce in soil or 

hydroponically, presented in Chapters 4 and 5, respectively. In these experiments we aimed to improve 

crop yield and quality and interrogate the scale and form of Nr losses. We hypothesised that there would 

be differences between negative controls and NM grown crops in both growing systems for lettuce yield 

and nutritive quality, and Nr losses; with these resulting differences being a direct consequence of the 

specific characteristics, or combinations of characteristics, that the NMs may possess. Specifically, we 

hypothesised that NMs are able to reduce N volatilisation from soil and hydroponic medium, while 

improving crop yield and quality. In these experiments we also looked at understanding the microbial 

source of these N2O emissions, which was done through the use of an adapted 15N stable isotope 

experiment for the hydroponically grown lettuce. It was expected that Nr losses would be minimised 

through the action of NMs on soil microbes, with direct effects predicted on microbial community 

makeup or denitrifying enzyme activity.  

Just as it was hypothesised that NMs will have an impact on soil microbes, the impact of the 

soil microbial community on the NMs was also explored. We therefore developed an experiment 

(Chapter 6) to determine how the presence/absence of soil microbes modulated soil Nr losses with NM 
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additions. We hypothesised that soil microbes may play an integral role in NM activity, acting with the 

NMs to alter the flux of Nr emissions. As soil is the main sink for NMs, especially in the case of 

purposeful NM additions, as with nanofertilisers, it is important to see how the NMs interact with other 

compartments of the agroecosystem. We therefore chose to explore how NM additions impact soil 

megafauna, in particular the worm Eisenia fetida, a commonly chosen model organism for terrestrial 

ecotoxicology studies. The NMs were expected to have a dose dependent impact on the worms, with 

biologically relevant concentrations chosen, as used throughout this body of work.  

Predominantly, we used metal oxide and zeolite nanomaterials with co-application of a reduced 

dose of nitrogen, phosphorus and potassium (NPK) fertiliser. The final aim of the work was to explore 

how having a source of N as part of the nanofertiliser structure was able to alter NM efficacy. This was 

achieved looking at the hydroxyapatite urea-doped amorphous calcium phosphate (U-ACP) in Chapter 

7. We anticipated that having urea as part of the nanofertiliser structure may aid in direct delivery and

reduce Nr losses. This experiment also explored other facets of Nr emissions, looking at NOY and NOX 

emissions, two compounds that contribute to poor respiratory health in humans. We expected that U-

ACP addition to lettuce growing soils would alter NOY production, likely reducing it due to the structure 

of the compound limiting N losses.  
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Chapter 2. Introduction – Use of Nanotechnology to 

Increase Nutrient Use Efficiency, Enhance Crop 

Nutrition, and Reduce Agricultural Pollution   
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This chapter will introduce broadly how nanotechnology can improve the use

of natural resources (nutrients, water, light) by plants and how this can

enhance the overall nutritional value of crops.

2.1 Introduction
Crops, as with all plants, require a specific range of natural resources to grow.

Light is essential for photosynthesis and is easily accessible for plants from the

sun. Water is secured via roots from soils and transported into leaves where

photosynthesis occurs: a process in which water and CO2 from the air are even-

tually converted to glucose in the presence of chlorophyll (plant’s green pig-

ment molecule). Nutrients (e.g., nitrogen, phosphorus, and potassium) are

obtained from the soil as part of the natural nutrient cycling process (through

the decay of plant and animal matter) and are essential for plant growth and

development. Limiting factors such as low availability of key nutrients put a

damper on potential growth and reduce the nutritional value of the crop. The

absence of key nutrients, which is increasingly occurring as a result of industrial

agriculture and intensification of farming, leads to poor quality soils that are

unable to supply the required nutrients, causing deficiencies in the plant, stunt-

ing their growth and, when sufficiently severe, triggering plant death. To

resolve this, fertilizers are extensively used to supplement the soil’s nutritive

value and ensure consistent crop growth and quality. Crop quality includes a

range of different aspects of a food crop, including nutritional value, which are
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important to consumers. This chapter will discuss nutrient management and

the history of fertilizer, agricultural pollution due to excessive fertilizer use, and

potential nanotechnology solutions to improve nutrient use efficiency (NUE)

and thus enhance productivity while reducing the negative environmental

impacts of agriculture.

2.2 Nutrient management and the
development of fertilizer
Plants growing in the wild do not require nutrient inputs in the same way as

crops do. Nutrient usage is a cycle; plant growth utilizes nutrients present in

the soil, which are then stored in the plant, and upon plant death, these nutri-

ents are returned to the soil for continuing usage by future plants. Agriculture

disrupts this cycle, by growing plants and then removing them, thus also

removing the nutrients that the crop has absorbed from the soil. The process of

crop and associated nutrient removal is then repeated many times over succes-

sive seasons and years to continue food production for human and animal con-

sumption. Continual growth and removal of crops result in a soil depleted of

nutrients, which is less able to sustain further crop growth. Nutritionally

depleted soils require new nutrient inputs to allow future crops to have produc-

tive growth, create the desired yields, and ensure that yield is of

suitable quality. Yield quality can refer to size, mass, nutritive content, or

esthetics of the edible part of a plant. In this chapter the focus will be on quan-

tity (yield), with some aspects of nutritive content of yields produced also

considered.

Nitrogen (N), phosphorus (P), and potassium (K) are the three essential mineral

elements required for plant growth and development. Nitrogen is an essential

element in amino acids, which are the building blocks of proteins. Rubisco is

the most prevalent enzyme in plant leaves with an estimated 5 kg of rubisco for

every person on Earth.1 Rubisco is an essential enzyme that catalyzes the reduc-

tion of CO2 into glucose, so N supply is directly linked to photosynthetic activ-

ity. Phosphorus is used in energy transfer as ADP and ATP (adenosine di- and

triphosphate, respectively) and is an essential component of nucleotides, as

well as being core to photosynthesis and aerobic respiration. Potassium is nec-

essary for nutrient and water transport in plants as part of active transport pro-

cesses via ion channels. Each of these nutrients cycle through organic and

inorganic forms, with different oxidation states, as it becomes (bio)available or

unavailable to plants through mineralization (oxidative breakdown in soil),

immobilization by soil microbes, adsorption to soil particles, or loss to the envi-

ronment. Nitrogen gas (N2) is the primary component of the Earth’s atmo-

sphere, but this inorganic, inert gas is inaccessible to plants for use. Instead, it

must be transformed into, like ammonia (NH3), for plants to be able to absorb

it. This process and the rest of the forms and processes that N undergoes
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throughout the nitrogen cycle are illustrated in Fig. 2.1. Soil bacteria are instru-

mental in the N cycle and convert N into different species. Nitrification is the

oxidation of reduced N forms into nitrite and then nitrate, making them acces-

sible to plants. Denitrification is the reduction of nitrate and nitrite into gaseous

forms of N, like N2. Incomplete denitrification can result in polluting N species

formation.

Nutrient input can be achieved through a range of methods. Nitrogen can be

gained using crop rotation, whereby leguminous plants, like peas or clover, are

grown in alternative seasons to other, more nitrogen-demanding crops, for

example, corn. Leguminous plants utilize their symbiotic association with

Rhizobium bacteria to “fix” N from the air and convert it into an accessible

form, typically NH3, for plants to translocate and use. Alternatively, N can be

added to the soil in the form of manure, crop residues, or as man-made fertil-

izer. Symbiotic partnerships between crop plants and mycorrhizal fungal part-

ners can aid plants in gaining access to P and K. There is no soil microbial

fixation process for P and K, which are naturally added through mineral weath-

ering and must be manually added where soils are depleted of them. P and K

are typically added as compound fertilizer, which contains differing ratios of N,
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Figure 2.1 Diagram of the nitrogen cycle, including the major forms of N and the processes that convert N from
one form to another. The four N species in the green box are bioavailable. Source: Adapted from Myrold, D. D. Nitrogen

Cycle. In Environmental Geology; Encyclopedia of Earth Science; Springer Netherlands: Dordrecht, 1999; pp 435�436. https://doi.

org/10.1007/1-4020-4494-1_234.
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P, and K. The N component must be fixed into a plant available form, achieved 
through the Haber�Bosch process (or Haber process), an energy-intensive arti-
ficial N fixation process, created in the early 20th century. Nitrogen and hydro-
gen gases are combined under high temperatures and pressures with an iron-
based catalyst to form ammonia, as per the equation given next.

N2 1 3H2  →  2NH3

This is an energetically expensive process and is currently dependent on fossil 
fuels for ammonia generation. The ammonia produced using the Haber�Bosch 
process can then be used in the Ostwald process, which reacts ammonia with 
nitric acid to form ammonium nitrate. The resulting ammonium nitrate was 
one of the most commonly used fertilizers globally due to its N supply in two 
different forms (ammonium and nitrate ions), but its popularity has waned over 
time due to its high water solubility (1.183 kg/L), which results in loss to the 
environment through runoff, toxic effects on animals, and its potential for use 
in explosives.2 Insufficient supply of N to crops is of major concern to farmers 
and the problem of insufficient N for effective crop growth is exacerbated by 
how easily N is lost from soils into water or is converted into gaseous forms by 
soil microbes, in a process called denitrification (NO, N2O, and N2 gases). Also, 
ammonia gets volatilized from soil into air, thus polluting air whilst reducing 
the amount of bioavailable N to plants. As a result of this, N fertilizer inputs 
have to be greater than the amount directly required by plants to maximize the 
amount of N actually taken up by the plants. This is turn results in more N pol-
lution to water and air (Table 2.1).

Phosphorus, unlike nitrogen, is not a renewable resource and has no substantial 
atmospheric component from which to draw. Instead, P must be mined from 
rock phosphate, with phosphate reserves expected to run out in the next 
50�100 years.3 An 85% of the demand for mined phosphate is for food produc-
tion, with UK-grown cereals on average requiring 27 kg/ha in 2021.4 There are 
large quantities of P present in soils and sediments; however, these are insoluble 
and not bioavailable, making them inaccessible to plants. The amount of P sup-
plied atmospherically and from the soil is insufficient for nutritionally demanding 
crops, which is why P fertilizer is required. Once applied to soils, P is less subject

Table 2.1 N species, their roles in the N cycle, and their environmental effects.

Gas Role Environmental effects

NH3 Used as fertilizer but can become

airborne from soil surfaces

Impacts on plant and habitat biodiversity. Can form particulate matter with

other gases, causing damage to heart and lung health in humans

N2O Produced by soil bacteria in

nitrification and denitrification

Destroys ozone in the ozone layer leading to global warming

NOx (NO

and NO2)

Produced by soil bacteria in

nitrification and denitrification

Causes global warming and acid rain, impacting soils and waterways. Some

forms can be damaging to human health and cause lung problems
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to runoff and leaching through to groundwater than N, due to the high fixation

capacity of mineral soils, that is, soils containing high quantities of minerals such

as clay, sand, and silt and low in organic matter precipitate phosphorus, due to

Ca, Al, or Fe content.5 However, overapplication of P fertilizer can lead to leaching

into groundwater over decades, and nitrate leaching can also promote P leaching

in groundwater-fed wetlands.6 Up to 40% of land is affected by P pollution,7 mak-

ing it essential to limit its use, and thus allow crops to use up legacy phosphorus

and limit its long-term ability to leach through soils. As with N, P losses from soil

mean that more P must be input to agricultural soils to counteract the losses and

ensure that growing crops have a consistent supply of P as they are growing.

Potassium (K) is the last component of NPK fertilizer (the N, P and K indicate

the three components of the fertilizer) and while there are large amounts of K

present in soil, but it is largely inaccessible to plants. Due to this inaccessibility,

water-soluble forms of potassium are added by farmers to support yield, main-

tain crop quality, and aid in plant stress resistance.8 Soils that are particularly

low in K are typically sandy, acidic, or waterlogged.9 If K is not applied to soils,

this can lead to a reduction in soil quality over time.

K can also become fixed in the soil, becoming adsorbed onto soil minerals quickly,

and is released slowly due to strong binding between clay minerals and K.10 K is

able to transfer relatively easily between more readily and less readily available

forms in the soil, forming part of the soil solution after its addition but becoming

less accessible as K1 ions are bound between soil’s silicate layers and immobilized.

K is typically added to soils based on the N requirements of the crop, leading to

excesses or shortages of K. Due to K’s ability to adsorb onto clay minerals, there is

minimal leaching and low mobility; however, this increases in lighter textured soils

like sandy or loamy soils. K losses are primarily through surface runoff after applica-

tion in nonoptimum conditions, for example, due to waterlogged soils or cracked

soils. Maintaining soil reserves of K is essential but additions of K have no direct

effect on crop yields, making soil’s K contents a less focused upon aspect. To main-

tain reserves, K typically does not need isolated additions and is just added as part

of NPK fertilizer as defined by the crop’s need for N and P. The buffering capacity,

defined as the ability of a soil to resist changes, for example, in pH, depends based

on its soil type and makes maintaining K reserves more of a challenge in soils with

less than 5% clay contents.

Where there is a lower exchange capacity, K must be added in smaller amounts

more regularly or will be released from soils faster.11 As seen in Fig. 2.2, N fertil-

izer is hugely overapplied in many nations globally, with no positive impact on

yield and instead causing greater environmental pollution.

The risk of losses to water and air of the different components of N fertilizer has

meant that overfertilization is common on commercial farms, with global

increases in fertilizer usage over the last 60 years, as seen in Fig. 2.3.

Overfertilization has significant effects, polluting the air and water and having a
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Figure 2.2 Proportion of N pollution a nation releases compared to the impact the increase in N fertilizer has
on reducing yield gaps relative to their neighboring countries. Overapplication of fertilizer with no gain in yield
is reflected in the positive values (yellow to red spectrum).12 Source: From Wuepper, D.; Borrelli, P.; Finger, R. Countries

and the Global Rate of Soil Erosion. Nat. Sustain. 2020, 3 (1), 51�55. https://doi.org/10.1038/s41893-019-0438-4.

Figure 2.3
Nitrogen fertilizer
use has increased
globally, as shown
in this graph of
fertilizer usage from
1961 to 2014.
Total nitrogen
fertilizer
consumption is
measured in tons
per year. Source:

From Hannah Ritchie,
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online at
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compounding effect on soil quality also. Over the last century, fertilizer use has

increased massively, with the advent of synthetic N fixation estimated to sup-

port an additional 3 billion people globally, who without synthetic nitrogen fer-

tilizer may never have been born.13 With the affordability of fertilizer and the

rise of industrial arable farming, fertilizer usage has spread and increased mas-

sively over the last century, particularly in the tropics and global south,14 with

fertilizer demand predicted to continue increasing over the coming century.15

This allows yields to be maintained by farmers but does not tackle the crux of

the issue—low NUE. Even with massive increases in the amount of fertilizer

applied, only roughly 50% of the nutrients they contain are adsorbed by

plants.16 Effective nutrient management requires improvements in the effi-

ciency of nutrient transfer to plants, with awareness of how different crops and

soils leach nutrients, how timing and rate of fertilizer application affects likeli-

hood of pollution, and how the type of fertilizer used also impacts on nutrient

loss and utilization. In addition to these, improving the retention of N and P in

soils is also important and can be achieved through better management or

alternate sources of fertilization. For example, avoiding the use of urea as fertil-

izer, which is more susceptible to volatilization into NH3, or timing fertilizer

application to avoid heavy rains to prevent excessive leaching.

2.3 Nanotechnology: how it works
and potential uses within agriculture
What is nanotechnology?

Nanotechnology refers to the manipulation and use of matter on an atomic,

molecular, and supramolecular scale for industrial purposes, including in medi-

cine and agriculture, using materials and particles whose dimensions occur on

the nanoscale, typically 1�1000 nm. To put this in perspective, a nanometer is

a million times smaller than an ant’s leg! Popular examples include graphene,

which won the 2010 Nobel Prize for Physics, and quantum dots, which have

uses in computer screens and solar panels. Nanomaterials (NMs) have a range

of different features which make them useful for this wide range of applications,

as well as being of similar scales to biological machinery such as cellular recep-

tors. They have been used in batteries, electronics, and industrial purposes, as

well as in biological contexts, like in drug delivery or for controlled release of

pesticides.17,18 The main feature of NMs that enable them to be used in this

many applications is their nano-size, making them differ from their bulk coun-

terparts. Nanoscale materials are subject to quantum effects (depending on

their composition) and have incredibly high surface-area-to-volume ratios. It is

the very large surface area that confers high reactivity to NMs and increases

their efficiency in different contexts, including as catalysts, sensors, for environ-

mental remediation and to achieve high loading of cargoes such as fertilizers or

pesticides.
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Their large surface area, and porosity as in the case of some NMs like zeolites,

permit high loading of N or urea and can allow key species to bind tightly to

their surface, either in a specific or targeted manner (e.g., for pollution remedi-

ation) or through nonspecific interactions and so-called corona formation.19,20

Utilization of the surface area and selectivity of binding could be applied to

enhance NUE by using NMs to bind desirable N forms in the soil, allowing

them to remain present for longer and preventing those nutrients from being

subject to leaching or loss to air. The redox activity of NMs means that they are

able to support electron transfer and convert N into different forms, up and

down the redox ladder. The redox ladder refers to how energetically favorable

a specific redox reaction is, with more energetically favorable reactions at the

top of the ladder and progressively less energetically favorable reactions going

down the rungs.

Volatilized and denitrified N species that are global warming gases or danger-

ous to human health are hypothesized to potentially be bound by NMs and,

through electron transfer, convert the gases into different forms. Similarly, the

catalytic activity of NMs could be utilized to prevent air pollution from the

atmosphere, for example, nanoscale iron oxide particles are able to adsorb SO2

from the atmosphere.21 The nanomaterial could be developed to bind other

trace soil elements that could aid the existing soil biodiversity to prevent nutri-

ent pollution. An example of this could be using a copper-based nanomaterial

to improve nitrous oxide reductase enzyme expression by soil bacteria which is

a key enzyme in the reduction of N2O to N2 gas, rendering it nonharmful.22

Nanotechnology has been proposed as a solution to a range of different pro-

blems in agriculture, including pest control through enhanced targeted deliv-

ery, reduced disease, and improving the efficiency of nutrient usage. As

mentioned previously, conventional fertilizers are typically very inefficient with

up to 60% lost as leachate or through volatilization.23 More efficient and envi-

ronmental friendly fertilizers are required to increase food production in line

with the globally increasing population, efforts to reduce food insecurity, and

global sustainability goals. These combined potential positives of nanotechnol-

ogy, of reducing air and water pollution, improving global crop yields, and

decreasing the time and cost intensiveness of fertilizer treatment, make them a

promising and sustainable alternative to commercial fertilizers. This work ties

into two of the UN’s global sustainable development goals (SDGs), zero hun-

ger, and life on land. The SDGs are a worldwide blueprint to focus on sustain-

able development and reflect the intersectionality between many of the world’s

problems. The FAO (Food and Agriculture Organization of the United Nations)

recognizes in its 2013 report the massive potential there is for using NMs in

agriculture; however, a complete assessment of the long-term implications of

their use on soil health and the impacts on wider food webs and in humans is

required. Currently, most toxicity information on NMs is based off their bulk

counterparts; however, nano versions of these materials can have very different
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effects, potentially becoming far less, or far more, potent. This is a by-product

of the reactivity and accessibility of these nano-forms; NMs are more reactive

due to their high surface areas and their size means they can access intracellular

compartments that bulk materials cannot. The risks that NMs pose in these

locations are greater, but if science is able to capitalize on the benefits, it could

outweigh the risks.

NMs can be synthesized physically, chemically, and biologically, and these

methods can either be bottom-up or top-down. Top-down synthesis involves

processing bulk materials into their nanoscale counterparts, for example, physi-

cal or biological synthesis, while bottom-up synthesis is the formation of the

NMs from the atomic level with self-assembly leading to the nanostructure, for

example, chemical synthesis. NMs can be applied to plants through the leaves

(foliar) or via the roots, and the form of application, for example, with or with-

out nutrients, the shape of the nanomaterial, can differ widely. Examples of

ru�le anatase brookite

(A)

(C)

(B)

(D)

Figure 2.4 Nanomaterial structures can range widely but all are between 1 and 1000 nm (although many reports
and regulatory definitions cap the size at 100 nm). (A) FAU-type zeolite, (B) chitosan nanoparticles, (C) three forms
of TiO2; rutile, anatase, and brookite, (D) carbon nanotube.25,26 FAU, Faujasite. Source: From Saremi, S. Tehran University

of Medical Sciences via Open-i, US National Library of Medicine; Baranowska-Wójcik, E.; Szwajgier, D.; Oleszczuk, P.;

Winiarska-Mieczan, A. Effects of Titanium Dioxide Nanoparticles Exposure on Human Health—A Review. Biol Trace Elem. Res. 2020,

193 (1), 118�129. https://doi.org/10.1007/s12011-019-01706-6 and based on Samat, S. F. A.; Sarah, M. S. P.; Idros, M. F. M. In

High Optical Transmittance of Nanostructured TiO2 Thin Film Using Dip Coating Method, In 2016 7th IEEE Control and System

Graduate Research Colloquium, pp 52�56; IEEE, 2016. https://doi.org/10.1109/ICSGRC.2016.7813300. AJC/flickr/CC BY-SA 2.0.
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different nanomaterial shapes and conformations can be seen in Fig. 2.4, the

shape of a nanomaterial can have significant effects on its activity.24 NMs used

to carry fertilizers could be used to aid in controlled release of nutrients, reduc-

ing losses to the environment and enhancing NUE.

2.4 The problem of agricultural
pollution and methods to minimize it

2.4.1 Soil pollution
Soil’s productive capacity has been reduced over time due to soil erosion, culti-

vation, and atmospheric pollution, among other causes. Soil quality refers to

the physical, chemical, and biological properties of soil and can be defined as

“the ability of the soil to sustain the productivity, diversity, and environmental

services of terrestrial ecosystems.”27 Soil pollution is defined as the degradation

of soil quality, with negative effects on soil’s ability to sequester carbon, overall

structure, and ability to cycle nutrients, like phosphorus or nitrogen. Soil pollu-

tants, like fertilizers, pesticides, and industrial waste, all impact on soil’s physi-

cal, chemical, and biological properties. Additionally, soil pollution can have

major impacts on soil structure and affect key ecosystem engineers, like earth-

worms, that create air gaps in the soil.

Soil structure impacts on crop growth and also has knock-on effects on water pol-

lution through runoff and leachate, discussed in depth later in this chapter.

Agricultural soil requires pores for root growth, water, and air movement through-

out, with a 2:1:1 solid, air, and water ratio being optimal for plant growth. When

soil is compacted through poor land management, crop productivity decreases as

does biodiversity. This compaction also triggers a greater amount of surface runoff,

leading to flooding and soil erosion; these processes also allow fertilizers to be

washed into waterways faster leading to water pollution. There is also evidence

that land management can affect the ability of soils to store organic carbon.

Agricultural soils are one of the world’s largest carbon sinks, and with decreases in

soil quality that carbon has been depleted. Using agricultural soils for carbon

sequestration is a potential method to help combat climate change.

There is potential for NMs to modulate soil biodiversity, altering both the diver-

sity and abundance of different bacterial populations, in turn having knock-on

effects on soil health and nutrient cycling.28 NMs could even be used to aid in

nitrogen fixation, as is the case with S-Fe2O3, which enhanced nodule develop-

ment and delayed nodule senescence after foliar application to soybean.29 Soil

remediation using NMs is another method that NMs could be used to improve

soil quality and prevent further degradation.30 This could be achieved through

using their surface area to bind and immobilize pollutants, aid pollutant uptake

by plants, or to cause those bound pollutants to degrade, overall limiting their

mobility through soil and therefore reducing their toxicological effects.31�33
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There is limited viable agricultural land and while sustainable intensification of

our existing agricultural land is important, rescuing land that is otherwise unus-

able is also an increasingly important option. Soil contaminants include heavy

metals that can severely stress plants and massively inhibit growth, not to men-

tion potential toxic effects from eating the edible parts of the crops grown

here.

2.4.2 Water pollution
Due to the high release rate of conventional fertilizers, soils may become

flooded with nutrients upon treatment. When the nutrients are unable to be

absorbed by the crops due to exceeding the absorption rate of the plants, they

are washed through the soil in a process called leaching. Leaching occurs as soil

particles, phosphate, and nitrate are all negatively charged leading to repulsive

forces and preventing adhesion of the nutrients onto the soil particles such that

they remain in the water phase and remain mobile. High levels of fertilizer

application cause significant amounts of fertilizer to be lost as leachate. Other

factors impacting leaching include soil drainage, rainfall, and crop uptake. High

levels of nutrient leaching lead to groundwater pollution, where the groundwa-

ter is made unfit for human consumption and can affect local wildlife that also

relies on the water for drinking.

Eutrophication is the process where a body of water develops high levels of algal

growth. This can occur naturally; however, human activity accelerates algal

growth by runoff of nitrate and phosphate fertilizers from agriculture, sewage dis-

posal, and industrial activity.34 Total nitrogen loading from soil to water includes

both organic and inorganic forms of N. This includes not just the N-based ions

present in the soil but also the proteins and amino acids that can be oxidized

into bioavailable forms and contribute to eutrophication. The effect of these algal

blooms is that the water becomes hypoxic, where the oxygen content of the

water is decreased to suboptimal levels, or even anoxic, when the water is

completely lacking in oxygen. Reducing the water oxygen levels so severely

impacts on the ability of organisms living in the water to survive, killing plants,

fish, and other water-dwelling creatures. Once the water is anoxic, this forces the

bacteria to switch to anaerobic respiration and utilize other chemicals down the

redox ladder, for example, nitrate, iron, or methane, to maintain their energy

source. This is less energetically productive for the bacteria and also has the effect

of producing other chemical species, like sulfides and methane, which are them-

selves pollutants. Other negative effects as a result of eutrophication include

blue-green algae growth; these blooms occur mostly in summer and are a form

of cyanobacteria. They produce cyanotoxins that can affect the nervous system,

liver function, and skin. Cyanotoxins can be detrimental to aquatic organisms

they share the water with and can be lethal to other organisms in direct contact

with the algal bloom, including birds, mammals, and other plants. This has par-

ticularly negative effects if the water is relied upon for human consumption,
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causing methemoglobinemia, known commonly as Blue Baby syndrome.

Additionally, there are links between one cyanotoxin produced by these blooms

and Alzheimer’s.35 Current solutions to water pollution aim to minimize the

effects of runoff by using NMs to trap bioavailable forms of N in the soil thus pre-

venting runoff and subsequent eutrophication. Zhao et al.22 have shown the

effectiveness of using semiconducting NMs to catalyze the oxidation of organic

pollutants, like nitrates, as a wastewater treatment method. The organic N

undergoes mineralization, where organic molecules are converted into inorganic

ones. Applying this technique to agriculture could prove an effective method to

minimize runoff at source and could also potentially allow the reuse of the recov-

ered N-fertilizers saving money for farmers.

These primary concerns with nutrient runoff into water bodies concern freshwa-

ter, eutrophication in lakes, and bodies of drinking water. However, nutrient

runoff can also have major impacts on saltwater and create ocean dead zones

due to algal blooms. This has major long-term impacts on delicate oceanic eco-

systems and must also be rectified.

2.4.3 Air pollution
Phosphorus and potassium are not found in high proportions in the atmo-

sphere, but there are a range of forms of nitrogen that are naturally present or

that arise from human activities, including agriculture. After application of fertil-

izer to soil, soil microbes such as Pseudomonas act to either volatilize the ammo-

nium ions or to denitrify the excess N present. This volatilization and

denitrification, as seen in Fig. 2.1, release N-containing compounds into the

atmosphere. Denitrification, when completed, releases nitrogen gas (N2) into

the atmosphere, which is an inert gas that comprises 78% of Earth’s atmo-

sphere. Incomplete denitrification can cause a number of different N-

containing gases to be released, like NO, NO2, or N2O (Fig. 2.5).

Once produced, these gases are retained in the atmosphere and can go on to

react with other atmospheric compounds. The largest proportion of these volatil-

ized gases is nitrous oxide (N2O), which is a major greenhouse gas, causing ozone

depletion. In the late 20th century, chlorofluorocarbons, commonly known as

Figure 2.5 Outline of N compounds that occur throughout the nitrogen cycle, with NOY species (i.e., reactive
nitrogen oxides in which the oxidation state of the N atom is 12 or greater) highlighted in teal. NOX refers to
NO and NO2.
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CFCs, were in common usage and could be found in fridges and deodorants.

These CFCs were found to be ozone depleting and banned, with N2O being the

main ozone-depleting substance produced today. Solving the problem of N-based

air pollution has been discussed using the hole-in-the-pipe model, first theorized

by Firestone and Davidson.36 One particularly damaging result from N air pollution

is acid rain. Acid rain is formed when NOX reacts with water and oxygen particles

in the troposphere, the lowest layer of the atmosphere that surrounds Earth.

Gentler acids, around pH 5, are typically neutralized by alkaline components in

soil, bedrock, and bodies of water. Human activity has caused an increase in acid

rain and an increase in the acidity of the rain formed. This means that the natural

buffering systems in place, such as the carbonate buffering system, are incapable

of neutralizing the acid rain. Acid rain causes damage to buildings made of lime-

stone and other softer rocks but also has major effects on ecosystems and biodiver-

sity. As acid rain falls, it acidifies the soil, lakes, and streams it enters. This disrupts

the ecosystem and can have negative effects on soil and water biodiversity. Soil

acidification has other impacts also, as the pH of soils is lowered, the carbon losses

from those soils increase, this could have long-term impacts on global efforts to

carbon sequester using soil.37 Reduced and oxidized forms of N, like NOY, have

health implications in lower parts of the atmosphere.

N2O has 300 times the radiative forcing effect of CO2 due to its ability to

degrade ozone. N2O is released from incomplete denitrification (Fig. 2.5) and

the amount that is produced depends on the nitrogen inputs into the soil, the

soil moisture, and the temperature. N2O emissions occur mainly from agricul-

ture (Fig. 2.6). NOY is also produced from incomplete denitrification and has

severe effects on human health, being incredibly dangerous for people with

lung conditions, including asthma.

The effect of N2O and NOY on humans and the environment is significant

and for agriculture to become more sustainable methods to reduce these

dangerous N species from being produced is necessary. Using NMs to pro-

vide a more efficient source of N to plants is one option, reducing the excess

organic N that soil microbes can act on. Other potential methods using NMs

would instead seek to change the N2O and NOY into less damaging com-

pounds. Nanocatalysts are NMs with catalytic properties. One use of nano-

catalysis is to create the ammonia required for fertilizers using a more

sustainable and environmental friendly method by reducing atmospheric

nitrogen, with water and electricity using hollow gold nanocages.39 This

principle of using NMs in catalysis could provide an opportunity to apply a

similar nanomaterial to minimize dangerous N emissions from soils. If a

nanomaterial was found that was able to act without the presence of elec-

tricity (e.g., through solar power or via a redox reaction) and was able to

catalyze the conversion of N2O and other harmful forms of N to neutral

ones, this would be of massive benefit to agriculture and reduce agricultural

N emissions massively.
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2.5 Nanotechnology as a solution
for the inefficiencies of conventional
fertilizers

2.5.1 Improvements to nutrient use efficiency
Nanotechnology has been shown to be a promising solution to overfertiliza-

tion and its resulting impacts on the environment. To improve NUE of crop

plants, there are four keyways in which fertilizer application must be opti-

mized: (1) the form that the nutrient takes should be most appropriate for its

use, as should; (2) the rate; (3) the timing; and (4) the location of application.

Low NUE results from the release rate of a fertilizer being greater than the

absorption rate of the crop plant. Absorption rate is influenced by environ-

mental factors like humidity, temperature, and soil compaction; biological fac-

tors like species, developmental stage, and nutrient status; and nutrient

factors like concentration or pH. This can be further affected by any transfor-

mations the fertilizers undergo (like mineralization) which could affect the

nutrient’s bioavailability.40

Figure 2.6
Global nitrous
oxide (N2O)
emissions from
1990 to
2030.38 Source:

From Reay, D. S.;

Davidson, E. A.;

Smith, K. A.; Smith,

P.; Melillo, J. M.;

Dentener, F.; Crutzen,

P. J. Global Agriculture

and Nitrous Oxide

Emissions. Nat. Clim.

Change. 2012, 2 (6),

410�416. https://doi.

org/10.1038/

nclimate1458.
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To align the release and absorption rates, and therefore increase nutrient effi-

ciency, a range of different solutions have been suggested. These include preci-

sion fertilizer application, where satellite or drone imagery is used to inform

farmers about exactly when and where to apply fertilizer, or fertigation where

low levels of fertilizer are added to the irrigation system in a drip-feed style. A

less technology-intensive version of this approach is applying fertilizers in a

localized or split way. Localized fertilizer is buried in the soil, typically before or

during sowing, this allows the nutrients to be available to the plants without

rain or irrigation and can decrease the amount of fertilizer required overall. Split

fertilizer application applies fertilizer at two or more distinct times in the crop’s

growing season, rather than all at once at the start. This helps the nutrients to

be applied at the correct rate for the plant’s roots to be able to adsorb the

nutrients appropriately, minimizing the period of time over which nutrient loss

can occur. Using cover crops after the main crop’s growing season is finished

can help to minimize nutrient losses to the environment; however, this is a

solution to the symptom not the cause of the problem. The use of microencap-

sulation has been previously used in agriculture to allow slow release of fertili-

zers or pesticides in soils. The casing of the fertilizers is made of plastic, which is

unable to biodegrade and instead forms microplastics in the soil. The plastic

casing is used to slow the release of the nutrients, and also to prevent poten-

tially severe health effects on farmers and those applying the nutrients or pesti-

cides. The long-term effects of microplastics on soil systems is unknown, with

fears that they will have effects on soil microorganisms and in turn effect biodi-

versity and food chains.41,42 Using nanoencapsulation is a similar alternative

that reduces the amount of plastic introduced into the soil. In nanoencapsula-

tion, nanoparticles are used as a nanoscale packaging layer over the target

compound. This produces a film over the surface of the molecules being pack-

aged and gives it a nanoscale defense; this could increase the bioavailability of

the packaged molecules and allow a targeted release mechanism to be

enacted. An example from agriculture is using a chitosan nano-matrix to encap-

sulate silicon; this nanofertilizer allows slow and controlled release and has been

shown to enhance maize yield by more than 40% per plot.43

Nitrogen has low retention in soil typically; however, NMs can be doped with

sources of N with the aim of aiding N retention in the soil for longer periods of

time and improved access to the roots. NMs are able to bind different mole-

cules with different levels of affinity/specificity/strength and identify particles

that are able to bind specific N, P, and/or K species at the correct level, where

they are still available to plant roots could solve issues around nutrient leaching.

NMs that are able to bind N2 gas have already been identified, as is the case

with carbon nanotubes used in catalysis44 Another issue is the difficulty of get-

ting nutrients from the soil into the plant. Low uptake of nutrients is a problem,

with nutrients transported into plant roots using active transport and requiring

a sufficiently extensive root network to be functional. NM�nutrient composites
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or NMs that can bind or contain nutrients themselves may be able to help

transport of nutrients into plants and then release them in situ. Some NMs,

dependent on size and shape, are able to enter plants and travel through the

xylem or phloem before crossing the cell wall barrier and are transported

through the apoplast pathway.45 Crossing through the cell membrane occurs

through several different mechanisms, as shown in Fig. 2.7, including through

endocytosis where the cell membrane invaginates to allow nanoparticles to be

stored in endosomes (membrane-bound organelles that sort transportation

inside cells) within the plant cytosol, or through gaps in the cell membrane

called plasmodesmata.46 Foliar sprays can allow NMs to enter plant leaves

through their stomata. NMs can also be used on plants that are not yet mature,

for example, seed treatments with NMs, where NMs are able to penetrate the

seed coating, as demonstrated by carbon nanotubes entering tomato seeds.47
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Figure 2.7 Nanoparticle absorption, uptake, and transport in plants. Source: From A., Pérez-de-Luque;
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Sci. 2017, 5. https://doi.org/10.3389/fenvs.2017.000121.

Nano-enabled Sustainable and Precision Agriculture

38

https://doi.org/10.3389/fenvs.2017.00012


Using nanobionics to improve plant photosynthesis was achieved using carbon

nanotubes to improve chloroplast functioning and increase the photosynthetic

activity of the plant.49 Improving a plant’s photosynthetic efficiency should

allow a greater amount of sugars to be available to the plant, imparting it with

more energy to put into increasing yield or other aspects of growth, affecting

NUE. Plant nanobionics is discussed further in Chapter 7.

Often, the effect on NUE of an NM can be seen experimentally, but the mecha-

nism by which this takes place is unknown, with some proposed solutions seen

in Table 2.2. Urea-doped amorphous calcium phosphate (U-ACP) has been

shown to maintain crop quality even when the N applied is in far smaller quan-

tities than would have been added with conventional fertilizers, like urea. This

has been shown in wine grapes (Fig. 2.8), with applications of 0.4 kg/ha of

U-ACP maintaining grape quality when compared to conventional fertilizer

application with 6 kg/ha of N added.50 Similar effects have been seen in

cucumber (20% increase in NUE as compared to conventional fertilizer) and

wheat (N reduction of 40% with no impact on yield), indicating the potential

improvements in NUE that can be enabled using nanofertilisers.51,52 This grow-

ing body of work also indicates that nanotechnological improvements to yield

and crop quality can be derived for both monocots and dicots, with different

NMs proving effective for different species.

2.5.2 Improvements to crop growth, quality, and resilience
Crop quality includes a range of different features other than yield. The size

and mass of the crop are of significant interest as are the nutritional content,

shape, and esthetic value of the crop. For example, the number of tomatoes

produced is not the only factor that farmers will be concerned with. Variety,

Table 2.2 Key features of nutrient use efficiency and how each aspect can be tackled by

nanotechnology.

Feature Problem Nanotechnology solution

Nutrient

uptake

Nutrients enter roots through active

transport

NMs have been shown to enter plants through roots, with particularly

small NMs passing through cell wall openings, and stomatal pores or

cuticle pores in leaves also. Some NMs are unable to be taken up and

instead coat the root epidermis

Transport Nutrients are transported through

the phloem along with sucrose

NMs are smaller and able to be transported either through the phloem or

xylem (depending on composition) and can travel by different routes within

the plant, e.g., apoplast (extracellular) and symplast (intracellular) pathways

Storage Nutrients are stored in sinks, like

leaves, fruits, roots, and stems

NMs are hypothesized to be stored in the vacuole of plant cells48

Mobility N and P both quite mobile through

soil, K far less mobile

NMs adsorb to soil particles upon application and are far less mobile than

traditional forms of fertilizer like urea and ammonia but do still migrate

through soil
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shape, size, flavor quality, and nutritional composition are all significant factors

that will affect consumer satisfaction. Additionally, food esthetics have come

under scrutiny in recent years, with many supermarkets opting to sell “wonky”

fruit and vegetables at a reduced rate rather than disposing of them due to

concerns about lack of consumer acceptance. NMs are able to affect multiple

different facets of plant growth and development. From increasing stem length

and diameter in watermelon53 to altering the nutritive content of a plant, NMs

are poised to make major impacts on crops in a range of ways. In rice treated

with cerium oxide nanoparticles, there was less starch, storage proteins (prola-

mins), fatty acids (lauric and valeric acids), and antioxidants.54 However, toma-

toes treated with nutrient loaded 100 nm liposomes were able to overcome

their acute nutrient deficiencies in Mg and Fe, which conventional treatments

were unable to do.55 This highlights further how different NMs, and different

crops will interact differently and conclusions from one case cannot be extrapo-

lated to others.

Beyond crop quality, to have effective plant growth, stress must be minimized

for plants. If a plant is forced to grow with insufficient water, in contaminated

soils, is too hot or cold or is subject to biological pests and pathogens, it will

never grow to its full potential and the quality of the resulting crop will be simi-

larly stunted. Using NMs to aid in crop resilience and stress tolerance, or as

nanopesticides to help defend against pests, can also impact crop growth and

quality. Improvements to plant salt stress tolerance have been achieved in the

oil crop rapeseed (Brassica napus) and model plant Arabidopsis thaliana through

Figure 2.8 Wine grapes are a major crop worldwide, with the global wine market estimated to be worth
$326.6 billion in 2020. Growing wine grapes is a water and nutrient-intensive activity where quality and yield
cannot be compromised on. Application of U-ACP on wine grapes generated a massive increase in nutrient use
efficiency, with the amount of N applied 15 times lower than with conventional fertiliser.50 U-ACP, Urea-doped
amorphous calcium phosphate.
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application of CeO2 NMs, which is achieved through the antioxidant nature of

the CeO2 NMs whereby hydroxyl (OH) radicals are scavenged leading to long-

term retention of K1 ions, allowing photosynthesis to persist under salinity

stress.56,57 Soil water retention using zeolites, a cage-structured nanomaterial,

could help prevent osmotic and drought stress for crops by retaining water in

the pores and enabling slow release. Soil water retention is largely dependent

on soil particle size and therefore soil type, for example, clay and silt. Adding

zeolites to soil has been shown to improve infiltration of water into the soil, to

help in minimizing runoff and to increase soil moisture.58 This could aid in min-

imizing the amount of freshwater and irrigation required in commercial arable

farming, with agriculture being the number one use of freshwater globally,

using B70% of freshwater supplies.59 Drought stress, which is predicted to

increase further as a result of climate change, has major impacts on crop pro-

ductivity and minimizing water inputs where possible is of major interest in

many regions globally. Other stresses, like salt stress, are similar to drought

stress in that they both cause osmotic stress to the plant where there is insuffi-

cient water accessible to the cells. This generates the production of reactive

oxygen species (ROS) which cause harm to plant cells and uses up energy the

plant would ideally be putting into growth to fight the oxidative stress

arising from excessive ROS. Carbon-based NMs have been shown to improve

salt stress tolerance and increase both germination and total biomass in a range

of crops. The carbon nanotubes used were able to significantly reduce the con-

centration of Na1 ions and the carbon-based NMs upregulated expression of

water channel genes called aquaporins.60

Other modes of action for NMs to improve total growth include using NMs to

defend against pathogens. Silver nanoparticles when applied to the leaves of

tomatoes have been shown to improve resistance to foliar pathogens, with

79%�98% improved resistance as compared to the control.61 Similarly, using

nanoscale copper can aid in reducing Fusarium (a soil fungus that can have dev-

astating impacts on crops, resulting in root rot, wilting or stem cankers to

develop) with a concentration of 450 ppm inhibiting 93.98% of Fusarium fungus

growth, with conventional fungicide products typically inhibiting growth by

62%�68%.62,63 Please see Chapter 3 on nanofertilizers for more information on

how NMs can improve crop nutrition and Chapters 4 and 5 for information on

nanopesticides and NMs for plant pathogen control.

2.6 Summary

2.6.1 Nutrient use in farming and how nanotechnology
can improve yields and reduce pollution
NMs can be applied in a range of techniques to improve NUE, these range

from being used as fertilizers, to improving soil water retention, minimizing

pests and disease, or catalyzing conversion of nutrients to less harmful forms to
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minimize wastage and pollution. There is a significant body of research already

existing looking at natural and engineered NMs effects on different aspects of a

range of crop plants growth, including yield, nutritive content, and resilience to

stress. By reducing total nutrient inputs into soil, it is hoped that this will in

turn minimize excess nutrients being converted into volatile species that impact

on climate change and air quality, prevent leaching into waterways and the

associated effects on biodiversity, and also prevent soil degradation.

2.6.2 Areas of concern regarding nanotechnology?
NMs’ long-term effects have not yet been fully determined and how they

respond and transform in different environments is still being researched. If

NMs persist in soil, they may even be considered a soil pollutant themselves,

along the lines of the microplastic capsules currently utilized in controlled pes-

ticide release. Utilization of naturally derived nanoscale materials such as

nanocellulose and zeolites may offer advantages from a regulatory perspec-

tive. For deep understanding of whether NMs provide a holistic solution to

current fertilizer inadequacy, their impact on nutrient cycling, toxicity to soil

microbes and fauna, and their cumulative effects in food chains need to be

explored over multiple growth cycles and under field conditions.

Public knowledge of nanotechnology is low, with knowledge on applications

in agriculture not commonly considered or well publicized, although it is

likely there would be less resistance to nano-enabled agriculture than there

has been to use of genetically modified crops in Europe. However, the toxicity

of NMs and their effect if ingested is dependent on the composition of the

NMs and the amount. Some NMs have been approved for use in food, for

example, silica and titanium dioxide, and others have previously been used in

food with permissions revoked due to new findings.

2.7 Study questions
1. Make a list of the pros and cons of using NMs in agriculture, what problems

do they solve and what potential issues could their use raise?

2. Seed germination experiments are popular for understanding nanomaterial

phytotoxicity; describe how you would set up a seed germination experi-

ment. What factors might you need to consider/control?

3. Which points in the nitrogen cycle are most amendable to intervention

through use of nanotechnology, and why?
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3.1. Abstract 

Seed priming, through managing the temperature and moisture of seeds, aids in promoting seed 

germination and giving seeds an early growth advantage. Nanomaterials have been used in seed priming 

to aid in water uptake, and trigger improved stress resilience, priming them for adverse conditions later 

in development. This experiment directly compared 54 nanomaterials at 500 mg L-1 to develop a method 

for identifying nanomaterials with positive effects on seeds, enhancing germination rate as well as early 

shoot and root growth. Equally, investigation of the changes in NM characteristics after exposure to 

different crop seeds was studied. The crop species used were wheat and lettuce, representing monocot 

and dicot crops respectively, with nanomaterial effect expected to at least partly depend on the plant 

development strategy. Metal oxides and zeolites were found to have the best impacts on seed 

germination for both species. Other tested nanomaterials, like metal organic frameworks, produced a 

toxic effect and inhibited growth at the same concentration. Exposure to seeds has a significant impact 

on nanomaterial characteristics, triggering aggregation of metal oxides and an increase in zeta potential 

of zeolites. These effects are predicted to be through the action of seed exudates, with nanomaterial 

application having differing effects on the protein concentration of wheat and lettuce seed exudates. 

Other components of seed exudates, like organic acids, should be studied in further depth. Correlative 

analysis was performed on the outputs of this dataset indicates that some initial nanomaterial 

characteristics, like agglomerate size and zeta potential can be indicative of effects on wheat seed growth 

and germination. Further dose-response testing for both lettuce and wheat would extend current 

knowledge and enable modelling and optimisation of nanomaterials properties for effective seed 

priming.  
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3.2. Introduction 

Study of seed physiology began with the ancient Greeks, with records dating back to 300 B.C.E. 

(Evenari, 1984). Seed priming, or regulating the germination process of seeds by managing the 

temperature and seed moisture content, is commonly used pre-sowing to aid in germination and seedling 

vigour, in turn impacting on crop productivity and quality later in development (Paparella et al., 2015). 

Seed priming can trigger positive effects on plant growth, either through initiating the first stage of 

germination, or aiding the plant in early establishment due to an enhanced resilience to environmental 

stressors (Chen and Arora, 2013). These effects can be achieved with water, known as hydropriming, or 

other chemicals such as hydrogen peroxide (H2O2). Other priming methods include using 

phytohormones to trigger germination, prime plants for stresses later in development or improving crop 

yield under adverse conditions through modulating ion uptake (Rhaman et al., 2021; Bertini et al., 2018; 

Iqbal and Ashraf, 2013).  

Seed desiccation permits seeds to survive for long periods of time until ideal conditions are met 

for germination There are three core phases of seed germination, beginning with water imbibition. In 

the first stage a proportionally large volume of water is taken up by the seed, permitting preparation for 

stage two. At stage two the uptake of water slows, but a massive increase in metabolic activity is seen. 

The uptake of water is a core part of the transition to activity; this permits the breakdown of starch stores 

in the seed’s endosperm, releasing energy and enzymes for further stages of development. These 

contribute to the final phase of seed germination, where the radicle begins to emerge from the seed and 

water uptake is again increased to enable new growth (Bewley, 1997). Seed priming acts on stages one 

and two of germination, resulting in faster emergence of the radicle (Paparella et al., 2015). The timeline 

of generalised physiological seed germination and post-germination responses are displayed in SI Figure 

S3.1.  

Engineered nanomaterials (NMs) have been used in the context of seed priming for a range of 

major crops including rice, tomato, and wheat (Bertini et al., 2018; López-Vargas et al., 2020; Bayat et 

al., 2022).  NM effects depend heavily on their physico-chemical properties, in particular size, surface 

charge, shape and concentration (Avellan et al., 2019, Kladko et al., 2021, Hao et al., 2016). Depending 
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on these properties, NM effects on plants differ significantly. Whilst some show phytotoxic effects, 

inhibiting plant germination and growth, others can positively enhance seed germination, causing 

signalling cascades that trigger growth or aid in priming plants for resilience to biotic and abiotic stresses 

(do Espirito Santa Pereira et al., 2021). Some of these positive responses may be due to NM application 

to seeds inducing hormetic effects, aiding in water uptake, or triggering internal plant molecular 

signalling when exposed at low concentrations (Wang et al., 2022; Rai et al., 2023). NMs have also been 

shown to increase accumulation and production of reactive oxygen species (ROS), triggering oxidative 

stress and activating multiple signalling pathways at higher exposure doses (Khan et al., 2017). ROS 

production in plants may aid in water uptake, as well as triggering signalling cascades and phytohormone 

production (Mittler et al., 2022). Enabling faster germination rates for crops and increasing seedling 

vigour allows crops to establish a strong root network early in their development, meaning they gain 

vital nutrients and water access (Motte et al., 2019). Slower germination leaves young plants vulnerable 

to stress and disease, further limiting growth and crop productivity resulting in losses (Kanojia and 

Dijkwel, 2018).  

The stages of germination are consistent across seeds, however the specific morphology and 

molecular and physiological mechanisms that a seed undergoes are dependent on its evolutionary history 

(Sreenivasulu and Wobus, 2013). There are two main plant families of flowering plants, dicotyledonous 

(dicots) and monocotyledonous (monocots), referring to their number of cotyledons (embryonic leaves 

in seed-bearing plants, which are the first to appear) upon germination. Monocots early growth focuses 

on the emergence of a single leaf, while dicots begin life with a leaf pair. Monocots include all cereals, 

like wheat, a commonly used cereal that was worth £4.1bn to the UK economy in 2022, with similarities 

to other major crops of global financial significance, like rice and maize, which are both also monocots 

(DEFRA, 2024). Lettuce is one of the top three vegetables grown under cover that are imported into the 

UK (DEFRA, 2021). While variation within taxa are significant, generalised monocots and dicot growth 

and development differ, with different seed storage proteins, starch contents and morphophysiological 

events in seed development (Yang et al., 2023). Lettuce is a common dicot leaf vegetable that has also 

been shown to be more sensitive to NMs than other crops (like cucumber and radish) (Rizwan et al., 

2017). Understanding the differences in response to NM between monocots and dicots will increase 
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knowledge and ability to tailor future NM development and application protocols for specific crop 

growth.  

Tailoring NMs for use in agriculture also requires a deep understanding of how their specific 

physio-chemical properties impact on their interactions with different types of crop seeds. Present 

literature has focussed on a small selection of metal and metal oxide NMs, with substantial research 

done on TiO2, ZnO, CeO2, iron oxides, silica, Ag and Au nanoparticles (Rojas et al., 2022; do Espirito 

Santa Pereira et al., 2021; An et al., 2020). Several meta-analyses and reviews compare between NMs 

for seed priming effects, however differing concentrations and test species make direct comparison more 

challenging (Guo et al., 2024; Khan et al., 2023). Thus, the experiments presented here aimed to compare 

a wide range of NMs with varying chemical constituents and elemental ratios, and physical 

characteristics to identify and distinguish which compositions and properties aided monocot and dicot 

crop seed germination. This study utilised engineered NMs to prime either wheat or lettuce seeds, with 

a total 54 NMs compared. These included zeolites, metal oxides, nanopolymers, metal organic 

frameworks (MOFs), and biochar-hydroxyapatites effects on lettuce and wheat seeds. The concentration 

chosen was 500 mg L-1, a relatively high NM concentration, to test the likelihood of inhibitory or 

phytotoxic effects compared to growth-enhancing ones. As well as understanding the impacts of the 

NMs on seed germination and seedling vigour, the study also aimed to examine the impact of contact 

with the seeds on the NMs physical characteristics through pre- and post-priming characterisation of 

NMs. Analysis of seed exudates post-exposure to a subset of the initially screened NMs will help inform 

how NMs may influence seed signalling pathways as well as providing information on how the exudates 

may be interacting with the NMs to cause different transformations., e.g. homoaggregation or corona 

formation evidenced as changes in zeta potential. Hydrodynamic size and zeta potential based 

characterisation occurred for 38 of the initial 54 nanomaterials tested. A subset of 14 of these NMs 

underwent further testing to investigate their impact on seed biomass and NM impacts on seed exudation 

contents. Experiment progression and NMs chosen for later experiments is visualised in Supplementary 

Information (SI) Scheme S3.1. Identifying which NM characteristics are most significant for predicting 

crop seed responses will aid in furthering understanding of which existing NMs are best suited to further 
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research. This would aid in permitting future commercialisation and will aid in re-design of NMs with 

enhanced properties.  

3.3. Materials and Methods 

3.3.1. Materials and characterisation 

Metal oxides: TiO2, TiO2 coated with polyvinylpyrrolidine (PVP), TiO2 coated with the polymer Solpus 

D540, a series of Zr-doped cerium oxide NMs starting from CeO2,  Ce0.1Zr0.9O2, Ce0.25Zr0.75O2, 

Ce0.5Zr0.5O2, Ce0.75Zr0.25O2, Ce0.9Zr0.1O2 and a pure ZrO2 for comparison, AlOOH,  Fe3O4, CeO2/Co3O4, 

Co1.5Fe1.5O4, Co2.25Fe0.75O4, Co0.75Fe2.25O4, Fe2O3, Co3O4, ;  

Zeolites: There were three beta structured zeolites (BEA) of different Si:Al ratios, BEA-12, BEA-19, 

BEA-150, three Socony Mobil-5 (ZSM-5) zeolites ZSM-5-40, ZSM-5-25, ZSM-5-15, mordenite zolite 

(MOR-10), ferrierite (FER), three crystalline sodium zeolites NaX, NaY, NaA, three crystalline 

potassium zeolites KX, KY, KA, maximum aluminiuum zeolite (MAP), Linde type L zeolite (LTL), and 

three natural clinoptilolite zeolites CW, CVZA, CVZB; 

Metal organic frameworks: aluminium fumarate (AlFu), nickel-2,5-dioxido-1,4-benzenedicarboxylate 

(CPO-27(Ni)), iron-1,3,5-benzenetricarboxylate (Fe BTC), copper benzene-1,3,5-tricarboxylate 

(HKUST-1), M3O(H2O)2OH(1,3,5-benzenetricarboxylate)2 (MIL-100), [K(H2O)2Co3(cit)(Hcit)] 

(UTSA-16 (Co)); 

Nanopolymers: Three Poly([2-(Methacryloyloxy)ethyl]trimethylammonium chloride)-block-

Poly(methyl methacrylate) (PQDMAEMA-PMMA) variants including PQDMAEMA70-P(MMA297-

MBA3), PQDMAEMA70-P(MMA198-MBA2), PQDMAEMA70-P(MMA99-MBA1); two 

Poly(Dimethylacrylamide)-block-Poly(diacetone acrylamide) (PDMAm - PDAAm) variants, 

PDMAm70-P(DAAm45-MBA5) and PDMAm70-P(DAAm90-MBA10); 

Biochar derivatives: Beech biochar, hydroxyapatite-modified beech biochar, magnetite and 

hydroxyapatite dual functionalised beech biochar, magnetite-modified beech biochar, magnetite-

modified hydroxyapatite particles.  
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A sub-set of 38 NMs based on the seed priming results were characterised pre- and post-

exposure to wheat and lettuce seeds. Characterisation was achieved using the dynamic light scattering 

(DLS) instrument (Zetasizer, Malvern Instruments, UK) for hydrodynamic diameter of NMs to be 

captured, and zeta-potential of the NMs. NMs were dispersed in deionised (DI) water to 500 mg L-1. 

NM samples underwent 15 minutes of continuous sonication in a sonic Elmasonic S 10 H sonic bath at 

<30˚C at 37kHz (Elma Schmidbauer GmbH, Singen, Germany) prior to measurements. Metal oxide 

nanomaterials were provided via the NanoSolveIT project (Grant Agreement No. 814572) and originally 

from Promethean Particles (UK), metal organic frameworks (MOFs) by Promethean Particles (UK), 

zeolites from Keele University (Stoke-on-Trent, UK), nanopolymers were synthesised and provided by 

Sam Parkinson (University of Birmingham, UK) following the synthesis procedure detailed in Parkinson 

et al. (2022). Further details on nanopolymer characterisation are in SI Figure S3.3. Beech biochar and 

its derivatives were synthesised and provided by Ify Leonard Ugbomeh (University of Birmingham, 

Birmingham, UK).  

 

3.3.2. Seed priming 

Wheat (Triticum aestivum) and lettuce (Lactuca sativa) seeds were used in seed priming 

experiments, representing dicot and monocot crops respectively. Seed sterilisation was performed using 

1.5% NaClO solution (Sigma-Aldrich) for 15 minutes before thorough washing with DI water. 500 mg 

L-1 nanomaterial suspensions in DI water were sonicated for 15 minutes prior to exposure. Seeds were 

then incubated for 24 hours in these NM suspensions. DI water was used as a negative control. Seeds 

were separated from the NM suspensions and the leftover NM suspensions were stored at 4˚C before 

undergoing characterisation. The post-exposure seeds were plated on UV sterilised petri dishes with 

filter paper and 5 mL DI water before sealing with parafilm. Treatments were done in triplicate with 14 

seeds per petri dish. The conditions for their incubation can be seen in SI Table S3.1. Seed germination 

counts were done at 0 hours, 24 hours, 48 hours and five days for lettuce seeds, and at 24 hours, 48 hours 

and seven days for wheat seeds. At the final day for each, all germinated seeds had their shoot and root 

lengths recorded. The remaining water in the petri dishes at the end of the incubation were stored for 

bicinchoninic acid (BCA) analysis to quantify proteins in the exudate. A seed was considered to have 
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germinated when the emergent radicle was determined to be half of the seed length or more. Shoot and 

root length were measured at the end of the incubation period for each crop species. Germination rate 

(Equation 3.1) and seedling vigour (Equation 3.2) were calculated. 

 

Germination rate (%) =  NG/NT x 100[Equation 3.1] 

[Equation 3.1] 

where NG is the number of germinated seedlings and NT is the total number of seeds per plate. 

𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔 𝑣𝑖𝑔𝑜𝑢𝑟 (𝑐𝑚 %) = (𝑅𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ + 𝑆ℎ𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ)  ×  𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 

[Equation 3.2] 

Root and shoot lengths were recorded for wheat and lettuce at day 7 and day 5, respectively. 

Lettuce biomass was modelled using the collected fresh wheat seedling biomass. Wheat seedling 

biomass was recorded at the end of the 7 day growing period, with dry weight recorded after 48 hours 

in a 70˚C oven. To estimate lettuce fresh biomass, the combined root and shoot length of the wheat was 

plotted against wheat fresh biomass (Equation 3.3). The resulting equation of the line of best fit was 

calculated for wheat: 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = 0.0809 × (𝑅𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ + 𝑆ℎ𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ) + 0.7279 

[Equation 3.3] 

This equation (R2 = 0.8455) was then applied to the subset of NMs used for lettuce protein exudate 

analysis to estimate fresh lettuce seedling biomass at the end of the studied germination period.  

 

3.3.3. Bicinchoninic acid (BCA) Protein assay 

Seed exudate protein content was analysed using the BCA assay (ThermoFisher, UK). After the 5 or 7 

day incubation period, the remaining water in each petri dish was removed (~5 mL) and stored at 4˚C 

before analysis. The BCA assay was performed using bovine serum albumin (BSA) standards according 
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to the detailed ThermoFisher protocol. Readings were taken from the Tecan Spark microplate (Tecan, 

UK) at 562 nm absorbance. Blank readings containing DI water in place of the sample were subtracted 

for base-corrected protein concentrations.  

 

3.3.4. Statistics 

All statistical analyses were conducted using R Studio (v4.3.1; R Core Team, 2024). The significance 

level was set at p = 0.05. Data was assessed for normality and homogeneity of variance using Shapiro-

Wilk and Levene’s tests. Statistical analyses were performed on the root length, shoot length, 

germination rate, seedling vigour, biomass and seed exudate protein concentration data to determine the 

significance of results. When the assumptions of normality and homogeneity of variance were met, 

parametric analysis was used. A one-way analysis of variance (ANOVA) followed by a Tukey post-hoc 

test was used. If data were not normally distributed then a non-parametric equivalent was used, the 

Kruskal-Wallis with a Dunn post-hoc.  A principal component analysis (PCA) was performed on root 

and shoot length, germination rate, seedling vigour, fresh biomass and seed exudate protein content data 

for lettuce and wheat. Another PCA was performed using the 54 NM set of results for root and shoot 

length, germination rate and seedling vigour also. A spearman rank correlation test was performed on 

pre- and post-exposure characterisation data for the 38 NMs in comparison with their results for root 

length, shoot length and final germination rate for wheat and lettuce.  

 

3.4. Results and Discussion 

Wheat and lettuce display differential responses between and within themselves to different NM 

treatments across all studied seed growth parameters. There are also clear distinctions between NM 

groups. Metal oxides and zeolites showed a range of different effects on wheat and lettuce seeds, with 

the same NM being affected very differently by wheat or lettuce seed exposure. MOFs had toxic 

inhibitory effects at this concentration. A subset of the results is displayed in Figures 3.1 and 3.2 for 

clarity. For the full set of results see SI Table S3.2. 



58 

 

 

 

Figure 3.1. Wheat shoot (A) and root (B) length; germination rate at day 7 (C) and seedling vigour (D). 

Error bars reflect standard deviation. Data were analysed using ANOVA tests followed by Tukey tests 

for post-hoc analysis. Stars are used to denote statistically significantly different results relative to the 

Control (p < 0.001 ***). Note that the full set of 54 NMs effects can see seen in SI Table S3.2. 

 

After germination, seeds typically invest greater energy into shoot rather than root growth, as seen 

in Fig. 3.1A and 3.1B. Wheat seeds showed improved shoot length under treatment with Fe2O3, 

(p=1.15x10-4). Fe2O3 is a metal oxide, however observed responses by other metal oxides varied. Fe-

based metal oxide performance differed depending on the oxidation state of Fe, with Fe3O4 having 

average or below average germination. Another metal oxide studied, TiO2 produced different effects on 

wheat seeds depending on its coating. TiO2 with the polymer poly-vinyl pyrrolidone (PVP) reduced 

wheat germination and root growth compared to TiO2 without a polymer coating. PVP has been used to 

increase NM stability but may also limit its effects (Rafiei et al., 2021). TiO2 D540 is a TiO2 NM with a 

Solplus D540 polymer coating; the D540 coated TiO2 decreased wheat seedling vigour, indicating that 

polymeric coatings of TiO2 can have significant impacts on NM reactivity.  
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Another group of NMs, MOFs, showed different effects on wheat seeds The MOF HKUST-1 had a 

statistically significant negative effect, reducing germination rate, root and shoot growth and seedling 

vigour in wheat seeds. For HKUST-1 this inhibitory trend was consistently significantly different to the 

control (p=1.19x10-6) and most of the other NM treatments (Fig. 3.1A-D). HKUST-1 is a copper-based 

benzene MOF, and agricultural soils typically have copper concentrations in the range of 2-100 mg kg-

1 (Kumar et al., 2021). Dissolution of the copper from the rest of the metal organic framework is likely 

causing this toxic effect to the seeds, with 500 mg L-1 HKUST-1 shown to release ~4.5 mg L-1 Cu (Loera-

Serna et al., 2024). Aggregation and dissolution of metal ions from their NM structures occurs in 

response to biotic and abiotic changes in their environment, including shifts in pH, dissolved oxygen, 

and biologically induced transformations, e.g. sulfidation, phosphorylation, and adsorption of proteins 

(Louie et al., 2014). The dissolution predicted here may be influenced by seed exudates, with previous 

research showing that Ag NPs dissociate to release Ag+ in response to dissolved organic matter (DOM) 

exuded by aquatic plants (Unrine, et al., 2012). Lower NM concentrations may be preferable in seed 

priming applications of MOFs. Also, using MOFs that consist of elements that are more tolerable to, or 

actively used by, microbial metabolism may prove to be a more sustainable option, as indicated by 

Anstoetz et al. (2016) work on oxalate-phosphate-amine (OPA) MOFs. Anstoetz et al. (2016) concluded 

that a concentration of 1-50 mg L-1 was optimal for OPA-MOF applications in agriculture. A dose-

response study of HKUST-1, and the other MOFs utilised in this study, may show positive effects on 

wheat germination parameters at lower concentrations than used here, potentially showing hormetic 

effect at sufficiently low concentrations.   

Wheat root growth (Fig. 3.1B) shows a positive effect in response to multiple NMs, including 

several zeolites, like BEA-19, KA, KY, MAP and ZSM-5-15. Engineered zeolites have regular 

structures, with varying Si:Al ratios, pore sizes and extra-framework cations. These zeolites had either 

NH4
+ ions (ZSM-5-15 and BEA-19) or Na+ and K+ ions (KY), with widely varying Si:Al ratios and pore 

sizes (see SI Table S3.4). BEA-19 and KY resulted in the most improved wheat seedling growth of the 

applied zeolites. The ions that they carry in their pores as part of the 3D structure may be acting to 

enhance growth through increased osmosis, due to the action of Na+ and K+ ions, which may act to 
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maintain a high water potential gradient allowing continued entrance of water into the seed (Zhou and 

Xiao, 2009). 

The nanopolymer MMA99 displayed non-significant, elevated wheat root growth. These are the 

smallest of the Poly[2 (Dimethylamino)ethyl Methacrylate]-poly(methyl methacrylate (PQDMAEMA-

PMMA) particles with recorded size of 71nm and positive surface charge. These soft plastic 

nanopolymers are self-assembled from differently charged homopolymers to create nanopolymers of 

varying polymer chain lengths and charges and can be utilised in agrochemical delivery (Parkinson et 

al., 2022; Sikder et al., 2021). The positive charge may allow them to bind to the seed tissues better than 

other, negatively charged nanopolymers which may be subject to uptake. Positive charge has been shown 

to limit passage into cells due to electrostatic interactions with plant cell walls, which may be occurring 

here also (Parkinson et al., 2022; He et al., 2010). 

 

 

Figure 3.2. Lettuce shoot (A) and root (B) length; final germination rate (C) and seedling vigour (D). 

Error bars reflect standard deviation from the mean. Data for shoot length, root length and seedling 

vigour were analysed using ANOVA tests followed by Tukey tests for post-hoc analysis. Final 

germination rate data was tested for statistical significance using a Kruskal-Wallis test followed by a 

Bonferroni corrected Dunn’s test. Stars are used to denote statistically significantly different results 

compared to the Control (p < 0.05 *; p < 0.01 **; p < 0.001 ***). Note that the full set of 54 NMs 

effects can see seen in SI Table S3.2. 
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Several cobalt-based metal oxides performed positively across lettuce seed metrics (Fig. 3.2), 

including Co3O4, Co1.5Fe1.5O4, Co2.25Fe0.75O4 and CeO2/Co3O4. Co isn’t an essential element for plant 

growth however it does have important roles as cofactors in several important plant enzymes, with high 

concentrations of Co leading to tissue necrosis and abnormal root development (Hu et al., 2021; Minz 

et al., 2018). The Co containing UTSA-16 MOF’s seedling vigour was statistically significantly lower 

than the control (p= 0.0133), with average seedling vigour reduced to 87 cm %, as compared to the 

control treatment’s average seedling vigour of 299 cm %.  Several of the NMs had full germination 

success for lettuce (100% germination rate across all 14 seeds for all three biological replicates) as 

shown in Fig. 3.2C, with BEA-150, Ce0.75Zr0.25O2, Co2.25Fe0.75O4, CW and ZSM-5-15 proving to 

significantly improve germination compared to the control (p=0.021). While the nanopolymer MMA99 

provided a positive effect for wheat seed root growth, the nanopolymer MMA297 reduced lettuce seed 

germination significantly (Fig. 3.2C). Both are PQDMAEMA coated -PMMA particles with positive 

surface charges of ~3-mV and have been shown to accumulate on root surfaces rather than being taken 

up as with neutral or negatively charged polymeric NMs (Parkinson et al., 2022). These NMs are block-

poly(methyl methacrylate) copolymers that self-assemble into different morphologies, like micelles or 

rods, and have been shown to be applicable in catalysis and biomedical applications (Antoun et al., 

2001; Wan et al., 2022). NM shape has been shown to be important in biomedical contexts, altering NM 

entry into cells and their biodistribution (Khor et al., 2019). The effect of differing morphology and 

concentration of nanopolymers on lettuce and wheat was not studied in this body of work but could be 

a promising avenue for future research.  

The MOF HKUST-1 had a negative effect on lettuce seed germination (p=2.64x10-4) and other 

measured growth parameters as it had in wheat also, but another MOF, CPO-27 had an even greater 

negative impact on lettuce (p=1.61x10-5), as seen in Fig. 3.2 A-D. CPO-27 is a nickel-based MOF that 

is well studied in industrial contexts and is utilised for its gas storage and separation abilities (Garzón-

Tovar et al., 2015). Nickel is an essential plant micronutrient that is required at only 0.5 mg kg-1 and has 

been shown to be toxic to sensitive crop species at 10 mg kg-1 or greater (Liu et al., 2011). As with 

HKUST-1, the concentration utilised in this experiment is too great for the seeds and phytotoxicity is 
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the result. The strong negative impact of MOFs on seed germination may be through NM dissolution, 

with previous research indicating that metal oxide NMs can have greater impact on seeds than free metal 

ions (Tang et al., 2012). 

The initial hypothesis expected that monocots and dicots would respond differently to the tested 

NMs, due to their differing seed morphologies, in particular the different seed coat thicknesses. This 

data reflects that lettuce seed responses to the same NMs as exposed to wheat varied significantly, with 

some responses similar across species, for example, MOF treatment stunted growth of both lettuce and 

wheat. Other NMs, like several metal oxides studied, produced species-specific effects. Positive effects 

on seed growth parameters were found in both wheat and lettuce exposed to KY, ZSM-5-15 and BEA-

19, and all zeolites. Similarly, MOFs, like HKUST-1, consistently limited growth and germination across 

species. Metal oxides displayed highly species specific efficacy in seed germination enhancement and 

impact in general, with nanopolymers and biochar derivatives having limited or negative effects on both 

of the study species.  

 

 

Figure 3.3. Wheat (A) biomass accumulation for NMs of interest. Lettuce (B) biomass estimation 

modelled from wheat-derived correlation for NMs of interest. Error bars depict standard error of the 

mean (SEM). 
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An initial 54 NMs were studied for their effects on wheat and lettuce seed priming, with a subset 

of 38 NMs taken forward for full characterisation based on the significance of results relative to the 

untreated control plants. Of these, a further 14 NMs had their biomass and seed exudates analysed, with 

full results for these available in SI Table S3.3.  

Based on the data in Figures 3.1 and 3.2, a subset of the NMs used for the germination study 

were taken forward for further analysis comparing seedling fresh biomass and seed exudate protein 

contents between NM treatments. Of the tested NMs, 38 were selected and their detailed characterisation 

in deionised water was determined, as shown in Table 3.1. Based off the data in Figure 3.2A and 3.2B, 

lettuce biomass accumulation was modelled using an equation derived from the data in Figure 3.3A that 

linked root and shoot length of wheat seeds with their biomass (R2 = 0.8455). NMs were chosen for their 

significance in at least one parameter of seed growth. Wheat seeds are larger than lettuce seeds and were 

able to accumulate more biomass, as expected, due to their morphological differences, e.g. differing 

sizes of their nutritive stores, different seed coat thickness. Wheat fresh biomass showed some 

statistically significant results, including between the negative control and BEA-19 (p=0.0085), KY 

(p=0.0041) and NaX (p=0.00188), as shown in Figure 3.3A. All three of the NMs that produced 

significant different in biomass are zeolites, with both KY and NaX producing positive impacts on wheat 

growth. Ky and NaX both have low Si:Al ratios of 2.6 and 1.3, respectively. Their extra-framework 

cations include Na+, with KY also having K+ ions present, and both zeolites have pore sizes of 7.4Å (as 

shown in SI Table S3.3). These cations and the zeolite’s structures may be aiding in water absorption 

and osmotic entry of water into the seeds, promoting biomass accumulation. BEA-19 however, has a 

smaller pore size (6.8Å), NH4
+ as its extra-framework cation and a high Si:Al ratio of 19. These results 

were not replicated in lettuce seedling biomass accumulation. In Fig. 3.3B, none of the treatments 

generated a meaningful difference in lettuce biomass relative to the control, with Co2.25Fe0.75O4 and 

BEA-19 being significantly different to one another only (p=0.0051). Lettuce and wheat seeds’ 

responses to zeolites were different for the fresh biomass values, even though lettuce seed biomass was 

modelled off of that for the wheat. This is potentially due to different modes of growth and 

morphological differences between monocot and dicot seed structures. Wheat seeds have a pericarp, an 

extra layer outside of the seed coat, this makes water imbibition more essential as wheat seeds are more 
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able to desiccate than dicot seeds and require greater water to regain metabolic activity (Sreenivasulu 

and Wobus, 2013). This, therefore, could explain the difference in zeolite efficacy at increasing seedling 

biomass in wheat but not lettuce. As zeolites have extra-framework ions, the ions may act on the wheat 

seed pericarp to promote osmosis and continued uptake of water, or there may be a direct interaction 

between the zeolites and the seed surface. Future studies should look at lettuce fresh biomass 

accumulation directly to provide a comparison to both modelled data and wheat data. Therefore, if the 

directly collected fresh biomass data is sufficiently comparable to the modelled data, this would provide 

evidence to support a future method for shorter seed priming comparison studies. However, due to 

differing modes of growth, with longer root and shoot lengths seen for wheat seedlings, there may be 

limited modelling from wheat to lettuce data, with more extreme differences in wheat seedlings seen as 

compared to in lettuce seedlings. 

 

Table 3.1. Characterisation of the 38 NMs selected based on the seed priming results in terms of their 

hydrodynamic diameters and surface zeta potentials both pre- and post-exposure to either lettuce 

(Lactuca sativa) or wheat (Triticum aestivum) seeds. Orange shading indicates an increase/more 

negative value as compared to the pre-exposure characterisation and blue shading indicates a 

decrease/less negative. 

Nanomaterial Hydrodynamic diameter (nm) (n=3) Zeta potential (mV)  

(n=3) 

 Pre-

exposure  

Post-

exposure 

Lettuce  

Post-

exposure 

Wheat  

Pre-

exposure 

Post-

exposure 

Lettuce 

Post-

exposure 

Wheat 

Metal oxides 

TiO2 426.3 

(±43.2) 

634.1 

(±160) 

363.5 

(±20.8) 

-17.5 

(±1.46) 

-19.7 

(±19.8) 

-34.6 

(±0.51) 

TiO2 D540 1227 

(±103.6) 

675 

(±15.1) 

151.3 

(±3.03) 

-45.8 

(±0.25) 

-39.1 

(±1.27) 

-33.2 

(±1.06) 

Ce0.5Zr0.5O2 114.5 

(±2.41) 203.3 (±7) 

159.1 

(±3.21) 

52.1 

(±6.7) 

-34.5 

(±0.29) 

-18.9 

(±1.77) 

ZrO2 99.11 

(±108.3) 

210.6 

(±1.19) 

115.9 

(±2.32) 

42.5 

(±0.35) 

29.8 

(±0.56) 

-24.8 

(±0.67) 

Ce0.1Zr0.9O2 233.8 

(±101.5) 

221.4 

(±2.63) 

150.4  

(±2) 

45.4 

(±1.62) 

24.4 

(±0.7) 

-2.68 (± 

(±0.38) 
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Nanomaterial Hydrodynamic diameter (nm) (n=3) Zeta potential (mV)  

(n=3) 

 Pre-

exposure  

Post-

exposure 

Lettuce  

Post-

exposure 

Wheat  

Pre-

exposure 

Post-

exposure 

Lettuce 

Post-

exposure 

Wheat 

Ce0.75Zr0.25O2 104.5 

(±4.37) 

1319 

(±385.9) 

9017.3 

(±11798.5) 

45.2 

(±0.75) 

-15.4 

(±0.5) 

-26.7 

(±0.7) 

Ce0.25Zr0.75O2 69.91 

(±14.6) 

104.5 

(±2.1) 

161.9 

(±3.99) 

56.4 

(±2.3) 

34.9 

(±1.18) 

-20.9 

(±0.59) 

AlOOH 142.8 

(±1.21) 

3376 

(±323.1) 

26626.7 

(±9805.8) 

47.8 

(±1.3) 

4.18 

(±0.09) 

2.12 

(±0.86) 

Ce0.9Zr0.1O2 271.5 

(±33.9) 

431.1 

(±13.5) 

286.0 

(±14.2) 

56.1 

(±1.07) 

0.413 

(±3.32) 

-27.1 

(±0.36) 

Fe3O4 108.9 

(±1.44) 

125.6 

(±2.91) 

97.0 

(±2.77) 

-48.3 

(±1.56) 

-34.5 

(±0.68) 

-37.9 

(±1.2) 

CeO2/Co3O4 133.4 

(±0.63) 

718 

(±96.6) 

159.7 

(±3.04) 

51.1  

(±1.03) 

-18.9 

(±0.17) 

-25.1 

(±0.85) 

TiO2 PVP 742.8 

(±14.2) 

2780 

(±1480) 

186.3 

(±2.23) 

-14.2 

(±1.5) 

-36 

(±3.41) 

-17.6 

(±1.02) 

Co1.5Fe1.5O4 410.3 

(±2.83) 

170.7 

(±0.6) 

610.6 

(±75.7) 

17.8 

(±0.25) 

-28.3 

(±0.9) 

-28.8 

(±0.1) 

Co2.25Fe0.75O4 511.6 

(±7.31) 

577.6 

(±139.6) 

141.7 

(±6.39) 

34.2 

(±0.2) 

-30.7 

(±0.27) 

-25.7 

(±0.91) 

Co0.75Fe2.25O4 920.8 

(±234.5) 

344.3 

(±2.4) 

155.5 

(±6.49) 

-3.79 

(±1.72) 

-31.6 

(±0.47) 

-24.1 

(±4.35) 

Fe2O3 169.3 

(±10.7) 

655 

(±85.6) 

205.7 

(±6.58) 

47.5 

(±1.36) 

-31.3 

(±0.15) 

-28.7 

(±0.2) 

Co3O4 127.4 

(±2.6) 

177.1 

(±3.67) 

101.8 

(±1.55) 

45.5 

(±0.95) 

-30.3 

(±0.66) 

-26  

(±0.4) 

CeO2 158.2 

(±1.69) 

286.3 

(±9.91) 

169.5 

(±7.37) 

54.7 

(±0.72) 

19  

(±0.72) 

-28.4 

(±0.76) 

Average change 

(%) 

 118 550  -151 -191 

Zeolites 

BEA-12 

925.2 

(±313.8) 

273.1 

(±70.9) 

228.4 

(±33.7) 

-34.7 

(±0.67) 

-33 

(±2.93) 

-28.2 

(±0.83) 
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Nanomaterial Hydrodynamic diameter (nm) (n=3) Zeta potential (mV)  

(n=3) 

 Pre-

exposure  

Post-

exposure 

Lettuce  

Post-

exposure 

Wheat  

Pre-

exposure 

Post-

exposure 

Lettuce 

Post-

exposure 

Wheat 

BEA-19 

997.8 

(±196.8) 

1182 

(±55.8) 

390.5 

(±56.8) 

-39.5 

(±0.95) 

-39.5 

(±0.69) 

-22.1 

(±0.55) 

MOR-10 

564.5 

(±27.9) 

464.9 

(±12.1) 

285.4 

(±11.8) 

-45.7 

(±0.27) 

-41.9 

(±0.78) 

-40.8 

(±0.79) 

FER 

753.8 

(±29) 

489.2 

(±0.1) 

310.2 

(±22.7) 

-25.4 

(±0.36) 

-34.9 

(±3.01) 

-33 

(±0.27) 

NaX 

2291 

(±152.2) 

1773 

(±839.5) 

267.2 

(±18.6) 

-31.3 

(±0.62) 

-29.1 

(±3.12) 

-25 

(±3.35) 

NaY 

870 

(±45.2) 

1389 

(±197.2) 

404.6 

(±58.8) 

-36.9 

(±0.47) 

-38.5 

(±1.27) 

-29.2 

(±0.47) 

NaA 

704.7 

(±37.4) 

1092 

(±216.9) 

508  

(±190) 

-38.1 

(±0.32) 

-35.3 

(±0.91) 

-33.1 

(±1.15) 

KX 

2004 

(±378.9) 

1064 

(±78.6) 

410.3 

(±11.9) 

-33.5 

(±1.44) 

-40.8 

(±2.6) 

-29 

(±1.72) 

KY 

605.7 

(±1.48) 

346.5 

(±55.6) 

440.6 

(±19.9) 

-39.6 

(±0.44) 

-36.5 

(±1.21) 

-27.2 

(±0.83) 

KA 

372.4 

(±22.9) 

20050 

(±16110) 

436.6 

(±51.2) 

-47.3 

(±0.87) 

-39.6 

(±1.47) 

-34.1 

(±1.74) 

MAP 

452.4 

(±7.11) 

921.9 

(±60.7) 

142  

(±18.7) 

-44.9 

(±0.71) 

-41.3 

(±0.79) 

-30.9 

(±1.11) 

CW 

502.7 

(±37.8) 

460 

(±15.8) 

361  

(±26.5) 

-27.1 

(±0.95)  

-34.1 

(±0.51) 

-26.4 

(±1.22) 

CVZA 

991.4 

(±156.3) 

19940 

(±32430) 

256.4 

(±7.27) 

-42.7 

(±2.08) 

-29  

(±2.7) 

-28.8 

(±0.96) 

CVZB 

572.2 

(±52) 

315.1 

(±5.8) 

176.1 

(±4.82) 

-32.8 

(±0.66) 

-24.1 

(±4.15) 

-28.1 

(±1.11) 

LTL 

539.1 

(±13.1) 

447.3 

(±9.73) 

293.3 

(±9.91) 

-46.2 

(±1.26) 

-41.1 

(±1.7) 

-38.2 

(±1.35) 

BEA-150 

704.4 

(±2.71) 

511 

(±7.48) 

270.9 

(±9.5) 

-42.5 

(±0.64) 

-39.1 

(±0.84) 

-30.4 

(±1.42) 

ZSM-5-40 

1085 

(±72.9) 

773.2 

(±95.8) 

328.2 

(±12.3) 

-45.2  

(±0.29) 

-40.2 

(±1.67) 

-23.6 

(±0.78) 
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Nanomaterial Hydrodynamic diameter (nm) (n=3) Zeta potential (mV)  

(n=3) 

 Pre-

exposure  

Post-

exposure 

Lettuce  

Post-

exposure 

Wheat  

Pre-

exposure 

Post-

exposure 

Lettuce 

Post-

exposure 

Wheat 

ZSM-5-25 

425  

(±37) 

321.3 

(±4.41) 

210.5 

(±4.19) 

-38.6 

(±0.86) 

-37 

(±0.92) 

-31.6 

(±2.01) 

ZSM-5-15 

631.3 

(±12.7) 

356.6 

(±43.5) 

250.9 

(±4.71) 

-28 

(±0.66) 

-41.4 

(±0.59) 

-27 

(±0.74) 

Average change 

(%)  

226 -63 

 

-3.28 -21.3 

 

From the characterisation data presented in Table 3.1, it is clear that both hydrodynamic size and 

zeta potential vary widely across the NM groups. While there is a lot of variation in the dataset there are 

some visible trends, with initial hydrodynamic sizes of zeolites being larger than those of metal oxides 

by ~500 nm. This may be due to zeolites forming larger agglomerates than metal oxides rather than 

primary particle sizes being greater, something which requires verification through TEM. After exposure 

to seeds, whether lettuce or wheat, the average size of metal oxides increased, with a greater proportion 

increasing after exposure to lettuce than wheat seeds. This may be due to the higher surface area to 

volume ratio of the lettuce seeds resulting in a greater surface area for the NMs to interact with, or the 

greater surface area could be linked with a greater volume of seed exudates produced or seed exudates 

of a different composition to those of wheat. Nanomaterials in root exudates respond differently based 

on composition, with root exudates triggering NM agglomeration, creating larger aggregates over the 

course of five days (Cervantes-Avilés et al., 2021). Seed exudates typically contain sugars, in particular 

fructose and glucose, as well as proteins, amino acids, organic acids, ions and minerals. The most 

common organic acids to find in seed exudates are citric, succinic and malic acids, all of which have the 

potential to interact with the NMs, with organic acid production also being altered by NM treatment 

(Kamilova et al., 2006; Ghoto et al., 2020). Amino acids have varying charges as do proteins, which 

could be causing binding interactions and modulating zeta potential in this way. With the high proportion 

of zeolite’s that became less negative after seed exposure, there is potential that the electrostatic 
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interactions that are possible between the NMs and the protein are causing the overall zeta potential of 

the compound to change (Patil et al., 2007; Xu et al., 2020). 

The zeolite size and charge data differs here, with zeolite’s recorded hydrodynamic sizes decreasing 

after exposure to lettuce and wheat seeds. This may be due to even greater aggregation of zeolites in 

response to seed exudates, which would lead to sedimentation and thus only smaller aggregates being 

detectable. It may also reflect that more negatively charged zeolites are more able to be taken up by 

seeds or bind to seed exudate compounds, as is seen in the high proportion of Fe3O4 NMs that were 

translocated in a study by Lau et al. (2020). TEM would be a useful method to distinguish to what extent 

the zeolites are aggregating and whether they are forming homoaggregates or binding to seed surface 

components or exudates.  

Zeta potential also changes after exposure, with different patterns emerging for metal oxides 

compared to zeolites, and for those exposed to lettuce rather than wheat. Lettuce exposure causes the 

NMs to change their zeta potential less than after wheat seed exposure, -77 mV as opposed to -106 mV. 

After metal oxide exposure to wheat the zeta potential reduces by 191 mV, making the initially, largely 

positively charged particles negatively charged. Lettuce seeds have a similar effect on metal oxides but 

to a slightly lesser extent, as seen in Table 3.1. Zeolites, however, have negative zeta potential pre-

exposure to seeds and become more positive after wheat seed exposure, on average by +8mV. After 

exposure to lettuce, zeta potential only increased by +1mV. Zeta potential is dependent on both the NM 

and the environment it is in, with adsorbed macromolecules likes proteins and polymers altering zeta 

potential (Lowry et al., 2016). Metal oxides zeta potential has been shown to be responsive to organic 

matter present in soybean root exudates and soil leachate, becoming more negative after contact, a trend 

that is also seen here with lettuce and wheat seed exudates (Cervantes-Aviles et al., 2021). Similarly, in 

the case of positively charged nanoceria (CeO2) more positively charged NMs interacted with proteins 

more, altering their biocorona and onward reactivity or uptake (Patil et al., 2007). Seed, seedling and 

root exudates all differ in constituents and proportions; however, this research is unable to conclude 

whether it is the action of organic acids or proteins that have the greatest impact on NM transformations, 

and how they therefore alter NM fate, toxicity and bioavailability. 
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Figure 3.4. Seed exudate protein concentrations of wheat (A) and lettuce (B) seeds after NM exposure. 

Error bars reflect SEM. 3.4B indicates that protein concentration results for Ce0.75Zr0.25O2, CW and TiO2 

PVP were below the limit of detection. 

In order to further understand these impacts on the NMs, a final subset of the characterised NMs 

were used for a further seed priming experiment where seed exudates were collected after final 

germination rate was achieved and they were analysed for protein content. Seed exudates have 

previously been used in the biosynthesis of NMs, for example with Ag and Au nanoparticles (Lukman 

et al., 2011; Khatami et al., 2015). Seed exudates have been shown in these studies to change the 

oxidation state of a NM during synthesis, reflecting that redox reactions with NMs are an important 

avenue for NM transformation in biological systems. A positive correlation was found between seed size 

and amount of exudate released, due to increased storage material present inside larger seeds (Vančura 

and Hanzlíková, 1972). A BCA assay on the seed exudates, seen in Figure 3.4, shows highly differential 

protein exudation from wheat and lettuces seeds, with different accompanying trends. The greatest 

concentration of protein was present in the control wheat seeds, producing on average 1140 µg/mL of 

protein. Statistically significant differences to the control include BEA-19 (p=2.88x10-14), KA 

(p=1.73x10-7), KY (p=7x10-12), MAP (p=1.83x10-9), NaX (p=2.18x10-14), TiO2 (p=5.7x10-7) and ZSM-

5-15 (p=1.77x10-7). These significant results all reduced protein concentration in seed exudates as

compared to the control, with varying effects on wheat seedling growth parameters. This may reflect an 
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imperfect link between NM effectiveness on seedling growth and impact on protein exudation. Seed and 

root exudates are used by plants to recruit mycorrhizal interactions that aid in delivery of water and 

nutrients to the crop (Nelson, 1990). In this context it may be that when nutrients are plentiful or osmotic 

pressure is permitting sufficient access to water then fewer exudates are produced. There are also major 

differences between these zeolites, in terms of Si:Al ratio, pore size, and extra-framework cations. There 

are high Si:Al ratios for BEA-19 (19) and ZSM-5-15 (15), similar particle sizes as determined by SEM 

(0.1 and 0.2µm, respectively) and the same extra-framework cation of NH4
+. However, these very 

similar zeolites have significantly different results to one another also (p=9.66x10-11).  

The changes in protein exudation induced in wheat by the NMs are different to the effects of the 

same NMs on lettuce seed exudates. Lettuce seeds appear to exude far less protein in general than wheat, 

at 3 µg/mL for lettuce compared to wheat’s 1140 µg/mL. But while wheat’s significant changes showed 

a reduction in protein exudation, many of lettuce’s protein exudate concentrations increased, particularly 

in response to zeolites. BEA-19 reduced wheat protein exudation and increased lettuce protein 

concentration as seen in Fig. 3.4B. BEA-150, BEA-19 and ZSM-5-15 increased protein concentration 

while CW, Ce0.75Zr0.25O2 and TiO2 reduced protein concentration to below the limit of detection. CW is 

a naturally occurring clinoptilolite zeolite with the extra-framework cations of K+, Na+, Ca2+ and Fe3+. 

It may be that these ions increased water uptake or were themselves used in seed metabolism, reducing 

the plant’s need to produce seed exudates to encourage microbial interactions with the plant (Martins et 

al., 2018). BEA-150 has a much larger Si:Al ratio than any of the other zeolites studied and, while not 

statistically significant, it increased the protein concentration in lettuce exudate. The most effective NMs 

in increasing lettuce protein exudation were the three zeolites listed above, all of which had relatively 

high Si:Al ratios. It may be due to this ratio that the positive effect on protein exudation has occurred, 

but why in lettuce and not in wheat remains unclear.  

The core limitation to studying protein content of seed exudates only is while the BCA assay is able 

to detect several amino acids it cannot detect all of them. Seed exudates contain more amino acids than 

chained proteins, with NM exposure previously shown to reduce protein content of vegetable seed 

exudates (Kamilova et al., 2006). Future research should study a wider breadth of exudate constituents, 

for example, using total organic carbon (TOC) and total nitrogen (TN) analyses of seed exudates to 



71 

 

better determine overall chemical makeup of exudates and changing C:N ratios in response to NMs. As 

mentioned earlier, organic acids may be crucial to understanding NM transformations in response to 

plant exudates; confirmation of this would require a dedicated exudate response study and analysis by 

liquid chromatography with triple quadrupole mass spectrometry (LC-MS/MS). 
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Figure 3.5. PCA correlation biplots of wheat (A) and lettuce (B), looking at protein content of exudates, shoot and root length, total fresh biomass, final 

germination rate and seedling vigour (SV) in response to a subset of 8 NMs each. Lettuce biomass data used in (B) has been modelled using Equation 3.3 as 

derived from the relationship between total seedling length and biomass of wheat seedlings, detailed in the methods. PCA biplots of data from 54 NM seed 

priming experiments on wheat (C) and lettuce (D), where NMs have been grouped by NM type. 
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In Fig 3.5A, the protein content of the wheat exudate and the wheat seedlings fresh biomass 

show a negative correlation. This reflects a link between growth and exudate, with greater biomass 

accumulation resulting in wheat seedling’s focussing their efforts on energetically productive internal 

metabolism, reducing the amount of nutrient and amino acids lost as exudates. If a plant is successful 

by itself then it doesn’t need to attract mycorrhizal fungi to aid it in its acquisition of nutrients and water 

(Huey et al., 2020). As seeds germinate, they undergo a fundamental shift in gene expression and 

development, triggering a release of metabolites, like carbohydrates, vitamins and amino acids.  The 

function of these seed exudates is varied, generating ecochemical zones to aid nodulation by Rhizobium 

bacteria or inhibit growth of pathogenic fungi and bacteria (Hartwig et al., 1991).  NMs have been 

shown to interfere with symbiotic nitrogen fixation, with a change in gene expression resulting in 

suppression of nodulation and downstream responses to root exudates (Mortimer et al., 2020). The 

changes seen in response to NM presence in seed exudate protein concentration could indicate a shift 

in strategy by the seeds. Under high nutrient availability growth and biomass accumulation may be 

prioritised, and the requirement to form mycorrhizal relationships will be reduced. This would aid in 

explaining why there is such a negative correlation between protein concentration in exudates and 

seedling biomass. While the Mortimer et al. (2020) study links NMs, seed exudates and symbiotic 

nitrogen fixation, the molecular basis of mycorrhizal interactions is similar to that of N-fixing bacteria-

plant root interactions, with plant derived signalling compounds secreted to allow mycorrhizae to 

initiate the interaction in soil. Alternatively, previous studies have found that NM application 

deteriorates the symbiotic relationship between plants and mycorrhizal fungi (Feng et al., 2013). This 

has been stated to be via a range of mechanisms including reducing root mycorrhizal colonisation (Cao 

et al., 2017). A potential mechanism to reduce mycorrhizal colonisation could be through disruption of 

the initial signalling mechanism between roots and mycorrhiza, which is mediated through root 

exudates.  

 Positively correlated wheat growth parameters are germination, root length and seedling vigour. 

Seedling vigour is calculated from root and shoot length, and germination rate, explaining the close 

relationship between these parameters. Most of the wheat data’s range (Fig. 3.5A) is derived from its 
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protein and biomass parameters, while in lettuce the spread of data is defined largely by protein 

concentration and root length, two negatively correlated parameters (Fig. 3.5B). In lettuce the main 

positive correlation is between seedling vigour and biomass, both of which are heavily impacted by 

shoot and root lengths, however these show no correlation in wheat. This is due to the modelling 

methods used where lettuce biomass was estimated from root and shoot lengths, which is why it sits 

between the two and is therefore not an independent parameter. With the lack of correlation shown 

between wheat biomass and shoot and root lengths in Fig. 3.5A, this indicates that using these 

parameters to model biomass may have large inaccuracies and other factors may play a more integral 

role in determining fresh biomass.  

Figure 3.5C and 3.5D uses data from the full 54 NM seed priming screening. Fig. 3.5C shows that 

the wheat data’s diversity is generated through the germination rate and shoot length, while root length 

and seedling vigour remain highly positively correlated. Lettuce data in Fig. 3.5D presents data that is 

overall less correlated. Germination rate continues to be a core driver of data diversity, but no correlative 

relationships between parameters appears to be very strong.  

Correlation tests of how NM hydrodynamic size and zeta-potential can be used to indicate clearly 

how NMs’ physical characteristics may be impacting on monocot and dicot seedling growth and 

germination. From these correlative tests it may be more possible to identify qualities to screen for in 

nanopriming, and which to avoid. There is limited presence of a pattern based on the NM chemical 

characteristics reported here. While Co-based metal oxides improved lettuce germination parameters, 

MOFs, including the ones containing Co, stunted seedling vigour at the studied concentration of 500 

mg L-1. Zeolites can affect wheat and lettuce exudates differently and even zeolites with similar Si:Al 

ratios, extra-framework cations, pore sizes and primary particle sizes can produce different results 

within the same species. A negative correlation was found between the pre-exposure zeta potentials of 

NMs and seedling vigour in wheat (ρ = -0.433, p = 0.00788), slightly weaker negative correlation seen 

between zeta potential of NMs after exposure to wheat seeds, approaching statistical significance (ρ = 

-0.286, p = 0.086). The zeta potential of NMs pre- and post-exposure to wheat seeds is linked but the 

effect of exposure to the wheat seeds on zeta potential is not consistent across the NMs, as seen in Table 
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3.1. There was also a positive correlation between wheat root length and pre-exposure size of NMs (ρ 

= 0.359, p = 0.029) and shoot length and post-exposure zeta of NMs (ρ = 0.337, p = 0.0417). Negative 

correlations were found between wheat shoot length and post-exposure hydrodynamic size (ρ = -0.367, 

p = 0.0265); root length and pre-exposure zeta potential (ρ = -0.589, p = 0.000125) and final 

germination rate and pre-exposure zeta potential (ρ = -0.355, p = 0.0309). Lettuce seed growth also had 

no statistically significant correlative relationships with any of the NM parameters recorded. These 

correlations could be indicative that pre-exposure characteristics are more influential on root growth, 

with larger NM agglomerates that are more negatively charged increasing root length. Post-exposure 

characteristics are more significant for shoot length, with more positive and smaller NMs correlated 

with longer shoots. Due to the lack of correlation found for the lettuce seeds, it may be that other NM 

characteristics are of greater significance, for example, NM composition or extent of dissolution (Liu 

et al., 2016; Liu et al., 2021). 

 

3.5. Conclusion 

Hydrodynamic size and zeta potential of zeolites and metal oxides can be used to predict the 

general trend of lettuce and wheat responses; however, correlations are NM-crop species specific and 

further modelling is required to disentangle which NM properties have the most significant effect on 

improving crop growth efficacy. Metal oxides show species-specific responses, with nanopolymers and 

biochar derivatives having limited impact. MOFs, like HKUST-1 and CPO-27, showed highly 

inhibitory effects on both wheat and lettuce growth, potentially through ion dissolution. 500 mg L-1 was 

seen to be an appropriate concentration for some of the NMs but sufficiently high for others to trigger 

toxicity in the seeds, for example, the MOFs HKUST-1 and CPO-27. Interrogating dose-responses of 

the two crop species’ seeds would permit insights into functional concentrations for future 

commercialisation and reflect any potential dose-based phytotoxic or hormetic effects. While the 

conclusions from this study are specifically relating to lettuce and wheat, they may inform directions 

for NM seed priming research in other dicot and monocot crops.  
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Responses of wheat and lettuce seeds differ for the same NMs, and different trends are seen in 

NM agglomeration and surface charge in response to seed exposure and resulting seed exudates. NM 

aggregation may be induced by seed exposure or binding of NMs to seed surfaces, leading to post-

exposure hydrodynamic sizes being reduced. TEM imaging of particles before and after exposure would 

aid in elucidating to what extent the NMs’ hydrodynamic size changes are through seed coat 

interactions, homo- or heteroaggregation. There is potential that some of the responses induced in seeds 

by NMs exposure is through the action of seed exudates. Protein in wheat seed exudates is decreased 

by NM exposure but increases upon lettuce seed exposure to some zeolites; this is predicted to be due 

to nutrient and water uptake where optimal growth conditions reduce seed exudation. Analysis of seed 

exudates for organic acids, proteins and amino acids that are undetectable by BCA assay could also 

prove to be of interest. 
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4.1. Abstract 

Excessive nitrogen fertiliser use has resulted in reactive nitrogen losses to the environment 

through gaseous N emissions, like N2O, resulting in agriculture being a major anthropogenic source of 

N2O gas emissions globally. Using engineered nanomaterials to deliver reactive nitrogen can aid in 

more efficient nutrient delivery to crops, maximising yield and crop quality, while minimising reactive 

losses to the environment. The impact of three engineered nanomaterials on soil N emissions and losses 

was interrogated by co-application with a reduced dose of conventional fertiliser to soils to grow lettuce. 

Nanomaterial addition to soils was hypothesised to reduce N losses to the environment while 

maintaining lettuce yield and quality. ZSM-5-15, a nano-zeolite, increased cumulative N2O emissions 

by 42% when applied in combination with a 50% dose of conventional nitrogen fertiliser. This is 

theorised to be through ion exchange of ZSM-5-15’s extra-framework NH4
+ ion load being released, 

allowing nitrifying microbes to act on the newly released NH4
+ and increase N2O emissions. BEA-19, 

a similar zeolite to ZSM-5-15 but with a slightly altered Si:Al ratio, size and charge, causes no increase 

in N2O emissions. While ZSM-5-15 increases reactive N emissions it also drives improved lettuce 

growth. Ce0.75Zr0.25O2, a nano-metal oxide, improves growth and maintains nutritive quality of lettuce 

without increasing N2O emissions. Nano-Ce0.75Zr0.25O2 transforms in soil to form CeO2 and Ce0.9Zr0.1O2, 

leaching Zr4+ ions which partly form ZrCl4. These compounds may then act on lettuce roots and soil 

microbes independently. These results indicate how nanomaterials may impact reactive nitrogen 

emissions through effects on soil microbial communities.  
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4.2. Introduction 

Since the discovery of the Haber-Bosch process in 1913 the total input of reactive nitrogen (Nr) 

into agricultural ecosystems has more than doubled due to excessive use of synthetic fertiliser 

(Galloway and Cowling, 2002). Increased fertiliser use has supported global food security and human 

population growth, with over half of the world’s current population eating food produced from nitrogen 

fertiliser (Smil, 2001). While synthetic fertiliser additions have permitted an increase in crop 

productivity, their low uptake efficiencies from soils (by crops) have enriched agricultural soils with 

reactive nitrogen (Nr) thus resulting in its loss to the environment through aqueous run-off and gaseous 

emissions. These losses include gaseous N compounds that contribute to climate change, primarily 

through the production of N2O, which has a global warming potential (GWP) of ~300 as compared to 

CO2 and whose atmospheric concentration has increased to 332 ppb in 2021, compared to pre-industrial 

levels of 275 ppb (IPCC, 2023). Other volatile N compounds include NH3 and NOx, that are formed 

through different stages of N transformations and contribute to climate change as well as impacting air 

quality. There are also Nr losses through run-off and groundwater leaching in the form of NO3
- and 

NH4
+, contributing to eutrophication and reducing water quality. It is essential to reduce the impact of 

synthetic fertiliser on the environment without compromising crop productivity, the ability of global 

agriculture to support the population, and the livelihoods of farmers.  

Nanomaterials (NM) have been posited as a solution for precision agriculture, aiding in efficient 

nutrient delivery (and thus reducing the amounts needed) and promoting crop growth and stress 

tolerance. NMs have at least one dimension between 1 and 1000 nm, with a huge surface area to volume 

ratio permitting environment-dependent transformations (amongst other qualities). NM function is 

highly dependent on their characteristics, including size, shape, surface charge and chemistry, which in 

turn alter their reactivity, adsorption/binding kinetics and mobility (Wang et al., 2017; Spielman-Sun et 

al., 2017; Rizwan et al., 2017). The dynamic nature of NMs (as indicated by their propensity to 

transform) presents a challenge, as generalisations about the behaviour and impacts of different classes 

of NMs are difficult to make, with changes in shape, size and constituent element ratio altering their 

fate and effects significantly (Svendsen et al., 2020). This is particularly true of adding NMs into 
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biological systems. Soil is a highly heterogeneous environment, and NM interactions with minerals, 

organic matter and microorganisms can trigger ion dissociation and biotransformation of the NMs 

(Avellan et al., 2018; Svendsen et al., 2020). Similarly, plants with their varied solute concentrations 

and highly specialised internal environments, can further alter NM transformations, resulting in highly 

specific interactions between different NMs, soil types and plant species (Pagano et al., 2023; Zhu et 

al., 2024). NM introduction to the soil environment causes changes to the physicochemical properties 

of NMs, altering NM behaviour, fate, and biological activity, with NMs impacted by soil pH, organic 

matter and water content (Xu et al., 2015; Li et al., 2024). These in turn can cause NM agglomeration, 

transformation, adsorption to the soil matrix or other compounds present and influence NM dissolution, 

having further impacts on NM behaviour as well as on nutrient supply, including N. Characterising 

NMs in soil and plants is a further challenge due to the difficulties in tracing the NMs through the whole 

agricultural system and the requirement that NMs are dispersed for most characterisation methods and 

in many cases separated from the complex environmental matrix (Mudalige et al., 2019).  

Previous research indicates that NM application is able to reduce the nitrogen, phosphorus and 

potassium (NPK) input needs of crop plants, with metallic NMs shown to impact the cycling of N, P 

and C (Ditta and Arshad, 2016; Simonin et al., 2018). Here, research is focussed on three metallic NMs, 

two nano-zeolites, BEA-19 and ZSM-5-15, and a mixed metal oxide, Ce0.75Zr0.25O2. Zeolites are highly 

porous aluminosilicates, which are often used as industrial catalysts due to their porosity which lends 

itself to specific ion exchange capabilities. In particular, metal-exchanged ZSM-5 NMs have been used 

in N2O decomposition (Abu-Zied et al., 2008). Previous research has shown that CeO2 and ZrO2 both 

have antioxidative properties (Narasaiah et al., 2022), with significant research already exploring the 

application of nanoceria (CeO2) to different crops (Gui et al., 2015; Zhang et al., 2011; Rodrigues et al., 

2021). The mixed metal oxide utilised here is Ce0.75Zr0.25O2, which follows the nanostructure Ce1-xZrxO2. 

Previous research has utilised Ce0.75Zr0.25O2 NMs as catalysts due to their high dynamic oxygen 

exchange capacity (Stark et al., 2003; Zheng et al., 2011). This catalytic activity may enable them to 

function as nanozymes, directly mimicking the action of biological enzymes in the soil to minimise 

gaseous N emissions (Jiang et al., 2019). 
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Sustainable intensification of agriculture is described as maintaining or improving yield without 

compromising on healthy ecosystem functioning. The experiments presented herein aimed to 

investigate how soil-based NM application with reduced NPK fertiliser input affected crop growth and 

yield and soil N gaseous fluxes. The hypothesised mechanism is that binding of the NPK nutrients to 

the surface of the NMs results in a binding dynamic that allows slow nutrient release and, due to the 

NMs ability to cross biological barriers and be taken up into plants, would allow a more direct nutrient 

release, thereby minimising the potential for nutrient losses to the environment. Parameters studied 

include biomass as a measure of plant growth, antioxidative response to assess NM toxicity or stress 

initiation to aid in deciphering NM mechanism of action, and elemental analysis in order to determine 

how NM application altered macro- and micronutrient accumulation in lettuce tissue and if there was 

above-ground accumulation of the NMs based on analysis of their constituent elements. To understand 

the nutrient cycling that occurred, CO2, N2O and NH3 gas fluxes were captured via gas sampling and 

analysis. Nitrate, phosphate and ammonium content of the soil and leachate were also analysed to 

determine how the nutrient supply was influenced by NMs and fertilization. X-ray absorption 

spectroscopy (XAS) was utilised to determine Ce0.75Zr0.25O2 NM transformations in the soil 

environment over the timescales of the exposure and uptake by plants. Analysis of the NMs 

transformations was performed to better understand the mechanisms driving the NMs impacts in the 

environment and to determine in what form the NMs are when they interact with, or enter, plant tissues. 

We hypothesized that NM co-application with a reduced dose of fertiliser (half of the conventional 

dose) would be able to maintain lettuce yield with a reduction in N emissions from soil as a result.  

4.3. Materials and Methods 

4.3.1. Materials 

An aqueous dispersion of Ce0.75Zr0.25O2, was obtained from Promethean Particles (UK) via the 

NanoSolveIT project. Powdered ZSM-5-15 (Si:Al = 15.0) and BEA-19 (Si:Al = 19.0) were obtained 

from Zeolyst (USA). Hydrodynamic diameter and zeta potential were determined using 500 mg L-1 NM 
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dispersions in deionised water using a dynamic light scattering (DLS) instrument (Zetasizer, Malvern 

Instruments, UK). NPK treatment comprised of urea (Sigma-Aldrich) and potassium phosphate 

monobasic (Sigma-Aldrich). Primary particle size information on BEA-19 was sourced from Jendrlin 

et al. (2022), on ZSM-5 from Song et al. (2004) and on Ce0.75Zr0.25O2 from Dhage et al. (2005).  

 

4.3.2. Greenhouse study, sampling and analysis  

The soil used in the study was collected from FarmED (coordinates 51.869981, -1.581136, 

https://www.farm-ed.co.uk/) where the loam soil had an oolitic limestone bedrock and a 30-year 

history of conventional wheat and barley planting. The soil was collected in September 2022 with 

previous cultivation including barley from March – August 2022. Soils were watered to 60% water 

holding capacity (WHC) with regular water additions of 100-300 mL per 1.5 kg of soil to maintain soil 

moisture throughout the experiment.  

Soils were sieved to 2 mm before 1.5 kg (dry weight) soil was brought back to 60% WHC and 

left to rest under greenhouse conditions (21˚C, 16:8 light/dark cycle) for one week. After the seven days 

the soils were treated with either NPK, a combination of half concentration of NPK and NM suspension, 

or water as a control. In the case of the NM treatments a 25 mg kg-1 NM suspension was added to 100 

mL of deionised water along with an NPK treatment made from urea and potassium phosphate 

monobasic. The full NPK treatment consisted of 180 kg ha-1 N, 200 kg ha-1 of P2O5 and K2O based on 

the UK DEFRA RB209A fertiliser manual. The application rates used are recommended for a loamy 

soil with the previous growing season having been used for winter wheat with an average organic matter 

content of 3-4% (DEFRA, 2011). The reduced fertilisation was half NPK treatment and consisted of 90 

kg ha-1 N and 100 kg ha-1 of P2O5 and K2O. Lactuca sativa seeds (“Tom Thumb” variety; Premier Seeds 

Direct Limited, UK) were sterilised using 1.5% NaClO solution for 10 minutes before rinsing with 

deionised water until odourless. Five seeds were sown directly in the treated or untreated soils and 

grown for eight weeks in a greenhouse at 21˚C with 16:8 hour light to dark day cycles. After the first 

week post-sowing, similarly sized seedlings were maintained (>2 cm tall) and the rest removed from 
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each pot replicate, to leave one seedling per pot. Lettuce growth was monitored through height and 

width measurements and leaf counts over the course of the eight-week experiment. The lettuce’s fresh 

biomass was weighed at the end of the eight-week growing period before being snap frozen using liquid 

nitrogen and stored at -80˚C for future analyses.  

4.3.3. Soil characterisation and net nitrogen mineralisation 

Soils were characterised before and after the 8-week experiment for gravimetric soil moisture, 

pH and EC. The soil samples were kept after the experiments and stored in a cold room at 4-7˚C. 

Gravimetric soil moisture was calculated using a 5g soil subsample that was weighed before and after 

24hr drying at 105˚C. Soil extraction for nitrate, ammonium and phosphate analysis was done using 2M 

KCl with a 1:10 ratio between sieved soil and the KCl solution. The mixture was shaken for one hour 

at 200 rpm at room temperature before being centrifuged and the supernatant filtered using 0.45 µm 

syringe filters. The extractant was stored at -20˚C before use. Net nitrogen mineralisation was studied 

for each biological replicate at the end of the eight-week experiment by incubating 20g of soil at room 

temperature in the dark for 28 days before extraction as detailed prior. The post incubation soil 

extractants were then compared to the end of growth period soil extractions to assess how much nitrogen 

was nitrified. Dried soil samples underwent elemental analysis and were digested for analysis by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) as described below.  

4.3.4. Greenhouse gas fluxes 

Static chamber gas sampling with gas chromatography was performed to measure N2O and CO2 

emissions. Static chambers had dimensions 15 x 20 x 20 cm and were sealed at the base with water to 

ensure they were airtight. 15 mL of gas samples were taken at 0 hours, 0.5 hours, 1 hour and 2 hours on 

a weekly basis and stored in 12mL pre-evacuated exetainer vials (Labco Limited, UK). The gas samples 

were analysed using the Agilent 7890A Gas Chromatograph (GC) interfaced with a PAL3 autosampler 
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(Agilent Technologies Ltd, USA) following the method used in Comer et al. (2024) and using reference 

standards as described in Sgouridis and Ullah (2017). Every 20 samples a standard (N2O = 0.2 ppm, 

CH4 = 4 ppm, and CO2 = 500 ppm) was used to prevent drift with minimum detectable concentration 

differences of 9 ppb N2O, 72 ppb CH4 and 31ppm CO2. GC analysis of N2O used a micro electron 

capture detector (µECD), while a flame ionisation detector (FID) was used to analyse CH4 and CO2 

methanised into CH4.  

A 1M H2SO4 solution with 2% (w/v) glycerol was used as an acid trap for ammonia emissions 

from the soils. The acid trap was incubated inside the static chambers for two hours during the weekly 

gas sampling. The acid trap solution was then extracted with deionised water before NH4
+ analysis via 

the ISO/DIS 15923-1 standard analysis method on an AQ400 Discrete Analyser (SEAL Analytical, WI, 

USA).  

 

4.3.5. Soil nutrient analysis 

Soils in the pots containing the growing lettuce plants were watered (100-300 mL per pot to 

reach 60% WHC, and a funnel was used to capture the first 50 mL of resulting leachate on weeks 1, 2, 

4 and 8. This leachate was filtered using a 0.45 µm syringe filter and stored at -20˚C until prepared for 

analysis. Leachate and KCl extracted soil samples were analysed for nitrate, ammonium and 

orthophosphate concentration using a Tecan Spark microplate reader (Tecan, UK). Ammonium analysis 

was performed in accordance with the Mulvaney (1996) protocol. Samples and reagents for the 

ammonium assay were incubated at 40˚C for 15 minutes, returned to room temperature, and absorbance 

readings were taken at 650 nm. Nitrate concentrations were determined using a VCl4 based method 

(Miranda et al., 2001). Microplates underwent a 6-12 hour incubation at 4˚C before an absorbance 

reading was taken at 540 nm. The phosphate assay was performed as described by Murphy and Riley 

(1962). The microplate was incubated for 10 minutes at room temperature before taking an absorbance 

reading at 880 nm. Each assay used their respective standard solutions which were made up in the same 

extractant background as the samples, KCl or tap water.  
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4.3.6.  Macro- and micronutrients, NM constituent elements and plant stress 

marker analysis 

Samples (lettuce and soil) were digested for inductively coupled plasma optical emission 

spectroscopy (ICP-OES) according to the protocols for spinach tissue and the US EPA 3052 protocol 

for soil/sediment as described in the MARS 6 Microwave Acid Digestion Method Note Compendium 

(CEM, 2019). Digestion details are listed in full in the supplemental information (SI Table S4.1 and 

S4.2), with digestion program details in SI Table S1 and S2. Resulting digestate was diluted 50-fold 

before running samples on the Perkin Elmer optima 8000 ICP-OES for analysis (Agilent Technologies 

Ltd, USA). The elements studied were P, K, Zn, Ca, Mg, Fe and Mn, as well as the NM constituent 

elements Ce, Zr, Al and Si. Both dried soil samples and freeze-dried lettuce tissue samples underwent 

EA analysis for C, N, and S. Soil samples were analysed using a FlashSmart Elemental analyser 

(Thermo Scientific, USA) using a CHNS method with the furnace at 950˚C using vanadium pentoxide 

as a combustion aid. Lettuce samples were analysed for C and N using a vario PYRO cube (Elementar 

Analysensysteme GmbH, Hanau, Germany) in combustion mode at 950˚C and then a reduction tube at 

600˚C. A thermal conductivity detector was used for signal detection. Frozen lettuce tissues were used 

for a malondialdehyde (MDA) assay which measures lipid membrane peroxidation as a marker for 

oxidative stress (Sigma-Aldrich, UK). The assay was performed according to the manufacturer’s 

instructions.  

4.3.7. X-ray Absorption Spectroscopy 

Soil samples spiked with 3000 mg kg-1 Ce0.75Zr0.25O2 NMs were used for X-ray absorption 

spectroscopy (XAS) analysis. Soils were treated with the NMs dispersion and mixed thoroughly, 

followed by 8 weeks of incubation at 21˚C. 200 mg soil samples were pelleted for analyses, with XAS 

spectra collected on beamline B18 (Diaz-Moreno et al., 2018; Dent et al, 2013) at the Diamond Light 

Source synchrotron radiation facility (Didcot, UK). The energy of the storage ring during the data 

collection was 3.0 GeV, with the current intensity of 300 mA. A Si(111) double crystal monochromator 
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was used to select the incident X-ray energy. Pt-coated collimating and focusing mirrors were used to 

collect the spectra. A pair of dedicated Pt-coated mirrors operated at 7.0 mrad angle was used to 

eliminate high energy harmonics during the Ce LIII - edge spectra measurements. Zr K-edge XAS 

spectra were measured without harmonic rejection mirrors. Zr K-edge XAS spectra on soil samples 

were collected in fluorescence mode using a Canberra 36-pixel Monolithic Segmented Hyper Pure 

Germanium Detector (HPGe) with Xspress4 signal processing (Dennis et al., 2019), while Ce LIII-edge 

spectra were collected in fluorescence mode using Vortex-ME4 silicon drift detector partnered with the 

Xspress3 digital pulse processor. A set of reference compounds, consisting of cerium and zirconium, 

including CePO4, Ce(CH3COO)3, CeO2, CeCl4, Zr metal, ZrCl4 and ZrO(NO3)2 were measured in 

transmission mode using three consecutive ionization chambers, where the reference samples were 

placed between the first and second ionization chambers. In addition, a range of different ratios of Ce/Zr 

mixed metal oxide NMs and ZrO2
 reference compounds were measured in fluorescence mode using a 

Vortex-ME7 silicon drift detector with the Xspress3X digital pulse processor. Powdered reference 

compounds (CePO4, Ce(CH3COO)3,  ZrCl4 and ZrO(NO3)2) were mixed with boron nitride (BN) and 

pressed into pellets. 3000 mg L-1 NMs dispersed in water reference compounds (different ratios of Ce/Zr 

mixed metal oxide NMs, ZrO2 and CeO2) were measured in liquid cells with thickness of 1 mm. Energy 

calibration of collected spectra was achieved by simultaneous measurements of Zr K-edge and Cr K – 

edge XAS spectra on zirconium and chromium reference foils for Zr K-edge and Ce LIII -edge 

measurements, correspondingly. Spectra on reference foils were measured in transmission mode. The 

reference foils were placed between the second and third ionization chambers. Demeter software 

package was used to perform the data analysis, including energy calibration, normalisation and linear 

combination fitting (LCF) analysis (Ravel and Newville, 2005). Spectra from two to six repetitions for 

each sample were merged to improve signal-to-noise ratio. 

 

4.3.8. Statistics 

R Statistical Software was used for all analyses (v4.0.2; R Core Team, 2023). Data was initially 

assessed for normality using Shapiro-Wilk tests, Q-Q plots and homogeneity of variance testing. Where 
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normality was breached, non-parametric statistical analyses were performed. Kruskal-Wallis tests, 

followed by Dunn’s post-hoc test for pairwise comparison were performed for the soil samples. 

Normally distributed data were analysed with one-way ANOVA, followed by post-hoc Tukey HSD 

(honest significant difference) tests. GC calculated N2O and CO2 concentrations, and leachate nutrient 

concentrations, were assessed using linear mixed models to interrogate treatment and time effects on 

emissions. Post-hoc comparisons of linear mixed model results were evaluated using Tukey tests. 

Lettuce biomass comparisons were performed using Bonferroni corrected two-sample t-tests comparing 

control lettuce with all other treatments. The threshold for statistical significance was set at p = 0.05. 

4.4. Results 

500 mg L-1 NMs dispersed in water showed both zeolites as negatively charged (Table 4.1) with 

BEA-19 having a more negative zeta potential than ZSM-5-15. The Ce0.75Zr0.25O2, however, was 

positively charged. The three pristine NMs also had varying agglomerate sizes as determined via DLS, 

with BEA-19 agglomerates the largest and Ce0.75Zr0.25O2 NMs the smallest.  

Table 4.1. Nanomaterial characterisation using dynamic light scattering (DLS) before exposure to soil. 

Data are means ± standard deviation. 

Nanomaterial Mean hydrodynamic size (nm) 

(n=3) 

Mean zeta potential (mV) (n=3) 

BEA-19 997.8 (±196.8) -39.5 (±0.95)

ZSM-5-15 631.3 (±12.7) -28.0 (±0.66)

Ce0.75Zr0.25O2  104.5 (±4.37) +45.2 (±0.75)

BEA-19 primary particle size was found to be 0.05 µm, as measured by SEM or TEM (Jendrlin 

et al., 2022). According to Jendrlin et al. (2022), ZSM-5 particles were 0.2 µm. Another paper found 

Zeolyst sourced ZSM-5-15 particles to be 32 nm, with larger aggregates found between 700-1000 nm 

(Song et al., 2004). Ce0.75Zr0.25O2 primary particle size was found to be 5 nm using TEM (Dhage et al., 

2005). The SEM and TEM derived particle sizes makes it clear that the NMs are agglomerated, and that 

the hydrodynamic size values are thus for the NM aggregates. 
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Soil moisture varied across treatments, with the control soil having greater moisture levels than 

BEA-19 (p=0.02), Ce0.75Zr0.25O2 (p=0.0041), and ZSM-5-15 (p=0.00061) treated soils. Additionally, 

soil moisture was significantly lower in ZSM-5-15-treated soils than that of NPK full (p=0.01) (Table 

4.2). Soil pH varied across treatments, with NPK full soil pH being significantly lower than in 

Ce0.75Zr0.25O2 treated soil (p=0.0052) or NPK half treated soil (p=0.01). The positively charged 

Ce0.75Zr0.25O2 NMs had a particularly alkalinizing effect on the soil, producing a significantly higher 

soil pH than in the control (p=0.032). Electrical conductivity (EC) of the soil was also affected by the 

various treatments.  The EC of NPK full treated soil was significantly higher than that of the control 

soil (p=0.028) or ZSM-5-15 treated soil (p=0.0057). 

No meaningful differences were found between soil NO3
- or PO4

3- concentrations across 

treatments, with control soil having an undetectable PO4
3- concentration (Table 4.2). There was a 

disparity between the concentrations of NO3
- and post-incubation NO3

- under NPK full treatment, 

indicating that N was nitrified in this treatment only. The full NPK treatment resulted in significantly 

more mineralised NO3
- compared to all other treatments (see SI Table S4.3 for p values). C:N ratio 

varies across treatments, with no statistically significant deviation from the control across treatments 

for C:N ratio, or C and N content alone.  

Comparing the elemental concentrations for macro- and micronutrients across the treatments 

reflects broadly similar nutrient profiles (Table 4.2). The only element to have significantly different 

elemental concentrations was Cu. ZSM-5-15 treated soils had much higher Cu concentrations, with 

more than 5x the amount of Cu present in soil as compared to the NPK full treated soil (p=0.007). The 

Cu content of soil in the BEA-19 treatment was also significantly different to NPK full (p=0.26). Soil 

nanomaterial constituent concentrations were uniform across treatments other than for Al. BEA-19 Al 

soil content was significantly lower than that of the control soil (p=0.0084).  
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Table 4.2. Soil properties in the six different soil treatments after the eight-week growth period. Data 

are means  standard error. Absent data is due to values being below the limit of detection of the specific 

method. 

Soil properties Control NPK full NPK half BEA-19 +

NPK half 

Ce0.75Zr0.25

O2 + NPK 

half 

ZSM-5-15 

+ NPK half

Gravimetric soil 

moisture (%) 

(n=4) 

73.9 

(± 1.1) 

69.9 

(± 2.9) 

66.3 

(± 1.6) 

63.1 

(± 1.5) 

60.9 

(± 1.2) 

58.2 

(± 3.2) 

pH (n=4) 8.31 

(± 0.06) 

6.84 

(± 0.18) 

8.82 

(± 0.05) 

8.65 

(± 0.07) 

8.86 

(± 0.04) 

8.60 

(± 0.09) 

EC (µS cm-1)

(n=4) 

49.5 

(± 3.3) 

76.4 

(±8.5) 

52.1 

(±2.6) 

60.0 

(±10.5) 

46.2 

(±4.9) 

39.5 

(±2.0) 

NO3
- (mg kg-1 

dry soil) (n=4) 

2.81 

(± 0.43) 

9.14 

(± 2.59) 

4.02 

(± 1.15) 

5.70 

(± 2.73) 

3.29 

(± 1.09) 

1.82 

(± 0.39) 

Post-incubation 

NO3
- (mg kg-1 

dry soil) (n=4) 

0.789 (± 

0.33) 

11.7 (± 

1.85) 

3.28 (± 

1.54) 

4.36 (± 

2.06) 

1.80 (± 

0.68) 

0.934 (± 

0.056) 

PO4
3- (mg kg-1 

dry soil) (n=4) 

- 0.01 (± 

0.0041) 

0.0017 (± 

0.0007) 

0.00081 (± 

0.0002) 

0.00065 (± 

0.00024) 

0.0012 (± 

0.00026) 

N (%) (n=4) 0.26 (± 

0.01) 

0.28 (± 

0.02) 

0.28 (± 

0.01) 

0.28 (± 

0.01) 

0.27 (± 

0.004) 

0.28 (± 

0.01) 

C (%) (n=4) 5.89 (± 

0.34) 

5.89 (± 

0.41) 

6.28 (± 

0.02) 

5.98 (± 

0.13) 

6.07 (0 

±.02) 

6.02 (± 

0.21) 

C:N (n=4) 22.8 (± 

0.3) 

20.9 (± 0.7) 22.3 (± 1.0) 21.8 (± 0.7) 22.5 (± 0.6) 21.4 (± 0.8) 

K (mg kg-1 dry 

soil) (n=4) 

8469 (± 

311) 

8396 (± 

368) 

7913 (± 

257) 

7838 (± 

254) 

9734 (± 

1,147) 

8497 (± 

268) 

P (mg kg-1 dry 

soil) (n=4) 

1170 (± 

85) 

1270 (± 93) 1158 (± 39) 1105 (± 26) 1364 (± 93) 1095 (± 55) 

Cu (mg kg-1 dry 

soil) (n=4) 

26.0 

(±6.7) 

15.8 (±1.9) 25.7 (±6.7) 55.4 (±3.7) 43.4 (±1.5) 84.8 (±7.3) 

Al (mg kg-1 dry 

soil) (n=4) 

18,916 

(± 416) 

17,482 (± 

339) 

17,962 (± 6 

± 13) 

15,010 (± 

585) 

21,291 (± 

4,932) 

16,687 (± 

291) 

Si (mg kg-1 dry 

soil) (n=4) 

170,418 

(± 7,860) 

160,528 (± 

13,517) 

151,159 (± 

8,819) 

146,620 (± 

5,459) 

156,984 

(7,853) 

173,300 (± 

11,333) 

Ce (mg kg-1 dry 

soil) (n=4) 

15.7 (± 

3.8) 

15.5 (± 3.9) 10.3 (± 1.0) 12.0 (± 2.6) 14.4 (± 2.5) 13.3 (± 3.0) 

Zr (mg kg-1 dry 

soil) (n=4) 

30.4 (± 

2.7) 

22.9 (± 4.1) 22.2 (± 2.6) 23.3 (± 3.8) 33.6 (± 

10.8) 

39.2 (± 5.9) 



95 

 

NPK full treatment produced the greatest N2O emissions in week 2 (Figure 4.1A), but also 

cumulatively (SI Figure S4.1A). The NPK half combination treatments were consistently low producers 

of N2O with one notable exception. Co-addition of ZSM-5-15 NM with NPK half produced 42% more 

N2O over the course of the 8-week period as compared to NPK half addition alone. This is most 

pronounced in week 2, as with the NPK full N2O emissions. N2O emissions are significantly different 

across exposure weeks (p=2.58 x 10-10). NPK full N2O emissions are significantly different to all 

treatments (p<0.05) other than ZSM-5-15 (p=0.793). ZSM-5-15 produces elevated emissions, 

producing significantly more N2O emissions than the control soil (p=0.0165).  

CO2 evolution was used as a proxy for soil respiration (Figure 4.1B), with cumulative CO2 

produced from each treatment also calculated (SI Figure S4.1B). Initially, CO2 evolution reflects a 

similar trend to N2O emissions, with NPK full treatment having the greatest emissions at weeks 1 and 

2, as seen in Figure 4.1B. Towards the end of the 8-week growing period CO2 emissions are elevated 

above week 1 CO2 emissions, with an associated increase in respiratory activity, from ZSM-5-15, 

Ce0.75Zr0.25O2 and NPK half treatments. Week of exposure had a significant effect on CO2 emissions 

captured (p=1.47 x 10-8). Control CO2 emissions were significantly different compared to all other 

treatments (SI Table S4.4), other than NPK full application (p=0.0785).  

Analysis of NH3 gas emissions was performed for all 8 weeks of growing, however, results 

greater than the limit of detection were only found for week 1 of the experiment (Figure 4.1C). 

Comparison of NH3 gas emissions between treatments showed that NPK full and control soil were 

statistically significantly different (p=0.0000323). Emission factors of NH3 and N2O emissions are 

available in SI Figure S4.2. 
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Figure 4.1. (A) Weekly time course of soil N2O emissions across the five different treatments and 

control. Error bars indicate standard error from the mean (SEM) based on 4 replicates. (B) Weekly time 

course of soil CO2 emissions across the five different treatments and control. Error bars indicate SEM 

of 4 replicates. (C) Soil NH3 gas emissions in week 1 of the experiment. Error bars indicate SEM from 

4 replicates. “***” is used to denote a statistically significant result as compared to the control of p < 

0.001. 
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NO3
- losses in leachate peaked for all treatments at week 4, as shown in Figure 4.2A, other than 

for the ZSM-5-15 treated soil, which peaked in week 8 with 12.9 mg L-1 of NO3
- in the leachate. This 

is not the highest NO3
- leachate concentration overall, which is found at week 4 in the control soil (16.6 

mg L-1). NPK full has the lowest NO3
- emissions overall. All treatments, other than BEA-19, generated 

lower NO3
- leachate concentrations than the control (SI Table S4.5). Exposure duration (week) and 

treatment have a significant effect on the NO3
- emissions arising from the Ce0.75Zr0.25O2 NM treatment 

(p=0.013), with exposure duration (week) also proving significant for NPK half (p=0.034) and ZSM-

5-15 (p=0.046) treated soil NO3
- concentrations.  

The PO4
3- concentration in the soil was much higher for NPK full than for all the other 

treatments (0.099mg L-1), as seen in Figure 4.2B. A statistically significant difference was found 

between the PO4 soil concentration of NPK full and control treatments (p=0.00633). There was a minor 

reduction in PO4 emissions from Ce0.75Zr0.25O2 and ZSM-5-15 treatments relative to the half NPK 

treatment, this difference, however, was not statistically significant. ZSM-5-15 treatment is significantly 

correlated with exposure duration (week) (p=0.0053).  

NH4
+ concentration in leachate peaked in week 1 before rapidly decreasing, with NPK full emissions 

reducing by 1mg L-1 per week until levels stabilise from week 4 (Figure 2C). NH4
+ emissions from the 

NPK full treated soil are significantly higher than the control across all timepoints (p=2.48x10-6) and 

are significantly correlated with treatment duration (week) (p=0.00075), as is evident from Figure 4.2C. 

NPK full treatment NH4
+ emissions are also significantly different to BEA-19 (p=0.0036), NPK half 

(p=0.0048) and ZSM-5-15 treatment emissions (p=0.0079). The lack of significant differences between 

Ce0.75Zr0.25O2 and NPK full treatments is indicative that while the increase in emissions under 

Ce0.75Zr0.25O2 treatment is not different to the other treatments, it is still elevated. 
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Figure 4.2. (A) NO3
- concentration in leachate emissions recorded at weeks 1, 2, 4, and 8 across the six 

treatments. (B) PO4
3- concentration in leachate across weeks 1, 2, 4 and 8. (C) NH4

+ concentration in 

leachate recorded at weeks 1, 2, 4 and 8. Error bars reflect SEM based on 4 replicates. 
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The highest lettuce yields were produced under Ce0.75Zr0.25O2 (40.8g) and ZSM-5-15 (43.5g) 

treatments, with NPK half treatment alone producing on average 38g lettuce, as shown in Figure 4.3A. 

Significant increases compared to the control lettuce yield were found under ZSM-5-15 (p=0.027) and 

Ce0.75Zr0.25O2 treatment (p=0.017).  

MDA concentration is a measure of lipid peroxidation, or the effect of ROS on cell membranes. 

Control lettuce had the lowest MDA concentration of 0.0073 nmol mg-1 of lettuce tissue (Figure 4.3B). 

Similarly, NPK half, BEA-19 and Ce0.75Zr0.25O2 treated lettuces didn’t show the presence of the stress 

marker, although variability in the BEA-19 data was large. MDA levels were elevated under NPK full 

and ZSM-5-15 treatments, but these were not found to be statistically significant increases in MDA 

concentration relative to the control lettuce.   

The micronutrient tissue concentrations, apart from Zn, appear to show similar trends (Figure 4.3C). 

Control tissues have higher concentrations of Cu, Mn and Mg (p<0.05) compared to all other 

treatments. BEA-19 treated lettuce had a lower yield than controls and it can be seen to have higher 

micronutrient concentrations of Ca, Cu, Fe, Mn and Mg. There were no statistically significant 

differences found between treatments for any other micronutrients other than Zn. N content of ZSM-5-

15 grown lettuce was significantly greater than that in the control lettuce (p=0.0067). The P content of 

NPK full treated lettuce was greater than that in control (p=0.022), BEA-19 (p=0.012), or Ce0.75Zr0.25O2 

lettuce (p=0.043). Ce0.75Zr0.25O2 lettuce had significantly lower K content than the control (p=0.038) or 

NPK full (p=0.013) lettuce. Differences in elemental concentrations of NM constituent elements in 

lettuce tissues can be found in SI Figure S4.3. 
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Figure 4.3. (A) Lettuce aboveground biomass after destructive sampling at week 8. Error bars indicate 

standard deviation (n=4). Significantly different means compared to the control are denoted using ‘*’ 

where p<0.05.  (B) Malondialdehyde (MDA) concentration in lettuce shoot tissue including mean and 

SEM (n=4). Black dots signify outliers. (C) Relative concentration of macro- and micronutrient 

elements of interest in lettuce tissue compared across the six treatments (n=4), numerical element 

concentration data is available in SI Table S4.6. N content was determined via elemental analysis, all 

other nutrients were determined via ICP-OES. 
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The Ce fraction of the NM is completely transformed from the original Ce0.75Zr0.25O2 in the soil. 

The linear combination fit (Figure 4.4A) is able to fully describe the transformation of the NM in soil 

using the X-ray absorption near edge structure (XANES) spectra of CeO2 (19.6% ± 0.8 %) and 

Ce0.9Zr0.1O2 (80.4% ± 0.8 %). The results of the linear combination fit were not able to fully reproduce 

the Zr K-edge experimental spectra for the Ce0.75Zr0.25O2 treated soil, however the Zr K-edge XANES 

spectrum for the Ce0.75Zr0.25O2 grown lettuce tissue shows that Ce0.75Zr0.25O2 is translocated into 

aboveground tissues as well as Zr metal and ZrCl4. Reference standards and experimental spectra are 

presented in SI Figure S4.4. 

 

 

Figure 4.4. (A) Ce L3-edge normalised XANES spectrum of Ce0.75Zr0.25O2 treated soil samples and best 

linear combination fit of XANES profiles of Ce0.9Zr0.1O2 and CeO2. (B) Zr K-edge normalised 

XANES spectrum of Ce0.75Zr0.25O2 grown lettuce tissue and best linear combination fit of XANES 

profiles of pristine Ce0.75Zr0.25O2 and ZrCl4. 
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4.5. Discussion 

4.5.1. N2O emissions and soil respiration are elevated under ZSM-5-15 treatment 

ZSM-5-15 treatment both elevates N2O emissions and increases the soil respiration rate. The 

observed peak in N2O emissions at week-2 is due to a lag in microbial gas production after the 

immediate addition of nutrients. N was added to soil in the form of urea which is hydrolysed to NH4
+ 

via the enzyme urease, which is then utilised in nitrification, producing N2O. Nitrate can also be 

denitrified into N2O in addition to nitrification as a source of N2O. Zeolite application has been shown 

to increase the abundance of ammonia-oxidising archaea and to increase ammonia monooxygenase 

enzyme activity in agricultural waste (Wu et al., 2020). ZSM-5-15 may therefore be impacting nitrifying 

microbes and elevating N2O emissions either through increasing nitrifying community size, or directly 

impacting on enzymatic activity. Soil pH was reduced under the NPK full treatment due to the increased 

addition of N fertiliser triggering subsequent nitrification, producing H+ ions, as seen in Equation 4.1. 

This correlates with the reduction in NH3 gas emissions and NH4
+ in the leachate. However, there is no 

reduction in soil pH under the ZSM-5-15 treatment. If the theorised mechanism is that ZSM-5-15 is 

able to upregulate nitrification, then, as with the NPK full treatment, there should be a corresponding 

drop in soil pH. The absence of a pH change may mean that ZSM-5-15 has a buffering capacity, 

potentially through its extra-framework ion (NH4
+) being released, leaving binding sites for H+ ions 

through a process of ion exchange (Ahmed et al., 2010; Leinonen and Letho, 2001). Extra-framework 

ions are held in the pore spaces of the zeolites’ 3D structure and are not chemically bound to the NM, 

allowing ion exchange. 

 

2𝑁𝐻4
+  +  4𝑂2  +  4𝑒−  →  2𝑁𝑂3  +  4𝐻+  +  2𝐻2𝑂 +  12𝑒− 

Equation 4.1. Nitrosomonas catalysed reduction of ammonium (NH4
+) in soil. 
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Alternatively, the ZSM-5-15 triggered N2O emissions could be through an effect on the final 

stage of denitrification. This might be through ZSM-5-15 having a toxic effect on soil microbes that are 

responsible for reducing N2O to N2, causing there to be a proportional increase of N2O. Nitrous oxide 

reductase (NOS) is the only enzyme found to reduce N2O to N2 in the N cycle (Kuypers et al., 2018). It 

may be that ZSM-5-15 has an inhibitory effect on this enzyme, producing elevated N2O emissions, 

however, this theory doesn’t align with the soil respiration data or the leachate emissions data.  

The increase in soil respiration, as determined via CO2 production, cannot definitively be 

determined to be produced through either an increase in lettuce root biomass, impacts on the soil 

microbial community, or both. Previous research shows that the metabolic quotient of soil increased 

under zeolite application although no impact on respiratory activity was seen (Mulbachova and Simon, 

2003). Due to the sampling procedure utilised, no accurate data for root biomass was found in this study, 

leaving the mechanism unclear.  

ZSM-5-15, nor either of the other NM treatments produced any impact on NH3 emissions, with 

the highest emissions being from NPK full application. Zeolite addition to poultry manure has been 

shown to reduce NH3 volatilisation by up to 44% (Kithome et al., 1999). While the organic matter 

content of manure is much higher than that of soil, the ability to reduce emissions is relevant. The low 

NH3 emissions may be due to the rate of nitrification in the ZSM-5-15 treated soil, whereby NH3 is 

being converted rather than emitted as a gas. 

Rather than promoting microbial community shifts, ZSM-5-15 may have nanozyme activity 

and could be directly involved in conversion of NH4
+ to N2O. Other zeolite nanozymes have been 

developed previously, but were functionalised with Zn (Fu et al., 2021; Chen et al., 2019). As ZSM-5-

15 has no transition metal functionalisation, these findings are indicative that ZSM-5-15 is able to 

produce a shift in typical terrestrial N cycling, as compared to control or NPK half treatment alone, 

likely by promoting nitrifying microbe abundance or enzymatic activity. 
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4.5.2. Leaching loss dynamics over time and with NM treatment 

The timing and magnitude of nutrient emissions in leachate is consistent with the gas emissions 

data for ZSM-5-15 treatment and its effect on nitrification sourced N2O emissions. In week 1, the lowest 

NO3
- concentration in the leachate was for Ce0.75Zr0.25O2 treatment, whilst NO3

- concentrations were 

highest in the control soil. An explanation for this could be due to the NPK half addition producing a 

lag in emissions as seen with N2O, due to urea’s conversion by urease to NH4
+ before conversion to 

NO3
-. The peak in ammonium concentration in week 1, and decline by week 4, coincides with the peak 

in nitrate emissions in leachate. This general trend of increasing leachate concentrations over time was 

true for all the treatments, with peaks in emissions seen at week 4 for all treatments other than ZSM-5-

15, which peaked at week 8. The control soil had the lowest N2O emissions, as compared to the NPK 

full and all NM with half NPK treatments. This could be due to nitrification of NH4
+ to NO3

- occurring 

more completely, with reduced nitrifier sources of N2O. Both zeolites used in this experiment had NH4
+ 

as their extra-framework ions. This binding capacity for NH4
+ means that there may be a delay in 

nitrification under this treatment due to slow release of the NH4
+. Overall, this will lower the amount of 

nitrification in the soil at later stages due to the binding of NH4
+. The increase in leachate concentration 

of NO3
- over time for the zeolites indicates a slow release of these extra-framework ions, with BEA-19 

potentially having a stronger affinity for NH4
+ than ZSM-5-15. BEA and ZSM-5 type zeolites have been 

compared for ion exchange application in catalytic converter exhaust gas adsorption, reflecting the fact 

that both have catalytic and adsorptive effects across applications (Toops et al., 2021). This also has a 

further impact on denitrification, due to low nitrification later in the growth period limiting the supply 

of NO3
- to denitrifying microbes.  

There were three NO3
- leaching trends across the treatments. NO3

- leachate emissions are 

highest for the control group, peaking in week 4, this is partnered with the lowest rate of CO2 evolution, 

indicating that denitrification is stunted in the control soils through a lack of soil microbial activity. This 

reduced microbial activity, combined with the lack of NPK input to the soil, causes the low N2O 

emissions. The NO3
- emissions for NPK full treatment are likely so low due to the soil pH reduction 

impacting on soil microbial activity, as displayed through the reduced CO2 emissions data. This lack of 
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activity slows the N cycle, with reduced NH4
+ and NO3

- emissions. NPK half and Ce0.75Zr0.25O2 

treatments follow the same trend for NO3
- emissions; Ce0.75Zr0.25O2 produces slightly elevated emissions 

but this is coupled with greater soil respiration. NO3
- emissions for ZSM-5-15 are unique, peaking in 

week 8, reflecting the time period needed for conversion of NH4
+ to NO3

-, further indicating that the 

earlier (week 2) N2O emissions peak is nitrification sourced rather than arising from denitrification.  

Leachate losses over time reflect changing adsorption dynamics and local conditions for the 

NMs, with the highest PO4 emissions occurring in ZSM-5-15 treated soil at week 8. ZSM-5-15 is 

negatively charged and so, unlike Ce0.75Zr0.25O2, there are no binding dynamics between it and PO4
3-, 

thus increasing PO4
3- emissions. BEA-19 however has an even more negative zeta potential. Zeolites 

have previously been utilised for simultaneous removal of NH4
+ and PO4

3- in water purification, using 

Ca2+ ions to remove PO4
3- (Karapınar, 2009). As the extra-framework ion, NH4

+, is slowly released over 

time, pore spaces in the structure of the zeolite will become available, permitting ion exchange. This 

may happen with H+ ions as mentioned previously but also other cations, for example Ca2+, K+ and Na+. 

As ion exchange continues to occur this may result in formation of Ca3(PO4)2, minimising PO4
3- 

leaching under BEA-19 treatment. While both BEA-19 and ZSM-5-15 are negatively charged nano-

zeolites with relatively similar Si:Al ratios (19 and 15, respectively), pore sizes (6.8Å and 5.5Å) and 

primary particle sizes, they have very different impacts on gaseous and leachate emissions, and final 

soil concentrations of NO3
- and PO4

3-, however the physical basis for these differences is currently 

unknown.  

The leachate emissions data, combined with the N2O and CO2 emissions in particular, have a 

shared narrative around the impact of ZSM-5-15 NMs on soil nitrification. Differences between the 

NMs, both in terms of constituent elements and hydrodynamic size, zeta potential and other properties, 

are likely significant in understanding the mechanisms that impact their leachate emissions.  
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4.5.3. NM zeta potential, ion exchange capacity, and transformations within the 

soil matrix, influence NM-soil component interactions 

Comparing SEM/TEM derived particle sizes and water-dispersed hydrodynamic sizes it is clear 

that the NMs exist as aggregates under the exposure conditions. Further agglomeration and 

transformation will then have altered the NMs before interaction with plant roots, altering their capacity 

for translocation into other plant tissues. The XANES data reflects that the NMs are undergoing 

transformations within the soil environment. Ce and Zr were below the limit of detection for ICP-OES 

in lettuce tissue, while this has meant a high quality XANES spectra was not able to be generated for 

Ce, indicating limited bioaccumulation. In order to understand if the small amounts of translocated NMs 

undergo further transformations in plant tissues, studies at higher, less environmentally realistic, 

concentrations are required. The LCF for Ce L3-edge XANES spectra of Ce0.75Zr0.25O2 in soil clearly 

shows Zr4+ ions may leach from the mixed metal oxide, leaving Ce0.9Zr0.1O2 and CeO2 in the soil (Figure 

4.5). Previous study shows that CeO2 has limited effect on soil microbial biomass, however there may 

be uptake of Ce by soil microbes (Antisari et al., 2013). This indicates one of the ways in which CeO2 

can interact with the biotic components of soil. Ce0.75Zr0.25O2, ZrCl4 and Zr metal were the primary 

forms of Zr found in the lettuce samples after the 8 weeks of incubation. Whether the leached Zr4+ ions 

are forming ZrCl4 in the soil or inside the plant roots/shoots is unclear due to low quality soil spectra. 

ZrCl4 is used industrially and as a catalyst, however ZrO2 is the more popular nano-form for application. 

ZrCl4 is not a particularly stable form of Zr and reacts with water indicating that this is perhaps a 

transient Zr form.  
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Figure 4.5. Summary image of proposed mechanisms of ZSM-5-15 and Ce0.75Zr0.25O2 activity in 

agricultural soil and lettuce. 

 

Of the NM properties, zeta potential and in turn, ion exchange capacity, play the most significant 

role in NM-soil interactions. Clay and organic matter are negatively charged so the positively charged 

Ce0.75Zr0.25O2 is likely to have been held in the soil matrix, potentially forming interactions with PO4
3- 

and NO3
-. This could form part of its mechanism, improving lettuce biomass through slow release of 

essential nutrients like PO4
3- and NO3

-, without increasing N emissions. This is particularly relevant 

post transformation, as CeO2 has been shown to heteroaggregate with soil clay particles and other 

natural soil colloids (Cornelis et al., 2011). There is a lack of CePO4 seen in the experimental soil 

samples, which indicates that any CeO2-PO4
3- interaction would be through weaker forces such as van 

der Waal forces in larger agglomerates rather than via chemical bonding. Positively charged NMs also 

interact differently with plant roots than negatively charged ones, typically remaining on the outside of 

root surfaces (Spielman-Sun et al., 2017; Li et al., 2019; Parkinson et al., 2022). CeO2 NMs surface 

charge can be modulated through application of PO4
3- ions, acting to neutralise and change the zeta 

potential of the NMs, encouraging translocation into aboveground plant tissues (Zhang et al., 2019, 

Sharifan et al., 2020). The negatively charged ZSM-5-15 is capable of forming interactions with soil 
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cations, using ion exchange to prevent soil pH reduction while promoting nitrification through release 

of NH4
+. The binding dynamics between ZSM-5-15 and BEA-19 are clearly different, despite the 

similarities in their compositions, Si:Al ratio, zeta potential and agglomerate size. Both zeolites are 

bound to NH4
+ and have similar pore sizes, of 6.8 and 5.5Å for BEA-19 and ZSM-5-15, respectively. 

With two zeolites of such great similarity, it is hard to determine how they have such different effects 

on soil N cycling, leachate emissions and lettuce growth on the basis of this dataset alone.  

4.5.4. Ce0.75Zr0.25O2 and ZSM-5-15 positively impact lettuce growth with 

maintained crop quality 

ZSM-5-15 is able to increase both lettuce biomass and N content, however the impact of ZSM-

5-15 on N2O emissions means that it cannot be considered as a sustainable alternative to conventional

fertilisation. BEA-19 improves the micronutrient status of lettuce but has a negative impact on lettuce 

biomass accumulation. This is suggested to be due to the very low lettuce growth seen under BEA-19 

treatment, which may be the result of a deficiency in Zn (de Almeida et al., 2020). The Zn concentration 

is much higher in the control lettuce, with the other treatments producing lettuces all within a similar 

range for Zn concentration in shoot tissue (0.00011-0.00021 mg g-1). Control lettuce biomass was much 

lower than all other treatments, indicating that the control lettuces’ stunted growth was due to a lack of 

available nitrogen and phosphate in particular, which led to a greater but still deficient Zn concentration 

(USDA, 2019). Ce0.75Zr0.25O2 treatment promotes lettuce biomass accumulation, without impacting on 

soil N emissions. However, the NM fails to improve the crop’s quality, with no significant differences 

to any other treatments for macro- or micronutrient tissue concentrations. Therefore, the ratio of 

nutrients to biomass remains consistent and there is greater lettuce biomass under NM treatments, 

leading to maintenance of lettuce’s quality in terms of nutritive content, partnered with improved yield. 

Under alkaline conditions, as in all treatments other than NPK full, the increased N content of soil is 

linked to increased Zn, Cu, Fe and Mn uptake. However, increased P fertiliser additions may have a 
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negative effect on micronutrient uptake, having been shown to affect Zn among others (Dhaliwal et al., 

2019).  

None of the lettuce tissues measured displayed high MDA content, a key marker of lipid 

peroxidation in response to reactive oxygen species production during oxidative stress. MDA 

concentration was only recorded after destructive sampling so transient changes in MDA concentration 

over the plants’ growing period were not studied. Slightly elevated MDA concentrations were found for 

NPK full and ZSM-5-15 grown lettuce. This may be due to the more acidic soil found under NPK full 

treatment, while the effect of ZSM-5-15 on lettuce MDA levels may be due to the action of the NM 

itself, i.e., a physical effect. It could be through this minor stress that greater biomass accumulation was 

seen, as many nanofertilisers act to improve crop growth through initiation of minor stress, triggering 

improved crop stress tolerance through prior activation of stress signalling pathways (Ghosh and Bera, 

2021). 

Nano-CeO2 has been shown to have an antioxidative effect, mimicking the antioxidative 

enzymes catalase (CAT) and superoxide dismutase (SOD) until binding with phosphate (Singh et al., 

2011; Li et al., 2015). From the Ce L3-edge XANES spectra linear combination fitting it is clear that 

there is very limited binding of Ce to PO4
3- in the soil environment, indicating that there is potential for 

CeO2 to be acting as a nanozyme, promoting lettuce growth and improving crop stress resilience. 

However, how the heteroagglomerates of CeO2 with associated soil anions, clay particles and colloids 

behave, and how these other compounds are able to influence nanozyme activity is currently unknown. 

Zeolite nanozymes that are functionalised with a metal group or used in the formation of metal organic 

frameworks have been shown to also mimic enzymatic activities (Chen et al., 2019, Jiang et al., 2019, 

Fu et al., 2021). ZSM-5-15 has no transition metal group, limiting the ability of this zeolite to replicate 

the necessary active sites and microenvironments found in enzymes. ZSM-5-15 grown lettuce may 

show improved growth through more direct entry of the NM into the plant tissue, allowing ion exchange 

within the plant to occur and more localised release of NH4
+ inside the plant. 
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4.5.5. Outlook 

ZSM-5-15 treatment drives changes in the soil N cycling, most notably through increasing N2O 

emissions. This is theorised to be through the action of ZSM-5-15 NMs on nitrifying microbes, likely 

be aided through its supplementation of NH4
+ ions as part of its structure. This theory is supported by 

the soil respiration and leachate nutrient emissions data, in particular NH4
+ and NO3

- emissions. 

Disentangling the mechanism of ZSM-5-15 action on N2O emissions requires further study. Stable 

isotope 15N labelling of urea and NH4
+ would be required to determine whether N2O is being produced 

via nitrification or denitrification pathways. If the increase in N2O from ZSM-5-15 is through 

nitrification then qPCR analysis of relevant N-cycling genes in bacteria, but also archaeal and fungal 

groups, would elucidate how ZSM-5-15 may be affecting the soil microbial community. Additionally, 

deciphering what zeolite characteristics trigger the effect would enable improved design and 

agricultural application of other zeolites also. There are undetermined factors that also influence the 

differences in NM effect, for example the most significant differences between BEA-19 and ZSM-5-15 

zeolite NMs remains unclear in terms of their effect on crop growth and soil N cycling dynamics. 

Ce0.75Zr0.25O2 NMs provide a promising avenue for future research, with increased biomass 

accumulation without triggering increased gaseous or leachate emissions, or soil acidification, whilst 

also maintaining the lettuce’s micronutrient content with this increased biomass accumulation. The 

mixed metal oxide is likely leaching Zr4+ ions, leading to the formation of ZrCl4, Ce0.9Zr0.1O2 and CeO2, 

which then act independently in the soil and on the plant. The NM zeta potential, particularly relating 

to ion exchange capacity, interaction with soil colloids, anions and cations, are all important factors in 

NM activity in soils.  

Understanding the impacts to N cycling and related emissions triggered by NM application to 

soil is only one component of understanding NM application implications to agroecosystems. Broader 

understanding of how the zeolites and Ce0.75Zr0.25O2 NMs, both pristine and transformed, are impact 

soil microbial diversity is essential for improved agricultural sustainability. NM charge triggers 

differential impacts on the biotic components of soil, with positively charged NMs impacting bacteria 

more, while negatively charged particles are more toxic to earthworms (Wang et al., 2017; Adeel et al., 
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2021). ZrCl4 negatively effects the oligochaete Enchytraeus crypticus’ reproduction at >500 mg kg-1 

(Gomes et al., 2015). This concentration is much higher than the experimental concentrations used here, 

however, impacts on soil fauna remain understudied at lower concentrations.  

NMs transform as they enter the soil, with further transformations inside plant tissues (Zhang 

et al., 2020). Understanding how the transformed NMs go on to interact with plant roots and if further 

transformations occur at the plant root surface due to root exudates or inside plant tissues is yet to be 

understood for Ce0.75Zr0.25O2, ZSM-5-15 and BEA-19. Just as these NMs are transforming, 

understanding how these changes alter their agglomeration and binding dynamics is important to reveal 

how they behave in natural systems. For example, visualising heteroagglomerates would aid in 

developing more detailed knowledge around NM kinetics, realistic agglomerate size and interactions 

with biotic soil components. NM heteroaggregates have been studied under lab conditions using 

scanning transmission electron microscopy (STEM), but methods for complex environmental sample 

heteroagglomerates and compound identification is lacking (Mahr et al., 2024, Wang et al., 2015, 

Praetorius et al., 2020). To understand how Zr compounds and CeO2 act in the soil post transformation 

from Ce0.75Zr0.25O2, these visualisations or other characterisation methods in complex samples are 

required. 
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5.1. Abstract 

Hydroponics presents opportunities for crop production with improved land and water usage as 

compared to conventional agriculture, using nutrient media to grow crops without the use of soil. By 

tailoring nutrient mixes to the crop grown this is aimed to improve overall system efficiency. One of 

the ways this may be achieved is through the addition of nanomaterials to the nutrient media, enabling 

even greater improvements in nutrient use efficiency. The nano metal oxides TiO2 PVP and 

Co2.25Fe0.75O4 were added to hydroponic nutrient media to grow lettuce crops using a vertical, 

recirculating hydroponic setup. N2O emission sources were monitored using 15N stable isotope tracing. 

The hydroponic system used had an aerated rootzone with the majority of the N2O emissions derived 

from nitrifying microbes that populate the inert rockwool substrate that the lettuce roots are held in. 

There was little difference between NM treatments and the nutrient media control. This is likely due to 

the action of both NMs being on denitrification, which makes up a minority of the total N2O emissions, 

resulting in minimal net N2O reduction. TiO2 PVP may be toxic to denitrifying bacteria, reducing 

denitrifier sourced N2O. Co2.25Fe0.75O4 transforms in hydroponic media to form Co3O4 and Fe2O3, both 

of which may act to cause more complete denitrification, minimising denitrifier sourced N2O also. 

Further study is required to fully understand NM mechanisms that impact N2O production and NM 

hetero- and homoagglomeration, translocation and bioaccumulation in crop residues. 
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5.2. Introduction 

Precision agriculture focuses on the use of new technology to improve the efficiency of crop 

growth. This can include nanotechnological advances to enhance nutrient delivery and reduce pollution 

associated with agriculture, use of stacked or hydroponic systems to minimise water usage, in addition 

to application of computational approaches such as normalised difference vegetation index (NDVI) data 

and image-based technologies to indicate nutrient deficiencies and instigate corrective actions 

automatically (Zhang et al., 2021; Chadwick et al., 2023). Hydroponics is the use of nutrient media to 

grow crops in a soilless system, allowing nutrient needs to be tailored precisely to the crop being grown. 

Hydroponics is also able to increase crop yield in a smaller area as compared to conventional agriculture 

due to its vertical arrangement that maximises space utilisation. Therefore, hydroponics has 

considerable commercial appeal due to the cleanliness of the end product, with improved yields using 

less water and land area than conventional agriculture, and minimising pollution of surrounding water 

sources due to the lack of surface run-off or groundwater contamination (Carmassi et al., 2005; 

Verdoliva et al., 2021). There are a range of different hydroponic systems, as summarised by McKeil 

(2019), with recirculating hydroponic systems using continuously circulating aqueous media enriched 

with essential macro- and micronutrients for maximal water and nutrient use efficiency (NUE). Reduced 

land and water usage mean that hydroponics is considered a more efficient way to produce crops that 

have high water requirements but require minimal space, like lettuce, tomatoes and strawberries than 

conventional greenhouse approaches.  

Agriculture is the primary anthropogenic source of nitrous oxide (N2O), a potent GHG that 

contributes to global warming. N2O is produced from different microbial communities involved in the 

N cycle, with different clades contributing to N2O production via denitrification, nitrification or nitrifier 

denitrification (Figure 5.1). Improved understanding of N2O emissions from crops grown 

hydroponically, and the different pathways that lead to its production, can aid in making hydroponics 

an even more sustainable option for crop growth. Determining the microbial source of N2O requires use 

of the 15N tracer gas flux method, whereby N2O emissions can be tracked back to which biological 

pathway is being utilised in its production (Stevens and Laughlin, 1998). The source of hydroponic N2O 
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emissions may depend on root growth substrate, with peat substrate causing greater denitrification and 

coir substrate causing a greater proportion of N2O to be produced via nitrification (Lin et al., 2023).  

Figure 5.1. Summary of microbial pathways of N2O production adapted from Rapson and Dacres 

(2013). 

Engineered nanomaterials (NM) have at least one dimension between 1 and 100 nm and are 

man-made particles with high surface area to volume ratios and complex surface chemistries, enabling 

their use in a wide range of industrial, medical and agricultural applications (Regulation (EU) 

2015/2283, 2021; Piccinno et al., 2012). NMs can be applied as sensors to monitor changes in aqueous 

media, e.g., pH or EC, or can be applied to improve nutrient use efficiency as part of the hydroponic 

media or a foliar spray (Chadwick et al., 2023). Utilising NMs within hydroponics has the potential to 

combine the benefits of both approaches, aiding in nutrient uptake and maximising yield while 

minimising environmental impacts of agriculture. TiO2 based NMs are the most produced NM, 

commonly used in a range of cosmetic, medical and industrial applications, thus potentially entering 

aquatic and terrestrial environments during use and at end of life (Menard et al., 2011). The addition of 

the water-soluble polymer polyvinylpyrrolidine (PVP) to nano-TiO2 can aid in NM dispersion and 
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stability (Zheng et al., 2001). Co2.25Fe0.75O4 NMs are a form of spinel structure transition metal ferrites, 

which follow the structure CoXFe3-XO4. Spinel ferrites have magnetic properties and their application in 

biomedical, industrial and environmental applications is well researched (Amiri et al., 2019; Qin et al., 

2021; Kefeni et al., 2017). NM transformations and mobility in aquatic media depend on both the NMs 

properties and the medium composition, and thus safe and sustainable NM application in hydroponic 

systems require dedicated study to understand the potential for NM toxicity and efficacy in this context. 

Understanding how NMs function and transform in hydroponic media, as well as the NM effects on 

nutrient cycling, and nutrient uptake by the plants, is essential in determining the viability of combined 

NM-hydroponic systems as part of a sustainable agricultural approach.  

The experiments presented here applied two nanoscale metal oxides (TiO2 PVP and 

Co2.25Fe0.75O4) to a vertical, recirculating hydroponic setup with a rockwool substrate for the crop 

rootzone that underwent intermittent wetting with the hydroponic media. The NMs were applied to the 

nutrient media, and impacts on lettuce growth and quality, as well as the impact on N cycling were 

determined. Lettuce is a popular crop for hydroponic systems, due to its fast growth period, with 

improved yield and nitrate contents when grown hydroponically compared to traditional soil-grown 

lettuce (Sharma et al., 2018). To interrogate the effects of NM treatment on GHG emissions from the 

hydroponic system and lettuce growth, a range of endpoints were studied in order to assess how the NM 

addition impacted on lettuce productivity and quality, including the NM bioaccumulation risk. Lettuce 

quality was assessed through elemental analysis of nutrients, with additional monitoring for the 

presence of the constituent elements of the NMs in order to understand the potential for NM 

bioaccumulation in the edible lettuce tissues. N cycling was assessed utilising 15N labelled tracers added 

to the rockwool substrate in the hydroponic setup, to determine the relative sources of N2O production 

in the system, e.g., nitrification or denitrification derived N2O emissions. Helium incubation to directly 

determine N2 emissions from soil, as the endpoint of complete denitrification, is better suited to soil 

cores than hydroponic setups using chamber-based gas flux methods, and as such only N2O was directly 

studied (Micucci et al., 2024). The rockwool substrate acted as a rootzone region which was studied 

separately to the bulk aqueous medium to determine nutrient accumulation in the hydroponic system’s 
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rhizosphere equivalent. To explore how the NMs responded to the aqueous hydroponic medium 

solution, NM transformations were studied to improve understanding of NM interactions with the 

lettuce roots and potential translocation and/or transformation within the hydroponic medium and 

lettuce tissues. We hypothesised that NMs would transform within the hydroponic medium, resulting in 

altered surface chemistry, and associated changes in NM physiochemical properties. NMs were further 

hypothesised to bind with essential nutrients, such as nitrate (NO3
-) or phosphate (PO4

3-), aiding in their 

uptake into lettuce tissues. Application of NM treatments to the hydroponic system was hypothesised 

to improve lettuce biomass accumulation and nutritive quality, enhancing the productive output possible 

from the hydroponic system, with minimal N losses to the atmosphere.  

5.3. Methodology 

5.3.1. Materials 

Aqueous dispersion of TiO2 PVP and Co2.25Fe0.75O4 were each obtained from Promethean 

Particles (UK) via the NanoSolveIT project (Grant Agreement No. 814572). The two nano metal oxides 

were characterised at 12.5mg L-1 deionised (dI) water before the experiment and in hydroponic medium 

at week 6, the end of the lettuce growth period. The nutrients added and their proportions for the 

hydroponic medium are listed in supplementary information (SI) Table S5.1. Characterisation was 

performed to determine the hydrodynamic diameter and zeta potential using the dynamic light scattering 

(DLS) instrument (Zetasizer, Malvern Instruments, UK). NM samples underwent 15 minutes of 

continuous sonication in a sonic Elmasonic S 10 H sonic bath at <30˚C at 37kHz (Elma Schmidbauer 

GmbH, Singen, Germany) prior to measurements. Primary particle size information on TiO2 PVP and 

Co2.25Fe0.75O4 were sourced from Khan et al. (2020) and Bhowmik et al. (2015). 
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5.3.2. Hydroponic experimental setup 

Lactuca sativa seeds (Rijk Zwaan, The Netherlands) were grown in hydrated rock wool plugs 

and covered for 7 days to germinate. Lettuce seedlings greater than 2 cm tall were then transplanted 

with their rock wool plug into the central reservation of the vertical hydroponic setup consisting of a 

13.5 mL/hour pump. The experimental setup is detailed in full in SI Figure S5.1. Each hydroponic stack 

consisted of four lettuce plugs and each treatment type was done in triplicate. The treatments were a 

negative control containing the hydroponic medium solution unaltered and the hydroponic medium with 

12.5mg L-1 of either TiO2 PVP or Co2.25Fe0.75O4. Bulk nutrient media was monitored for pH and 

electrical conductivity (EC) across the six-week period, with potable soft water additions as needed to 

keep the medium between the bounds of pH 5.2-7 and 2-4 mS, respectively.  

 

5.3.3. Greenhouse gas fluxes and partitioning of N2O emissions 

K15NO3 (98 at. % 15N, Sigma Aldrich) tracer was added to the rockwool substrate to investigate 

what proportion of the produced N2O was denitrification sourced. The hydroponic stacks were removed 

from their reserve tanks and incubated in a 10 L airtight gas sampling chamber (30 x 29 x 29 cm) for 1 

hour with 15 mL gas samples taken every 20 minutes into 12 mL pre-evacuated exetainer vials (Labco 

Limited, UK). 15N labelling occurred in weeks 1, 3 and 6, with gas sampling of CH4, CO2 and N2O 

occurring for the other weeks. The target enrichment using the 15N-NO3 tracer was 20% based on 

Mulvaney (1984). However, this enrichment is based on soil sampling rather than a hydroponic medium 

system, and as such the rockwool moisture level and denitrifying community component may have been 

sub-optimal. The tracer was dissolved in deionised water and 20 mL was directly applied to the 

rockwool substrate, with the sampling timings as listed above. CH4, CO2 and N2O samples were 

analysed as described in Comer et al. (2023) using an Agilent 7890A Gas Chromatograph (GC) using a 

PAL3 autosampler (Agilent Technologies Ltd, USA) and was performed at the University of Bristol. 

CO2 was converted into CH4 for analysis using the GC’s flame ionisation detector (FID). The reference 

standards utilised were as those used in Sgouridis and Ullah (2017), with every 20 samples a mixed gas 
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standard (N2O = 0.2 ppm, CH4 = 4 ppm, and CO2 = 500 ppm) used to prevent drift. The 15N content of 

the N2O in the 12 mL exetainers was analysed using a continuous flow isotope ratio mass spectrometer 

((Elementar Isoprime Precision; Elementar Analysensysteme GmbH, Hanau, Germany) coupled with a 

trace-gas pre-concentrator inlet with autosampler (isoFLOW GHG; Elementar Analysensysteme 

GmbH, Hanau, Germany) as described in Sgouridis et al. (2023) and detailed further in the SI. Flux 

rates were determined using linear regression across the time points (0, 20, 40 and 60 minutes), 

multiplied by the volume of the gas sampling chamber and divided by liquid volume stored in the 

rockwool substrate and adjusted for incubation time.  

 

5.3.4. Hydroponic medium nutrient analyses 

10 mL subsamples of hydroponic medium were taken from the main medium tanks and 

analysed for nitrate, ammonium and phosphate concentration using a Tecan Spark microplate reader 

(Tecan, UK). The ammonium detection method utilised was that of Mulvaney (1996) and involved a 15 

minute 40˚C incubation of the samples and standards (0-20 mg L-1) before returning them to room 

temperature with absorbance readings taken at 650 nm. Nitrate analysis was via a VCl4 based method 

from Miranda et al. (2001) using standards from 0-10 mg L-1. This method incubates microplates for 6-

12 hours at 4˚C with absorbance readings taken at 540 nm. Phosphate analyses were performed using 

the method of Murphy and Riley (1962). This involved a 10 minute incubation at room temperature and 

absorbance readings taken at 880 nm. Standards were made up for each assay using deionised (dI) water 

and ranged from 0 to 20 mg L-1. For total organic carbon (TOC) and total dissolved nitrogen (TDN) 

analyses of the hydroponic medium, samples were diluted 3-fold and run following either the TOC-L 

or TNM-L procedure on the TOC-L CPH/CPN analyser (Shimadzu, Kyoto, Japan) with an ASI-L 

autosampler (Shimadzu, Kyoto, Japan). The values were base-corrected using the same potable water 

as used in the hydroponic medium. Standards were made using dI water at concentrations of 2-25ppm 

for TDN and TOC analyses, with quality control standards of 10ppm used every 15 samples.  
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5.3.5. Macro- and micronutrient and nanomaterial constituent elements analysis 

Lettuce tissue digestion for inductively coupled plasma optimal emission spectroscopy (ICP-

OES) was performed in accordance with the method described in the MARS 6 Microwave Acid 

Digestion method Note Compendium (CEM, 2019). Briefly, 0.5g of dry lettuce tissue was dissolved in 

10 mL of HNO3; the lettuce tissue digestion program is detailed in SI Table S5.2. The resulting digestate 

was filtered through a 0.35 µm syringe filter and diluted 50-fold before running on the Perkin Elmer 

optima 8000 ICP-OES (Agilent Technologies Ltd., USA). Hydroponic medium was acidified to 2% 

using HNO3, filtered as described for the digestate above and diluted 10-fold before ICP-OES analysis. 

Standards were made up in 2% HNO3 for all analysed samples with standard concentrations from 0 to 

10 ppm. Translocation indices (TI) were calculated for NM constituent elements Co, Fe and Ti using 

Equation 5.1 derived from Puga et al. (2015).   

𝑇𝐼 (%) = 𝑠ℎ𝑜𝑜𝑡 (µ𝑔/𝑔) ×  
100

𝑟𝑜𝑜𝑡 (µ𝑔/𝑔)

[Equation 5.1] 

5.3.6. X-ray Absorption Spectroscopy analysis of NMs bioaccumulation and 

transformation 

TiO2 PVP and Co2.25Fe0.75O4 exposed lettuce samples were oven dried at 70˚C for 72 hours 

before being ground and pelleted for analysis, with near-edge fine structure x-ray spectroscopy 

(XANES) spectra collected on beamline B18 (Diaz-Moreno et al., 2018; Dent et al., 2013) at the 

Diamond Light Source synchrotron radiation facility (Didcot, UK). The energy of the storage ring 

during the data collection was 3.0 GeV, with the current intensity of 300 mA. A Si(111) double crystal 

monochromator was used to select the incident X-ray energy. Pt-coated collimating and focusing 

mirrors were used to collect the spectra. Co, Ti and Fe K-edge XAS spectra on soil samples were 

collected in fluorescence mode using a Canberra 36-pixel Monolithic Segmented Hyper Pure 

Germanium Detector (HPGe) with Xspress4 signal processing (Dennis et al., 2019). Hydroponic 
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medium samples containing the NMs were also studied by Fe K-edge, Co K-edge and Ti K-edge 

XANES spectra, however, due to the low NMs concentrations used experimentally, higher 

concentration of NMs were applied and aged in the hydroponic medium in the same ratio as was used 

in the lettuce experiment. The higher concentration of TiO2 PVP and Co2.25Fe0.75O4 used for the ageing 

experiment was 3000 mg L-1, with NMs added to the nutrient medium solution and aged for six weeks 

before XANES analysis. For Co2.25Fe0.75O4 treated media, XANES spectra of pristine Co2.25Fe0.75O4, 

Co3O4, and CoCO3 were collected as reference standards for Co, and Fe2O3 and FeO4 for Fe. Reference 

standard samples were ground before being mixed and pelleted with BN (boron nitride). Measurements 

were taken in transmission mode using three consecutive ionization chambers, where the reference 

samples were placed between first and second ionization chambers. XANES spectra of pristine TiO2 

PVP and TiO2 rutile were collected as standards for TiO2 PVP, with measurements taken in transmission 

mode as with Co and Fe. Reference foils’ spectra were measured in transmission mode and placed 

between the second and third ionization chambers. The Demeter software package was used to perform 

the data analysis, including normalization, energy calibration, and linear combination fitting (LCF) 

analysis (Ravel and Newville, 2005). 

 

5.3.7. Statistics 

All statistical testing was performed in R (v4.0.1; R Core Team, 2023). Data was tested for 

normality using Shapiro-Wilk tests, Q-Q plots and homogeneity of variance testing. If the assumptions 

of normality were breached, then non-parametric statistical analyses were performed instead. For 

normally distributed data one-way analysis of variance (ANOVA) were performed, followed by post-

hoc Tukey honest significant difference (HSD) tests. Non-normally distributed data was instead 

analysed using Kruskal-Wallis tests, with significant results analysed using Dunn’s post-hoc test for 

pairwise comparisons. Comparisons of data across time e.g., pH and EC of the hydroponic medium 

between weeks 1 and 6, were analysed using two-way repeated measures ANOVA. Significant results 

were then analysed using Bonferroni corrected pairwise comparisons. GC produced data was analysed 

using linear mixed models, to assess the importance of both week and treatment on N2O, CO2 and CH4 
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production. Fixed effect results with t values > 2 were deemed significant. Post-hoc comparisons of 

linear mixed model results were also evaluated using Tukey tests. The threshold for statistical 

significance was set at p = 0.05. 

 

5.4. Results  

NMs were dispersed in deionised water for pre-exposure characterisation at 25 mg L-1 with 

week 6 characterisation taking place in hydroponic medium, including all added nutrient constituents. 

Both metal oxide NMs had negative zeta potentials after the 6-week experiment. However, 

Co2.25Fe0.75O4 changed from positively to negatively charged, with TiO2 PVP NMs becoming less 

negatively charged over time. Pre-exposure NMs both had similarly sized agglomerates. Co2.25Fe0.75O4 

agglomerates were on average slightly smaller after the experiment, this may be due to sedimentation 

of NMs or preferential binding of the NMs to other compounds in the medium altering the agglomerate 

size. The hydrodynamic size of TiO2 PVP reduced by 3.9 times, this is likely due to sedimentation of 

larger NM agglomerates resulting in an apparent reduction in agglomerate size.  

 The primary particle size of TiO2 PVP is reported to be ~10nm (Khan et al., 2020). 

Co2.25Fe0.75O4 particles were reported to vary in size based on the annealing conditions, ranging from 

15-47 nm (Bhowmik et al., 2015). 

 

Table 5.1. NM characterisation summary for pre-exposure NMs and NMs in hydroponic medium at 

week 6. Data are for 25 mg L-1 NM dispersions in either deionised water (pre-exposure) or in hydroponic 

medium (week 6). Data presented are means ± standard deviation. 

 Co2.25Fe0.75O4 TiO2 PVP 

 Pre-exposure Week 6 Pre-exposure Week 6 

Hydrodynamic 

size (nm) (n=3) 

511.6 ( 7.31) 414.6 ( 1.39) 742.8 ( 14.2) 189.9 ( 5.81) 

Zeta potential 

(mV) (n=3) 

+34.2 ( 0.91) -34.6 ( 0.4) -14.2 ( 1.5) -3.12 ( 1.5) 
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Table 5.2. Hydroponic medium characterisation from week 1 and week 6 for the three treatments. 

Rockwool hydroponic medium was only tested at week 6. Data presented are means ± standard 

deviation. 

 Control Co2.25Fe0.75O4 TiO2 PVP 

 Week 1 Week 6 Week 1 Week 6 Week 1 Week 6 

pH (n=3) 6.17  

( 0.01) 

5.64  

( 0.05) 

6.13  

( 0.03) 

5.63  

( 0.04) 

6.14  

( 0.01) 

5.65  

( 0.16) 

EC (mS) (n=3) 2203  

( 10) 

2843  

( 207) 

2209  

( 15) 

3344  

( 306) 

2209  

( 13) 

3399  

( 319) 

NH4
+ (mg L-1 

bulk medium) 

(n=3) 

25.5  

( 2.63) 

18.6 ( 

0.82) 

26.7  

( 6.82) 

17.3  

( 0.47) 

42.6  

( 12.4) 

17.5  

( 0.95) 

NO3
- (mg L-1 

bulk medium) 

(n=3) 

18.8  

( 13.9) 

0.957  

( 0.278) 

14.7  

( 12.4) 

0.758  

( 0.063) 

28.0  

( 8.36)  

0.768  

( 0.048) 

PO4
3- (mg L-1 

bulk medium) 

(n=3) 

72.3  

( 12.2) 

15.3  

( 0.82) 

69.6  

( 1.53) 

19.2  

( 1.30) 

62.5  

( 6.10) 

17.9  

( 0.04) 

Bulk TOC (mg 

L-1) (n=3) 

13.6  

( 5.43) 

13.6  

( 0.86) 

16.7  

( 6.76) 

17.9  

( 2.11) 

9.81  

( 4.55) 

15.5  

( 1.30) 

Bulk TN (mg L-

1) (n=3) 

96.4  

( 34.5) 

197.9  

( 15.8) 

113.5  

( 33.5) 

228.2  

( 23.6) 

77.3  

( 24.1) 

236.7  

( 21.8) 

NH4
+ (mg L-1 

rockwool 

medium) (n=3) 

 18.5  

( 0.63) 

 17.4  

( 1.04) 

 17.5  

( 0.50) 

NO3
- (mg L-1 

rockwool 

medium) (n=3) 

 20.4  

( 4.70) 

 3.30  

( 2.51) 

 9.83  

( 10.9) 

PO4
3- (mg L-1 

rockwool 

medium) (n=3) 

 18.7  

( 0.86) 

 16.2  

( 1.45) 

 17.6  

( 1.16) 

Rockwool TOC 

(mg L-1) (n=3) 

 7.81  

( 1.99) 

 14.95  

( 7.08) 

 5.87  

( 5.37) 

Rockwool TN 

(mg L-1) (n=3) 

 113.5  

( 14.7) 

 198.1  

( 50.1) 

 96.8  

( 88.2) 

 

Over the course of the six weeks the pH decreased, and EC increased (Table 5.2), with week 

having a significant effect on both parameters (t=-6.6; t=4.51). EC may have also been influenced by 

the presence of the NMs, with Co2.25Fe0.75O4 and TiO2 PVP treatments both producing higher EC values 

than the control at week 6, but these were not significant (p=0.058; p=0.218, respectively). The pH and 
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EC of the hydroponic medium was monitored over the course of the experiment, with full weekly 

changes in both pH and EC for each treatment detailed in SI Figure S5.2. 

The bulk hydroponic medium was depleted in NO3
- following all treatments. Both control and 

Co2.25Fe0.75O4 treatments reduced the NO3
- content of bulk hydroponic medium by ~19 times, while 

TiO2 PVP treatment showed a reduction of ~36 times. PO4
3+ was also reduced, as was NH4

+. However, 

total organic carbon (TOC) varied significantly across treatments. Control TOC was maintained while 

both NM treatments increased TOC. Total nitrogen (TN) increased under all treatments over the six 

weeks, with a 3-fold change in bulk medium TN under TiO2 PVP treatment. These changes in TOC and 

TN may help to explain the increases in EC seen over time, and particularly under Co2.25Fe0.75O4 and 

TiO2 PVP treatments.  

Rockwool medium assessments were only possible at the end of the experiment, due to effect 

on lettuce root growth if sampling was performed mid-growth period. NH4
+ content in bulk and 

rockwool media were similar across treatments. NO3
- accumulated in the rockwool medium, with more 

NO3
- in rockwool medium than in the bulk medium, however this difference was not found to be 

statistically significant. Significant differences were found in PO4
3+ concentration across treatments and 

between the two hydroponic medium compartments. Co2.25Fe0.75O4 bulk medium had a significantly 

higher concentration of PO4
3+ than that of the control (p=0.00684). PO4

3+ concentration differed 

between bulk and rockwool hydroponic media for Co2.25Fe0.75O4 treatment (p=0.0401) and the control 

(p=0.018). 

TOC concentration was consistent across all media sampled at week 6. Rockwool medium TN 

at week 6 was much lower than that for bulk medium at the same timepoint. Significantly different TN 

concentrations were found between TiO2 PVP treatment in the bulk and rockwool hydroponic media 

(p=0.0228). Differences in bulk hydroponic medium and rockwool medium for NM constituent 

elements and macro- and micronutrients are detailed in full in SI Table S5.3.  
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Figure 5.2. (A) Weekly time course of hydroponic N2O emissions across the two NM treatments and 

control. Error bars indicate standard error from the mean (SEM) based on 3 replicates. (B) Proportion 

of denitrification derived N2O emissions across the two NM treatments and control at weeks 1 and 3 of 

the experiment. (C) Weekly time course of hydroponic CO2 emissions across the two NM treatments 

and control. Error bars indicate SEM of 3 replicates. (D) Weekly time course of hydroponic CH4 

emissions across the two NM treatments and control. Error bars indicate SEM of 3 replicates. 

 

N2O emissions peak in week 2 (Figure 5.2A), with negligible production of N2O by comparison 

in weeks 1, and 3 through 6. All three treatments produced a similar peak in N2O emissions, with week 

having a significant interaction with Co2.25Fe0.75O4 (t=2.03). The N2O emissions between the three 

treatments appear similar, yet there is a significant difference seen between Co2.25Fe0.75O4 emissions as 
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compared to the control (t=-2.67), with a slightly less significant difference seen between TiO2 PVP 

and control N2O emissions (t=-2.03). Cumulative N2O emissions are depicted in SI Figure S5.3. The 

pathway via which these N2O emissions are produced was studied at weeks 1, 3 and 6, with week 6 

emissions showing significant deviations in data quality and as such were discounted. Denitrification 

sourced N2O emissions were higher in week 1 than in week 3, as seen in Figure 5.2B. The control 

treatment at week 1 produced ~10% of N2O emissions via denitrification. This indicates that the 

remaining ~90% of N2O emissions at week 1 are primarily released through nitrification pathways. 

While 15N tracer gas data was not recorded for week 2, it is likely that this large spike in N2O emissions 

is also nitrification sourced.  

 CO2 emissions (Figure 5.2C) from the lettuce and rockwool substrate increase over time under 

all treatments, peaking at week 6. The trend of CO2 emissions for TiO2 PVP and control treatments are 

highly similar, with a deviation from this pattern, and a much lower final CO2 production rate seen 

under Co2.25Fe0.75O4 treatment. CO2 emissions are studied as a proxy for plant and microbial respiration. 

The increase in respiration is likely due to an increase in root biomass over the course of the six weeks 

(Figure 5.3), with increases in the microbial biomass in the rockwool substrate also. Week had a highly 

significant effect on CO2 emissions (t=7.51), with a significant interaction between Co2.25Fe0.75O4 and 

week also (t=-3.293), reflecting the time-based impact on gaseous emissions. 

 CH4 emissions peaked for the control and TiO2 PVP treatments at week 6, with Co2.25Fe0.75O4 

peaking at week 3 instead, as displayed in Figure 5.2D. CH4 emissions were also negative under TiO2 

PVP treatment until week 5, with three weeks producing negative CH4 emissions under control 

conditions and two for Co2.25Fe0.75O4. None of the treatments showed linear increases in CH4 emissions 

over time, with minor peaks seen at week 2 and week 3 for TiO2 PVP and control treatments, 

respectively. Week had a significant effect on CH4 emissions (t=2.96), however treatment appeared to 

have no effect.  
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Figure 5.3. Lettuce fresh biomass for shoot (A) and root (B) tissues for each of the treatments (control 

or NM treated). Error bars indicate standard deviation from the mean.  Statistical significance of p < 

0.05 is denoted by ‘*’.  

 

Far greater biomass accumulation occurred in the lettuce shoot tissues as opposed to the root 

tissues, as seen when comparing Figure 5.3A and 5.3B. Control treated lettuce had the greatest mean 

biomass accumulation for both shoots and roots. Co2.25Fe0.75O4 grown lettuce was significantly smaller 

than those for control and TiO2 PVP (p=0.0083; p=0.03). None of the root biomass differences between 

treatments were found to be statistically significant (p=0.40).  

 

 

 

* 
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Comparing the Co content of the hydroponic medium and different compartments of the lettuce 

tissue produced shows very different concentrations of the NM constituent element (Figure 5.4). The 

greatest concentration of Co was found in the lettuce root tissues, with Co2.25Fe0.75O4 treated lettuce 

having >2000 mg Co per kg of lettuce tissue. Due to wide variation in Co concentrations found in lettuce 

root tissues under Co2.25Fe0.75O4 treatment, this difference was not significant (p=0.091). Lettuce shoot 

tissue Co concentration was much lower at ~10 mg kg-1, but this was still significantly more than for 

the control (p=0.0295) and TiO2 PVP treatment (p=0.0075). Both of the lettuce tissue concentrations 

were greater than those found in the bulk hydroponic medium and rockwool medium. There were 

significant differences between Co concentration in the bulk hydroponic medium compared to the 

control and TiO2 PVP treatments (p=0.0000018; p=0.0000048). This difference was also seen in the 

rockwool medium where Co2.25Fe0.75O4 had greater Co contents than control or TiO2 PVP (p=0.033; 

p=0.049). These results are as expected, with no Co featuring in the standard hydroponic media nor in 

the TiO2 PVP NM treatment. 

 Neither Fe nor Ti, the other NM constituent elements, showed significant differences in 

concentration in lettuce or hydroponic medium between treatments. NM translocation index values for 

the NM constituent elements, and macro- and micronutrient concentrations in both medium 

compartments and lettuce tissues can be seen in SI Table S5.4. Significantly higher concentrations of 

Cu (p = 0.038), Mo (p = 0.035) and Ni (p = 0.013) were found in Co2.25Fe0.75O4 grown lettuces as 

compared to TiO2 PVP grown lettuce. 
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Figure 5.4. Comparison of Co concentration for shoot (A) and root (B) tissues, and between the bulk 

hydroponic medium (C) and medium stored in the rockwool root zone (D). Error bars indicate standard 

deviation from the mean. 
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Figure 5.5. (A) Co K-edge XANES spectrum measured in hydroponic medium sample with 3000 mg 

L-1 added Co2.25Fe0.75O4 NMs as compared to XANES spectra for Co2.25Fe0.75O4, Co3O4 and CoCO3. (B) 

Fe K-edge XANES spectrum measured on hydroponic media sample with 3000 mg L-1 added 

Co2.25Fe0.75O4 NMs, compared to XANES profiles of pristine Co2.25Fe0.75O4 NMs, Fe2O3 and Fe3O4. (C) 

Ti K-edge XANES spectrum measured on soil sample with added TiO2 PVP NMs, compared to XANES 

profiles of pristine TiO2 PVP and TiO2 rutile. 

 

Linear combination fitting for Co2.25Fe0.75O4 hydroponic medium at 3000 mg L-1 showed that 

the sample’s XANES profile could be completely described by two Co compounds, CoCO3 (14%) and 

Co3O4 (86%) (Figure 5.5A). Co is in a 2+ valence state in CoCO3 and in a +2.667 state when in Co3O4 

NMs, with the valence state of the medium sample finding Co to be in a +2.578 valence state with an 

error margin of 0.012. Details of the linear combination fit are found in SI Table S5.5. Measurements 

on lettuce grown in soils with a lower (more environmentally realistic) concentration of nano metal 

oxides (25 mg L-1) didn’t produce high quality signals, however a XANES profile could still be detected 

indicating potential bioaccumulation of the NMs.  

The highest concentration of Co2.25Fe0.75O4 NMs in hydroponic medium had the clearest 

XANES signal, however, merging the spectra for the experimentally used concentration of 25 mg L-1 

produced a sufficiently clear signal for linear combination fitting, as seen in SI Figure S5.4. The 
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hydroponic medium with 3000 mg L-1 Co2.25Fe0.75O4, could be completely described in terms of the Fe 

content by a linear combination of the XANES spectra of Co2.25Fe0.75O4 (44.5%) and Fe2O3 (55.5%).  

The 3000 mg L-1 hydroponic medium sample of TiO2 PVP was completely described by a linear 

combination of the XANES spectra of pristine TiO2 PVP (96.2%), with a very small portion indicated 

to be TiO2 rutile (3.8%), as seen in Figure 5.5C. The margin of error for TiO2 rutile was 0.022 and, from 

Figure 5.5C, it seems highly likely that the TiO2 PVP undergoes little to no transformation in the 

hydroponic medium.  

 

5.5. Discussion 

5.5.1. Impacts of TiO2 PVP and Co2.25Fe0.75O4 NMs on N-cycling are different but 

with similar outcomes 

Emissions of N2O in this hydroponic system showed a similar pattern across the three 

treatments, with significant reductions seen under Co2.25Fe0.75O4 and TiO2 PVP NM treatments. In many 

agricultural systems nitrification sourced N2O is a minor source of N2O, relative to other sources, such 

as denitrification, (Liang and Robertson, 2021). N2O emissions at weeks 1 and 3 were predominantly 

nitrifier sourced, either through nitrifier denitrification or nitrification, as shown through the 15N2O data. 

While data for the N2O emissions peak at week 2 is lacking, the data at week 3 is potentially similar to 

the pattern for week 2. The nitrifier sourced N2O indicates that the hydroponic system is much more 

aerated than expected. The recirculating nature of the hydroponic setup with the intermittent wetting of 

the rockwool substrate that the lettuce roots grow in means that the anaerobic conditions that denitrifiers 

thrive in are avoided, therefore minimising denitrification sourced N2O emissions. Karlowsky et al. 

(2023) found that hydroponically grown tomatoes produced the majority of their N2O emissions via 

bacterial denitrification or nitrifier denitrification. This result instead follows the theory proposed by 

Lin et al. (2023), that N2O emissions from soilless culture is largely dependent on growth substrate, 

with the microbial communities that populated the substrate determining the N2O emission source.  



139 

 

The significant difference between the control and NM treatments impact on N2O emissions 

suggests that NM addition must have some effect on the N2O producing bacterial communities in the 

rockwool substrate. TiO2 NMs have been shown to have little impact on nitrifying bacteria in soil, 

neither inhibiting nor promoting their activity, with ROS production due to TiO2 NM presence having 

no correlation to nitrification inhibition (Choi and Hu, 2009). TiO2 PVP NMs were not studied in the 

Choi and Hu paper but significant differences in ROS production were found between different TiO2 

nanoforms. The presence of the PVP polymer may therefore have an impact on the nitrifying bacteria, 

acting to immobilise nitrifying bacteria or increasing intracellular ROS production and changing 

bacterial growth strategy to reduce N2O emissions. Alternatively, TiO2 PVP may be acting on the smaller 

component of denitrification sourced N2O, given that the difference between TiO2 PVP treatment to the 

control was also small. TiO2 NMs have been shown to be toxic to aerobic denitrifying bacteria in sewage 

sludge at 5-25mg L-1 (Li et al., 2016). This toxic effect was determined to be via ROS production, with 

TiO2 NMs impacting on the microbial diversity of the sludge. These effects may be paralleled in this 

study with TiO2 PVP NMs reducing net N2O emissions not through impact on nitrifying bacteria, but 

on denitrifying bacteria, thus impacting only a small proportion of the total N2O emissions. Lower NM 

concentrations agglomerate less, increasing the chance of contact with denitrifying bacteria due to the 

greater available surface area, therefore increasing toxicity risk, as theorised by Liu et al. (2020) with 

TiO2 NMs and Pseudomonas stutzeri. TiO2 PVP NMs don’t appear to undergo significant 

transformation while in the hydroponic medium. This is likely due to the stabilising capabilities of PVP 

encapsulating the TiO2 nanoparticles. PVP has been shown to reduce the activity of Au/TiO2 catalysts, 

more than other polymers used for encapsulation (Yang et al., 2021). This may be another reason such 

a small change is seen in N2O emissions, with PVP reducing the effect of TiO2 NM on denitrifiers.  

The transformed Co2.25Fe0.75O4 compounds, Co3O4 and Fe2O3, as found in the XANES spectra 

linear combination fitting may act on the microbial community independently of one another. Co3O4 is 

applied in electrochemical denitrification, reducing NO3 (Fu et al., 2021; Chen et al., 2024). In the 

context of soil, Co3O4 NMs have been used in NO2
- detectors, reducing NO2

- to NO3
- (Puspalak et al., 

2022). Here, the nano-Co3O4 may act to bind NO2
- or NO3

- ions in the soil, corroborated by the change 
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in Co2.25Fe0.75O4 zeta potential from positive to negative over the 6-weeks, enabling cation interaction. 

Co3O4 may then reduce denitrification sourced N2O emissions due to promoting ion exchange with 

NO2
-/NO3

-, forcing more efficient denitrification to produce N2 rather than N2O. Fe2O3 has been shown 

to function similarly, with nano-Fe2O3 used to promote more complete denitrification in a denitrifier 

biofilm-electrode (Yin et al., 2022). Nano-Fe2O3 however has been shown to have insignificant impact 

on N2O emissions and de/nitrification gene abundance in soil (Wang et al., 2024). This indicates that 

the effect on N2O emissions may primarily be through the action of Co3O4, or the combined effect of 

the two NMs may be required for N2O emission impact. Further work should compare the mixed metal 

oxide’s effect on N2O emissions from a hydroponic system with each transformation product in 

isolation.  

The microbial and root respiration, as measured by proxy of CO2 evolution from the system, 

indicate increased respiring biomass with time. The CO2 source is unknown, but the increasing lettuce 

biomass indicates that it may be at least partially lettuce root sourced. Lettuce growth is reduced under 

Co2.25Fe0.75O4 NM treatment, with the lowest CO2 emissions seen for this treatment also. If CO2 

emissions are primarily from root respiration, then little difference between NM impacts on microbes 

can be seen in this way, and more direct study of NM impacts on denitrifying enzymes is required.  

This recirculating hydroponic system, being aerated, nutrient rich and freshwater, is closer to a 

rice field or wetland than to conventional soil agriculture, with hydroponic systems being used 

previously to represent paddy soils experimentally (Wang et al., 2018). In particular, the rockwool 

substrate and roots parallel the shallow oxygenated water of the rice paddy, with lettuce roots able to 

release O2, providing a habitat for aerobic microbes. Methanogenesis is an anaerobic process whereby 

specialist microbes (methanogens) produce CH4 gas, with methanotrophic bacteria oxidising CH4 to 

consume it under oxic conditions. Methane (CH4) emissions alter over the course of the experiment, 

with NM treatment not significantly modifying the emissions produced. Several of the weeks show 

negative CH4 flux, indicating greater methanotroph activity, with increasing CH4 emissions over time. 

The lack of 15N2O data for the later weeks of the experiment means that claims about the water balance 

of the system cannot be accurately made, although a consistent recirculation schedule was maintained 



141 

 

across the 6-week experiment. Denitrification may increase or decrease over time with lettuce roots 

either holding greater water in the rockwool substrate or increased demand from lettuce biomass 

accumulation causing greater drying. The change in CH4 emissions from negative to positive flux 

indicates a potential shift towards more anaerobic conditions, with more methanogen activity. However, 

there are aerobic methanotrophs also, but these are found in aerated upland soils which have very 

different conditions than those found in the hydroponic system utilised here (Knief et al., 2003). If the 

rockwool substrate becomes more anaerobic with time due to enhanced lettuce root growth preventing 

free draining of the hydroponic media, the N2O emissions, while still low from week 3 onwards of the 

experiment, may become more denitrification sourced. The NMs are theorised to be able to either inhibit 

or promote denitrification, with both pathways reducing N2O emissions, explaining why there is 

sustained low N2O production over the rest of the experiment. 

 

5.5.2. NM transformations and lettuce growth and quality 

The ICP-OES data clearly shows Co entering the lettuce tissues at a higher rate than Fe, as if 

the NMs were entering the plant tissue as intact particles there would be an expected ratio of 3:1 for 

Co:Fe, however, only Co tissue concentration was found to be significantly increased relative to the 

control, with no difference found for Fe concentration. Co2.25Fe0.75O4 transforms in the hydroponic 

media, leaching Fe3+ ions which go on to form Fe2O3 and Co3O4 NMs. These two compounds were 

applied as NMs independently in previous research, with concentrations of <100 mg L-1 Co3O4 having 

a positive effect on Brassica napus growth (Jahani et al., 2020). Fe2O3 NMs have been used to replace 

Fe-EDTA for hydroponically grown radishes (Raphanus sativus) to increase crop yield and nutritive 

quality (Garza-Alonso et al., 2023). However, in this experiment Co2.25Fe0.75O4 application reduced 

lettuce shoot biomass, the economically significant part of the crop. This may be due similar to results 

from Jurkow et al. (2020) where Fe2O3 application reduced lettuce fresh weigh but increased lettuce dry 

weight. Dry weight was not recorded in this study so the whether the NM’s effect is on water uptake or 

genuine biomass cannot be clearly understood from the data. There was also significant uptake and 

translocation of Co, with high values found in both lettuce roots and shoots relative to the hydroponic 
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medium. Co has been shown to be toxic to lettuce at higher concentrations, which may also be the result 

of bioaccumulation of Co compounds, reducing biomass accumulation (Akeel and Jahan, 2020). Due 

to the concentrations used however, XANES spectra from lettuce shoot samples were not of sufficient 

quality for comparison. Fe lettuce tissue content is much higher generally as it is present in the NM 

Fe2O3, but also is an essential plant micronutrient. Fe K-edge XANES spectra for Co2.25Fe0.75O4 grown 

lettuce did not produce high quality data, as seen in SI Figure S5.4. A linear combination fit for the 

lettuce tissue indicated that XANES spectra of Co2.25Fe0.75O4 (49.8%), Fe2O3 (30.7%) and Fe3O4 

(19.6%) could completely describe the sample. This indicates that perhaps Co2.25Fe0.75O4 is the main 

source of Co in the lettuce tissues, with fewer of the Co transformation products found in the medium 

being taken up. There is also an additional transformation of Fe inside the lettuce tissue, forming Fe3O4., 

which was not found to be present in the medium. Whether this is a true transformation from 

Co2.25Fe0.75O4 to Fe3O4 or if this is a further transformation from one of the Fe transformation 

compounds (Fe2O3) from the medium that are converted to Fe3O4 in the shoot tissue is unknown based 

on the data presented here. To explore this further, synthesising Co2.25Fe0.75O4 NMs with stable isotope 

labelled Fe could aid in tracing the Fe directly from the NM and the transformations it undergoes in 

different compartments. 

The spectra quality of TiO2 PVP for both pristine NMs and experimental samples is much lower 

than that for the reference standard, TiO2 rutile. Whether this is due to the interaction between the 

stabilising PVP and the NM is unknown and requires further study. Previous research has not indicated 

that TiO2 NMs undergo transformation after uptake into plants (Cox et al., 2017). Additionally, higher 

concentrations of NMs are needed for more accurate study of XANES spectra in lettuce tissues under 

the assumption that the transformations recorded will be the same as those at lower, more feasible, 

concentrations.  
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5.5.3. The rootzone has an important effect on nutrient accumulation and NM 

transformation 

There are significant differences between rockwool substrate derived hydroponic medium and 

bulk hydroponic medium. This reflects the significance of the rhizosphere in this study, with greater 

NO3
- and PO4

3-
 contents in the rockwool at week 6. TN content was greater in the bulk medium, showing 

the active role the roots play in partitioning the hydroponic system. These differences occur in large 

part through the localised action of the roots in the rockwool substrate, triggering accumulation of 

different microbial species as well as inorganic nutrients. TN content in the bulk medium was also 

altered by NM addition, increasing under TiO2 PVP application. Rockwool concentrations of Zn and S 

were reduced under Co2.25Fe0.75O4 treatment. It may be that Co2.25Fe0.75O4, or the transformation 

products CoCO3 and Co3O4, interact directly with macro- and micronutrient compounds and ions, with 

the decrease in zeta potential of the NM over the growth period indicative that interactions between the 

positively charged NM and anions may be forming a corona around the NM or negatively charged 

heteroagglomerates (Lundqvist et al., 2011; Liu et al., 2013). Changes in agglomeration or corona 

formation can have big impacts on NM mobility and uptake, especially in aqueous environments (Liu 

et al., 2023). Additionally, NM interaction with the plant roots may be triggering changes in root exudate 

composition and concentration, further changing the possible interactions occurring in the rootzone of 

the hydroponic setup. The role of plant root exudates in NM transformation is particularly pertinent in 

hydroponics due to media recirculation and increased exudate mobility as compared to the soil 

environment (Cervantes-Avilés et al., 2021). Due to time constraints and scope of the study no root 

exudate studies were performed, however, future work should interrogate interactions between CoCO3, 

Co3O4 and TiO2 PVP NMs with inorganic nutrient compounds and root exudates, like organic acids and 

proteins. 

Nutrient inputs were consistent across treatments however uptake of Cu, Mo and Ni in lettuce 

shoot tissues was lower in TiO2 PVP grown lettuce, perhaps indicative of a negative impact on lettuce 

root active transport capabilities. This may be occurring due to agglomeration of TiO2 PVP on the 

outside of the roots, blocking root pores, with TiO2 NMs shown to aggregate on wheat root surfaces 
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and reduce root pore size in corn (Wild and Jones, 2009; Asli and Neumann, 2009). This could partially 

explain the reduction in TiO2 PVP hydrodynamic size over time, with larger agglomerates interacting 

with root tissues (Larue et al., 2012).  

 

5.5.4. Conclusion 

The two NMs (TiO2 PVP versus Co2.25Fe0.75O4) have opposing effects on denitrifying bacteria 

with similar results. TiO2 PVP likely inhibits denitrification to reduce N2O emissions, potentially due 

to NM toxicity on denitrifying bacteria. The transformation products of Co2.25Fe0.75O4, namely Co3O4 

and Fe2O3, promote more complete denitrification to N2 thus reducing denitrifier sourced N2O 

emissions. However, neither NM applied had a significant effect on the total N2O evolved from the 

hydroponic medium, due to most N2O emissions being nitrifier sourced. 

Bioaccumulation of Co compounds in lettuce tissue could be triggering toxicity due to limited 

biomass accumulation under Co2.25Fe0.75O4 treatment and evidence of Co accumulation in lettuce shoot 

and root tissues. TiO2 PVP application may impact on lettuce root’s capacity for active transport, 

blocking root cell pores due to agglomeration of the NM on root surfaces, with visualisation required 

for evidence of this mechanism. The NMs also likely interact with the nutrients present in the medium, 

altering their zeta potential over the course of the growth period, and, along with plant roots, changing 

the nutrient concentrations found in the rockwool medium as opposed to the bulk medium. 

Utilising 15N tracers for both denitrification and nitrification pathways are essential to elucidating 

the underpinning mechanism of Co2.25Fe0.75O4 NM’s effect on N2O emissions. This work would aid in 

determining whether the hypothesised Co3O4/Fe2O3 mechanism is accurate. Other work including study 

of de/nitrification gene abundance and qPCR of N cycling genes, more weeks studied using 15N labelled 

tracers, with higher concentrations needed for accurate study in lettuce tissues using XANES to inform 

about risks of bioaccumulation. Changing NM concentration would likely have a large effect on N2O 

and bacteria, resulting in the need for dose-response studies using the NMs.  
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6.1. Abstract 

 

Nanomaterial (NM) entry to the soil environment occurs through direct pathways, including 

the rising use of nano-enabled fertilisers and pesticides as part of a sustainable agriculture strategy, and 

indirectly through NMs presence in sewage sludge and effluent that end up in soils. Understanding how 

NMs accumulated in the soil impacts soil microbial communities and soil fauna is essential for 

sustainable use of NMs in agriculture. Drivers for NM utilisation in agriculture include the potential for 

reduced synthetic fertiliser application and reduced pollution due to increased efficiency of nitrogen 

utilisation. NM co-application with reduced doses of fertiliser may alter reactive nitrogen (Nr) 

emissions, largely through microbial-mediated activity. This experiment was designed to explore both 

abiotic and biotic impacts on NM and reduced fertilisation amendments on soils’ N cycling. We 

compared lettuce grown in soil treated with four different NMs or conventional fertilizer, with and 

without a microbial community.  BEA-150, a zeolite NM, increases microbial nitrous oxide (N2O) 

emissions and nitrate concentrations in leachate, potentially also increasing abiotically derived N2O 

emissions. Nr losses were least affected by ZSM-5-15, instead being influenced more by abiotic factors, 

such as soil moisture. The effect of the Ce0.75Zr0.25O2 NM was also highly impacted by microbial 

presence, increasing N2O emissions and nitrate leachate concentrations from autoclaved soils. Lettuce 

growth was increased in autoclaved soil due to release of N from soil and dead microbes. Earthworms 

(Eisenia fetida) exposed to low concentrations of ZSM-5-15 experienced sub-lethal responses, 

potentially with NM uptake being agglomerate size dependent. The importance of microbial 

interactions and abiotic soil factors on NM efficacy for lettuce growth and in minimising Nr losses in 

soil indicates that NM impacts are not only plant species and NM dependent, but very likely also soil 

type dependent, with potential for sublethal ecotoxicological impacts at environmentally relevant 

concentrations. 
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6.2. Introduction 

 

Nanomaterials’ (NM) unique characteristics, derived from their large surface area to volume ratio, 

surface chemistry and adsorption abilities, have made them a common target for research in a wide 

range of industrial sectors (Schodek et al., 2009). NMs can be designed with specific properties or 

functions in mind, for example magnetic or catalytic functionality (Falinksi et al., 2018). NM usage in 

agricultural contexts is increasing due to the ability of NMs to permit slow release of their nutritive or 

pesticide load (Khot et al., 2012). This can increase the efficiency of synthetic fertiliser and pesticide 

additions, minimising agricultural pollution through nutrient run-off or inadvertent effects of pesticides 

on soil biota. Applying NMs in agriculture as fertiliser or pesticides directly introduces NMs to the soil 

environment, however NMs applied in other industries can also enter soil, for example due to effluent 

disposal or sewage sludge application of agricultural fields, with soil acting as a major NM sink (Dror 

et al., 2015). NM impacts on soil, whether through direct or indirect application, is of major interest in 

terms of soil biology and biogeochemistry. The soil biological community, including soil microbes and 

fauna like the earthworm Eisenia fetida, are instrumental in soil nitrogen (N) cycling, affecting plant 

available N as well as N losses to air and groundwater. Thus, the interaction between NMs and the soil 

biological community and the potential ecotoxicology consequences need to be better understood given 

the increasing application and accumulation of NMs in the soil.  

The global N cycle is largely regulated through the action of terrestrial microbes that control N 

cycling. Additional N inputs to soil causes reactive N (Nr) compounds to pollute waterways through 

surface run-off and groundwater leaching, as well as volatilisation of N compounds, including formation 

of the greenhouse gas N2O. The concentration of Nr is partly mediated by microbial activity through 

their production of extracellular enzymes. Extracellular enzymes are secreted by soil microbes which 

breakdown organic matter into smaller compounds and mineral nutrients. Microbes can then assimilate 

these smaller compounds, promoting microbial growth but also increasing the N mineralisation rate and 

thus Nr concentrations. Secretion of extracellular enzymes is energetically costly to the microbe and 

occurs under situations of high nutrient availability, allowing extracellular enzyme activity (EEA) to 
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act as an indicator of nutrient cycling (Jian et al., 2016). Extracellular enzymes with particular relevance 

to N cycling include urease and peptidases enzymes that aid in protein digestion and enzymes involved 

in oligosaccharide breakdown.  

Just as EEA is a good indicator of soil nutrient status and microbial function, earthworm responses 

are a good indicator of compound toxicity to soil fauna. Earthworms are known as ecosystem engineers, 

with essential roles in organic matter incorporation into soil and soil aeration (Jänsch et al., 2005). 

Eisenia fetida are a commonly used model organism for terrestrial ecotoxicology studies, due to their 

direct interaction with the soil and significance as a primary consumer in multiple food chains. Looking 

at both toxic and sub-lethal impacts of NMs on earthworms is a crucial aspect of determining the 

sustainable use of NMs in the broader agroecosystem context.  

Ecotoxicological studies frequently focus on aquatic organisms, like the filter feeder Daphnia, as 

indicators of a compound’s toxic effects on biota, to understand the environmental fate and exposure 

routes to organisms. Terrestrial ecotoxicology is more complex, with the soil matrix being a highly 

heterogeneous environment, with the additional potential for NM interactions with soil colloids, organic 

matter and cations (Garcia-Velasco et al., 2016). These NM interactions with soil colloids could, for 

instance, alter both the NM and soil properties, with NMs shown to impact on soil sorption capacity 

(Dror et al., 2015). NMs may therefore be able to affect N cycling through binding to organic and 

inorganic solutes, catalysing N transformation independently of any microbial activity.  

NM interactions with microbes may vary significantly depending on the NM properties, with NM 

characteristics such as composition, size and shape all impacting on NM effects (Suresh et al., 2013). 

The NMs studied in this experiment were two zeolites of differing Si:Al ratios, ZSM-5-15 and BEA-

150, and the mixed metal oxide Ce0.75Zr0.25O2. Zeolites have been shown to use the pores that occur as 

part of their 3D structure in ion exchange, making them good candidates for nutrient delivery, with 

existing applications as industrial catalysts (Colella, 1996). Both zeolites utilised in this study featured 

NH4
+ as their extra-framework ion, associating with pore spaces of both zeolites. Ion exchange of NH4

+ 

using zeolites has been used in wastewater amendment, making them particularly promising as slow-

release fertilisers that could reduce Nr losses to the environment by increasing plant N-use efficiency 
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(Hedström, 2001). Cerium zirconium oxides have also been used industrially as catalysts, in particular 

in vehicle catalytic converters, reflecting their catalytic and redox activity which may be of relevance 

in mitigating N emissions (Ozawa, 1998; Bulfin et al., 2016).  

Our objective was to examine two core aspects of soil biological and biogeochemical responses to 

soil application of engineered NMs while growing lettuce (Lactuca sativa): the microbial and abiotic 

impacts of NMs on N cycling and the potential toxic effects on the earthworm Eisenia fetida. In the first 

part of the study, we used three NMs (ZSM-5-15 and BEA-150, and Ce0.75Zr0.25O2) with a reduced dose 

of N, phosphorus and potassium (NPK) fertiliser in comparison to reduced dose fertiliser alone and a 

negative control. To determine the extent of NMs abiotic versus microbial-mediated impacts on N 

cycling we included a comparison between sterilised and unsterilised natural soil. In response to these 

amendments, we measured EEA as an indicator of microbial activity and soil N status, lettuce yield and 

nutritive quality, and inorganic N cycling through leachate inorganic N concentrations and N2O gaseous 

emissions. In the second part of the study we performed an adapted standard test for Eisenia fetida 

reproduction (OECD 222) using the same natural soil as in the lettuce experiment and a range of zeolite 

NM doses. Together these experiments aimed to inform how significantly microbes and NM 

interactions impact N cycling and soil N losses, while also examining the potential implications of nano-

enabled fertiliser application on soil microbial and earthworm activity. 
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6.3. Materials and Methods 

6.3.1. Materials 

A 5% aqueous dispersion of Ce0.75Zr0.25O2, was obtained from Promethean Particles (UK) via 

the NanoSolveIT project. Powdered ZSM-5-15 (Si:Al = 15.0) and BEA-19 (Si:Al = 19.0) were obtained 

from Zeolyst (USA). Hydrodynamic diameter and zeta potential were recorded using 500 mg L-1 

deionised water dispersed NMs with a dynamic light scattering (DLS) instrument (Zetasizer, Malvern 

Instruments, UK). Nitrogen, phosphorus and potassium (NPK) amendment of the soil comprised of urea 

(Sigma-Aldrich) and potassium phosphate monobasic (Sigma-Aldrich). 

6.3.2. Greenhouse study: experimental set up and sampling 

We conducted a greenhouse study with lettuce to test the effect of NM on lettuce growth, N 

cycling and extracellular enzyme activity (EEA). The soil used for the greenhouse lettuce growth is a 

Courval sandy loam and has a history of maize, forage, and soybean conventional cultivation. Over the 

past decade, soil pH is on average 6.5. After sampling, soils were stored for two weeks in sealed 

containers at room temperature in the dark prior to the start of the experiment. Soils were sieved to 2 

mm before half of the total soil volume was autoclaved (121˚C, 30 minutes) and the rest was left as 

natural soil stored at room temperature.  

For each experimental unit, 1kg (dry weight) soil of either autoclaved or natural soil was added 

to a pot and adjusted to 60% water holding capacity (WHC) and left to rest under greenhouse conditions 

(21˚C, 16:8 light/dark cycle) for seven days before applying the amendments. Three NM amendments 

were used per soil condition (autoclaved versus natural), as summarised in Table 6.1. The three NMs 

were BEA-150, ZSM-5-15 and Ce0.75Zr0.25O2 applied at a rate of 25 mg kg-1 of dry soil in a 100 mL 

water suspension plus an additional 35 kg ha-1 urea and 60 kg ha-1 P2O5 and K2O, which was 50% of the 

recommended dose according to the Guide de Référence en Fertilisation (CRAAQ, 2013). Two non-

NM amendments were also used: an NPK amendment alone at the same rate as used in the NM 
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amendments (i.e., half of the recommended dose) and a negative control where neither NPK nor NMs 

were added to the soil. Each amendment combination (soil condition and NMs plus controls) was 

replicated three times. To control for the effect of added water when applying the NM suspensions, the 

same volume of water was added to the control amendment. Regular water additions occurred weekly 

to maintain soil moisture at ~60% WHC throughout the experiment. Soil moisture and pH were 

monitored over the course of the experiment (Supplementary Information; SI Figure S6.1). 

Three Lactuca sativa seeds (“Black Seeded Simpson” variety; OSC Seeds, ON, Canada) were 

sown directly in the soil for all amendment/condition combinations and grown for seven weeks in a 

greenhouse at 18-25˚C with 16:8 light to dark day cycles. After the first week post-sowing, similarly 

sized seedlings were maintained (>2 cm tall) and the rest were removed from each pot replicate, leaving 

one seedling per pot. The lettuce’s fresh biomass was weighed at the end of the seven-week growing 

period before drying at 70˚C for 48 hours and stored at room temperature for future analysis. 

 

Table 6.1. Experimental amendments to study NM abiotic and biotic effects on lettuce growth, N cycling 

and extracellular enzyme activity.  

Soil Condition Amendment 

 

NPK application rate NM 

application 

rate 

Biological 

Replicates 

Autoclaved Control (water) - - 3 

Autoclaved NPK 35 kg ha-1 N, 60 kg ha-1 

P2O5 

- 3 

Autoclaved BEA-150 + NPK 35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 

Autoclaved Ce0.75Zr0.25O2 + 

NPK 

35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 

Autoclaved ZSM-5-15 + 

NPK 

35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 

Natural Control (water) - - 3 

Natural NPK 35 kg ha-1 N, 60 kg ha-1 

P2O5 

- 3 

Natural BEA-150 + NPK 35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 

Natural Ce0.75Zr0.25O2 + 

NPK 

35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 

Natural ZSM-5-15 + 

NPK 

35 kg ha-1 N, 60 kg ha-1 

P2O5 

25 mg kg-1 3 
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6.3.3. Greenhouse gas flux sampling  

Gas sampling of CH4, CO2 and N2O was performed weekly using 15x15 cm cylindrical gas 

sampling chambers. Gas samples were taken at regular intervals, including a zero hour blank, and at 20, 

40 and 60 minutes. Samples were analysed using Bruker 450 Gas Chromatograph (GC), equipped with 

an electron capture detector (ECD) and a flame ionization detector (FID) and a PAL3 autosampler 

(Bruker Corporation, USA) at McGill University (Ejack and Whalen, 2021). Gas flux rates were 

calculated using the change in gas concentrations in parts per million (ppm) across the time points, 

multiplied by the volume of the sampling chamber and divided by both dry soil mass and incubation 

time (µg N2O-N kg-1 h-1). Due to technical difficulties only gas data for weeks 1, 2, 6 and 7 was used in 

the analysis. 

 

6.3.4. Soil and leachate characterisation and nutrient analysis 

Soils and leachates were analysed for nitrate (NO3
-) and ammonium (NH4

+) content on weeks 

1, 3, 5 and 7 of the experiment with subsamples taken from each pot over the experimental period before 

destructive sampling at the final timepoint. Soil was subsampled and homogenized from each pot and 

extracted using 0.5 M KCl at a ratio of 1:5. Leachate samples were collected immediately following 

water additions to the pots to adjust for soil moisture, by collecting of the first 50 mL of leached water. 

Soil and leachate samples were stored at 4-7˚C and analysed within 48 hours of collection. Gravimetric 

soil moisture and pH were also measured at weeks 1, 3, 5 and 7. Soil samples for gravimetric soil 

moisture and pH were taken before watering and so reflect the driest the soils reached. Gravimetric soil 

moisture analysis was performed on 5g of soil, with mass measurements taken at the time of sampling 

and after 48 hours of drying at 70˚C. Measurements for soil pH were done using a ratio of 1:5 of soil 

and 0.01M CaCl2. Nutrient analysis was performed on KCl extracted soil and leachate samples for NH4
+ 

and NO3
-, using protocols from Mulvaney (1996) and Miranda et al. (2001), respectively. Both 

compounds were analysed using a microplate reader (BioTek Instruments, USA). Soil and leachate 

NO3
- samples had absorbances read at 540 nm and NH4

+ samples were read at 650 nm.  
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6.3.5. Macro- and micronutrient and NM constituent element analysis 

Nutrient and NM constituent elements were analysed in soil and lettuce shoots. The analysis 

was performed on heat-assisted acid digested samples, as described in the MARS 6 Microwave Acid 

Digestion Method Note Compendium (CEM, 2019), using a MARS 6 microwave digestion system with 

details per sample type available in SI Table S6.1. Once digested, samples were diluted 50-fold with 

deionised water. Diluted samples were then run using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) on a Perkin Elmer optima 8000 ICP-OES (Agilent Technologies Ltd, USA) 

using mixed element standards for each element of interest (Ce, Zr, Si, Al, Mn, Mg, Na, Fe, P, Ni, K, 

Zn, Ca, Cu) that ranged from 0.05 to 10 ppm. 

 

6.3.6. Extracellular microbial enzyme activity assays 

Potential extracellular enzyme activity (EEA) was determined for four hydrolytic N-cycling 

enzymes: β-1,4-N-acetylglucosaminidase (NAG), leucine aminopeptidase (LAP), tyrosine 

aminopeptidase (TAP) and amidohydrolase (urease) with their respective substrate compounds detailed 

in Table 6.2. Soil extracellular enzyme activities were assessed pre-experiment (week 0) and at 1, 3, 5 

and 7 weeks using the fluorescence-based assay for NAG, LAP and TAP (Saiya-Cork et al., 2002), and 

an absorbance-based assay for urease (Sinsabaugh.et al., 2000) within 5 days of sampling. Briefly, a 

soil slurry was made with 1 g dry soil homogenized with 100 mL of 50 mM sodium acetate buffer 

adjusted to the average soil pH as monitored separately at each week’s sampling point (SI Figure S6.1).  

The potential activity of NAG, LAP, and TAP were determined fluorometrically using black, 96-well 

microplates and compound-specific fluorescing substrates bound to 4-methylumbelliferone or 7-amino-

4-methyl coumarin. For each enzyme, 200 µL of soil slurry was combined with 50 µL of 200 µm 

substrate and incubated at 13-15˚C for ~5 hours.  Plates were read at an excitation of 365 nm and 450 

nm emission. Full details on microplate layout and incubation times for each enzyme are detailed in SI 

Table S6.2. Urease activity was determined colorimetrically through a 20-hour incubation period at 
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room temperature followed by pipetting of the reaction mix into a clear microplate and NH4
+ was 

quantified in the same way as for the soil and leachate samples, described above. 

Table 6.2. Summary of extracellular microbial enzymes of interest with their respective roles in N-

cycling and substrates. 

β-1,4-N-

acetylglucosaminidase 

(NAG) 

Leucine 

aminopeptidase  

(LAP) 

Tyrosine 

aminopeptidase  

(TAP) 

Amidohydrolase 

(Urease) 

N-cycling

function

Hydrolyses 

glucosamine 

Hydrolyses 

leucine and other 

hydrophobic 

amino acids 

Hydrolyses 

tyrosine 

Urea (CONH2)2 

breakdown 

Substrate 4-Methylumbelliferyl-

N-acetyl-β-D-

glucosaminide

L-Leucine-7-

amido-4-

methylcoumarin

hydrochloride

L-Tyrosine 7-

amido-4-

methylcoumarin

Urea 

6.3.7. Earthworm Eisenia fetida toxicology experiment 

Eisenia fetida reproduction test and NM constituent element analysis 

An earthworm reproduction test was performed with slight adjustments from the OECD Test 

No. 222: Earthworm Reproduction Test (Eisenia fetida/Eisenia andrei), with an outline of the procedure 

detailed below (OECD, 2016). Peat moss (Premier Horticulture Inc., Canada) was sieved to 2 mm and 

watered until damp. Juvenile worms (Merlan Scientific Limited, Canada) were then added and fed using 

worm food (Magic Products Inc., USA) on a 2-3 day schedule for 7 days. After 7 days, all worms were 

isolated from their peat moss growth medium to obtain their initial weight. During the isolation process, 

worms were placed on filter paper dampened with deionized water for 24 hours to allow the worms to 

empty their gut contents, prior to recording their initial weight. Sexually mature worms were then 

identified by visual inspection to confirm full clitellum development. 10 sexually mature worms were 

added to each 500 g soil (dry weight) experimental unit, with four biological replicates per NM 
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amendment or control. The soil used was that detailed in 6.2.2, but this reproduction test was separate 

to the previously described set of experiments. Soil and worms were kept in 1 L glass mason jars. Two 

NMs were studied, BEA-150 and ZSM-5-15, at concentrations of 25 mg kg-1, 50 mg kg-1 and 100 mg 

kg-1 for BEA-150 and 25 mg kg-1 and 100 mg kg-1 for ZSM-5-15. There was also a negative (water) 

control where there were no chemical additions to the field soil. Throughout the test duration, the worms 

were fed with 5 g of worm food every 5 days. The soil and worms were then incubated on a 12:12 

light:dark schedule kept between 18-21˚C, with the soil maintained at 60% of WHC over the 

experimental duration based on soil weight. After 28 days the mature worms were removed from the 

soil and the 24 hour isolation process was repeated before weighing. After final mature worm biomass 

was recorded, the worms were frozen at -20˚C for later ICP-OES analysis of NM contents. Details of 

ICP-OES and relevant standards, as well as the worm tissue digestion procedure, are detailed in the SI, 

with details of the acid digestion protocol presented in SI Table S6.1. Juvenile worms that hatched 

within the 28 days were left in the amended soils and returned to their original containers. The soils 

were then incubated for a further 28 days, with a single feed of 5 g at the start of the 28-day period. At 

the end of the second 28-day incubation, juvenile worms and worm eggs were hand-sorted and counted 

to measure juvenile production and cocoon hatchability.  

 

6.3.8. Statistics 

All analyses were conducted in R Studio (v.4.3.1; R Core Team, 2023). Data was assessed for 

normality using Shapiro-Wilk tests with homogeneity of variance assessed using Levene’s test. 

Normally distributed data was analysed using ANOVA, followed by Tukey’s post-hoc test if the 

ANOVA was found to be significant. If the data was not normally distributed a Kruskal-Wallis test and 

its accompanying post-hoc Dunn’s test were performed. These tests were performed on soil and lettuce 

ICP-OES results. Lettuce height and biomass were analysed using two-way ANOVAs, a synergistic 

model was used for biomass and an additive model for lettuce height. Soil and leachate NH4
+ and NO3

- 

concentrations were modelled using generalised estimating equations models. Linear mixed effect 

models were performed on N2O and CO2 data. Enzyme activity data was analysed using a range of 
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methods: a generalised linear model with gamma distribution was used for logarithmically transformed 

LAP enzyme activity, a generalised linear model with Gaussian distribution for NAG, a fixed effects 

linear mixed model for logarithmically transformed TAP enzyme activity, and a generalised estimating 

equations model for urease activity. 

 

6.4. Results and Discussion 

 

NMs were characterised using dynamic light scattering (DLS) prior to their addition to the soil 

(Table 6.3). Both zeolite NMs were negatively charged, with the metal oxide, Ce0.75Zr0.25O2, having a 

positive zeta potential. NM agglomerate sizes, as detected via DLS, also varied, with the largest 

agglomerates seen for BEA-150, then smaller agglomerates for ZSM-5-15, and the least agglomeration 

was found for the Ce0.75Zr0.25O2 NMs. 

 The hydrodynamic sizes shown in Table 6.3 are of agglomerates rather than primary particles 

based on TEM study of these materials. BEA-150 and ZSM-5-15 were found to have primary particle 

sizes of 0.1µm and 0.2 µm, respectively, via scanning electron microscopy (Jendrlin et al., 2022). 

Ce0.75Zr0.25O2 NMs were found to have an average size of 10 nm using X-ray diffraction (Dhage et al., 

2005). 

 

Table 6.3. NM characterisation by DLS before exposure to soil. Data are means ± standard deviation. 

Nanomaterial Mean hydrodynamic size (nm) 

and standard deviation (SD) 

(n=3) 

Mean zeta potential (mV) and 

SD (n=3) 

BEA-150 704.4 (± 2.71) -42.5 (± 0.64) 

ZSM-5-15 631.3 (± 12.7) -28.0 (± 0.66) 

Ce0.75Zr0.25O2   104.5 (± 4.37) +45.2 (± 0.75) 
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6.4.1. Lettuce growth experiment comparing soil condition and NM amendments 

over time 

Soil element concentrations and nitrate and ammonium concentrations 

Analysis of soil nutritive elements and NM constituent elements showed no significant 

difference between soil conditions or soil amendments (p > 0.05). However, we did observe significant 

effects on soil N between the autoclaved and natural soils (SI Table S6.3). Week 1 average NH4
+ 

concentrations of autoclaved soil were higher than this in natural soil (Table 6.4), with 9.33 mg kg-1 in 

autoclaved soil averaged across NM amendments as opposed to 4.40 mg kg-1 in natural soil. The 

opposite was true for NO3
- concentration, with higher concentrations in natural soil at week 1 (8.56 mg 

kg-1 versus 0.55 mg kg-1). Across the experimental time period average NO3
- and NH4

+ in the natural 

soil were lower compared to those in the autoclaved soils, with very little change in the NH4
+ 

concentration of the autoclaved soils over time but with a significant decrease occurring in the natural 

soils by week 7 (SI Table S6.4). 

Soil moisture was lower than 60% WHC due to sampling before watering (SI Figure S6.1). Soil 

pH was consistent across amendments, with autoclaved soil being slightly more neutral at week 1. Over 

time all soils became more alkaline, with natural soils undergoing greater increases in alkalinity (SI 

Figure S6.1).
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Table 6.4. Soil properties across the five different soil amendments in both the natural and autoclaved soil conditions before and after the seven-week growth 

period. Data are means ± standard error of the mean (SEM). Absent data is due to values being below the limit of detection of the specific method. 

 Natural Autoclaved 

 Control NPK half BEA-150 + 

NPK half 

Ce0.75Zr0.25O2 + 

NPK half 

ZSM-5-15 

+ NPK half 

Control NPK half BEA-150 + 

NPK half 

Ce0.75Zr0.25O2 + 

NPK half 

ZSM-5-15 

+ NPK half 

Week 1 

pH (n=3) 6.28  

(± 0.05) 

6.09 

(±0.16) 

6.11 (±0.1) 6.14  

(±0.17) 

6.14 

(±0.18) 

6.48 

(±0.14) 

6.82 

(±0.11) 

6.78 

(±0.22) 

6.69  

(±0.24) 

6.72 

(±0.17) 

Gravimetric 

soil moisture 

(%) (n=3) 

28.0 

(±4.66) 

25.5 

(±7.34) 

22.6 

(±8.77) 

29.6  

(±6.12) 

23.6 

(±2.24) 

26.9 

(±9.4) 

15.3 

(±2.64)) 

28.0 

(±5.28) 

18.7  

(±2.84) 

24.2 

(±9.84) 

NH4
+ (mg kg-1 

dry soil) (n=3)  

1.77 

(±0.21) 

9.94 

(±3.53) 

4.37 

(±1.39) 

3.5  

(±0.82) 

2.41 

(±0.93) 

9.32 

(±2.34) 

12.9 

(±1.39) 

5.88 

(±0.24) 

13.7  

(±1.49) 

4.91 

(±0.75) 

NO3
- (mg kg-1 

dry soil) (n=3) 

6.58 

(±2.3) 

8.91 

(±0.44) 

8.75 

(±0.77) 

9.39  

(±0.87) 

9.16 

(±0.31) 

0.31 

(±0.34) 

0.46 

(±0.15) 

0.76 

(±1.25) 

0.66  

(±0.69) 

0.57 

(±0.27) 

Week 7 

pH (n=1) 6.65 6.99 6.97 6.91 6.93 6.77 6.94 6.92 6.91 7.08 

Gravimetric 

soil moisture 

(%) (n=3) 

41.6 

(±3.08) 

38.6 

(±3.32) 

39.9 

(±1.61) 

37.9  

(±3.92) 

39.1 

(±2.47) 

38.0 

(±1.15) 

38.1  

(±0.7) 

38.4 

(±0.66) 

35.6  

(±0.86) 

37.0 

(±1.73) 

NH4
+ (mg kg-1 

dry soil) (n=3)  

0.82 

(±12) 

0.83  

(±0.2) 

0.81  

(±0.07) 

0.86  

(±0.06) 

0.86  

(±0.12) 

0.93 

(±0.07) 

1.16  

(±0.37) 

0.9 (±0.18) 1.23  

(±0.3) 

1.04  

(±0.47) 

NO3
- (mg kg-1 

dry soil) (n=3) 

0.07 

(±0.03) 

0.17 

(±0.03) 

0.12 

(±0.02) 

0.23  

(±0.04) 

0.10 

(±0.02) 

-  

 

0.26 

(±0.31) 

0.42 

(±0.44) 

0.06  

(±0.03) 

0.22 (±0.3) 



 

 164 

Leachate nitrate and ammonium concentrations 

Overall, when averaged across time natural soil had lower NH4
+ losses compared to autoclaved 

soil (p < 0.001). Within the natural soils, NM amendment generally resulted in lower NH4
+ leachate 

concentrations compared to NPK half application alone. However, this was not the case for the 

autoclaved soils, where some of the highest NH4
+ losses occurred in NM treated soils. NPK half addition 

increased NH4
+ concentration in the leachate (p = 0.01), as did BEA-150 and ZSM-5-15 (both p < 

0.001), the two zeolite amendments.  

 NM amended soils mostly responded similarly to the NPK half application in terms of NO3
- 

leachate, all peaking at week 5 in the natural soils. However, in autoclaved soil, differences in the NM 

treatments emerge. NO3
- losses peak at week 5 under the Ce0.75Zr0.25O2 and NPK half amendment, and 

peaks at week 3 in the control soil, as in natural soil. However, NO3
- leachate concentrations were 

reduced in autoclaved soil treated with ZSM-5-15 and BEA-150 as compared to control (p < 0.001 for 

both). NPK half amendment in autoclaved soil produced consistently high NO3
- emissions in weeks 3 

and 5 (SI Table S6.4). 
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Figure 6.1. Concentration of ammonium (NH4
+) in soil leachate from natural and autoclaved soil across 

the lettuce growth period of the experiment for different NM amendments (A and B); Concentration of 

nitrate (NO3
-) in the leachate from natural and autoclaved soils across lettuce growth period of the 

experiment for different NM amendments (C and D). Error bars are standard error of the mean (SEM); 

n=3. 
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Soil N2O and CO2 emissions 

We observed that NPK addition alone produced some of the greatest N2O emissions compared 

to the control and NM treated soils, regardless of soil sterilisation. Soil N2O emissions peaked at week 

2 for across all soils and amendments, however Ce0.75Zr0.25O2 and ZSM-5-15 had the lowest emissions 

in natural soil, and BEA-150 and ZSM-5-15 had the lowest emissions in autoclaved soil. In natural soil, 

BEA-150 amendment produced similar N2O emissions as NPK half amendment alone, with BEA-150 

producing significantly lower N2O emissions in autoclaved soil as compared to NPK half alone in 

autoclaved soil (p = 0.009). In autoclaved soil, Ce0.75Zr0.25O2 was more similar to NPK half amendment. 

ZSM-5-15 N2O emissions increased under autoclaved soil compared to natural soil also.  

 Unlike N2O emission, CO2 emissions occur later during lettuce growth, peaking at week 6. CO2 

emissions were significantly affected by week (p = 3.7 x 10-7), with neither amendment nor soil 

condition having any significant effect. However, non-significant differences in the NM amendments 

were observed, where ZSM-5-15 had the greatest CO2 emissions, used to indicate soil and autotroph 

(plant) respiration, under natural soil, while producing the lowest CO2 emissions in autoclaved soil. Soil 

sterilisation increased CO2 emissions when in combination with Ce0.75Zr0.25O2 and BEA-150 

amendments, compared to the natural soils. NPK half amendment and the control soils were similar for 

both autoclaved and natural soils indicating that the differential effect is occurring through NM 

application rather than being a facet of NPK addition.
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Figure 6.2. N2O emissions from natural and autoclaved soils treated with different combinations of NM 

and NPK amendments over the lettuce growth period with gas sampling occurring at weeks 1, 2, 6 and 

7 (A and B). CO2 emissions from natural and autoclaved soils treated with different combinations of 

NMs and NPK amendment over the lettuce growth period with gas sampling occurring at weeks 1, 2, 6 

and 7 (C and D). Error bars are standard error of the mean; n=3. 
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Soil potential extracellular enzyme activity 

Peptidase enzyme activity (LAP and TAP) was elevated in natural soil as compared to 

autoclaved soil (Figure 6.3A and 6.3B). NPK half amendment produced significantly different LAP 

activity to the control, with lower activity seen in weeks 1, 3, and 7 in natural soil, and higher activity 

in weeks 3, 5 and 7 in autoclaved soil (p = 5.71 x 10-6). Elevated activity was seen across all NM and 

NPK half amendments for TAP in natural soil relative to autoclaved soil. Week played a significant role 

in TAP activity, increasing in week 5 and 7 in natural soil (p = 0.16; p = 0.0083). ZSM-5-15 amendment 

produced significantly different TAP enzyme activity across soil types and weeks as compared to the 

control, (p = 0.00058), with elevated activity relative to the control in autoclaved soil and reduced 

activity in natural soil. β-1,4-N-acetylglucosaminidase (NAG) activity peaks in both autoclaved and 

natural soil at week 1 before activity reduces across all amendments other than BEA-150 (p > 0.05). 

There were also significant interactions seen between week, soil condition and amendment (SI Table 

S6.5). Urease activity was variable in both autoclaved and natural soils across amendments. Urease 

activity was highest under BEA-150 amendment in week 5 (p = 0.00037), with a significant increase in 

BEA-150 activity in autoclaved soil at week 5 (p = 0.00026). Urease activity peaked in week 5 for the 

natural soil, with control soils having the greatest activity across all four timepoints studied. Urease 

activity was significantly different under BEA-150 amendment, between all weeks and by soil 

amendment (p < 0.001). Weeks 3 and 5 showed significantly different urease activity for NPK half 

amendment compared to the control (p = 0.0085; p = 0.36). 
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Figure 6.3. (A) Leucine aminopeptidase enzyme activity in autoclaved and natural soil under each of the amendments across the lettuce growth period. (B) 

Tyrosine aminopeptidase enzyme activity in autoclaved and natural soil under each of the amendments across the lettuce growth period. (C)  NAG enzyme 

activity in autoclaved and natural soil under each of the amendments across the lettuce growth period. (D) Urease enzyme activity in autoclaved and natural 

soil under each of the amendments across the lettuce growth period. Error bars are standard error of the mean (SEM); n=3. 
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Lettuce growth and shoot tissue element concentrations 

Soil condition had a significant effect on biomass (p = 0.00074), with soil amendment and soil condition 

interacting to produce an effect on biomass accumulation (p = 0.042). Lettuce height was lowest in the 

control natural soil. NPK half amendment caused significantly taller lettuce compared to the control (p 

= 0.03), and soil sterilisation significantly increased lettuce height (p = 0.0002). Ce0.75Zr0.25O2 treated 

natural soil improved lettuce biomass accumulation compared to the control, but due to wide variation 

in lettue biomass this result was not statistically significant. NM application in natural soil did not 

significantly reduce lettuce biomass or height as compared to NPK half treatment alone.  

Lettuce tissues nutrient and NM element concentrations were significantly different for two 

analysed elements (Si and Cu) (SI Table S6.6).  Lettuce Si concentrations were significantly higher in 

the control grown lettuces as compared to the Ce0.75Zr0.25O2 (p = 0.0164) and ZSM-5-15 (p = 0.0137) 

grown lettuces. Cu content was highest in the natural control soil, with control grown lettuce having 

0.0031 mg kg-1 Cu on average. This result was significantly greater than the Cu content of NPK half 

grown lettuce in both natural and autoclaved soil (p = 0.046; p = 0.0389). 
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Figure 6.4. (A) Average fresh biomass of lettuce shoot tissue per amendment per soil condition at week 

7 of the experiment. (B) Average lettuce height per amendment per soil condition at week 7 of the 

experiment. Error bars are standard error of the mean (SEM). Statistically significant differences as 

compared to the negative control (Control) amendment are denoted with ‘*’ (p < 0.05). 

*
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6.4.2. Eisenia fetida dose response to zeolite application 

The earthworm reproduction test passed the validation criteria overall, with the coefficient of 

variation of reproduction, the number of juveniles produced and adult mortality over four weeks all 

considered. However, both tested concentrations of ZSM-5-15 failed to meet the validation criteria, 

although the differences in juvenile production identified were not statistically significant (p > 0.05). 

The effect of BEA-150 and ZSM-5-15 on earthworms was different with increasing concentration 

across several of the studied parameters (Figure 6.5). As BEA-150 concentration increased there was 

no statistically significant effect on weight change, mortality, juvenile production, unhatched cocoons 

or concentration of the two NM constituent elements, Si and Al. The only result approaching 

significance was that ZSM-5-15 application at the rate of 25 mg kg-1 soil reduced the total number of 

unhatched cocoons as compared to the control (p = 0.052). Though BEA-150 and ZSM-5-15 have very 

different Si:Al ratios the final Si and Al contents of the worm tissue remained similar across 

amendments and amendment concentrations (p > 0.05). There was some indication that Si tissue 

concentration increased with higher BEA-150 concentration while ZSM-5-15 decreased slightly with 

increasing concentration. There was no pattern deciphered from Al contents.  
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Figure 6.5. (A) Average percentage change in Eisenia fetida worm body mass compared between day 0 

and day 28. (B) Average proportion of survived versus dead worms after 28 days in each of the 

amendment soils. (C) Average number of juvenile worms produced per amendment as counted at day 

56. (D) Average number of unhatched cocoons produced per amendment as counted at day 56. (E) 

Average Si concentration of each living worm at day 28. (F) Average Al concentration of each living 

worm at day 28. 
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6.5. Discussion 

6.5.1. N2O emissions are modulated by the interaction between NMs and soil 

microbes 

BEA-150 N2O emissions are elevated in the presence of a natural microbial community, with 

N2O emissions reduced by more than four times when soil is sterilized through autoclaving. BEA-150 

also increases NO3
- concentration in leachate from natural soil, with no effect on NO3

- leachate in 

autoclaved soil. N2O emissions are largely produced through the action of nitrifying and denitrifying 

soil microbial communities (Bremner, 1997). BEA-150 may therefore be promoting depolymerisation 

and increase nitrification derived N2O emissions through production of NH3 and NO3
-. NH3 

volatilisation was not studied in this paper but would be of interest in future studies due to N addition in 

the form of urea. BEA-150 amendment also impacts CO2 emissions from the soil, used here to represent 

soil respiration, with higher respiratory activity found under autoclaved rather than natural soil. This 

may be a facet of several factors; soil respiration includes both microbial and plant root activity, and 

lettuce growth (biomass and height) were improved under autoclaved soils due to the increase in Nr and 

P availability (Skipper and Westerman, 1972). While we do not expect that the autoclaved soils were 

fully sterilized nor remained sterile over the course of the experiment, microbial biomass would have 

been reduced relative to the natural soils. This indicates that while BEA-150 clearly interacts with the 

microbial community to elevate N2O emissions, part of these emissions may not be biotically derived, 

with low CO2 emissions indicating low soil respiration. Sterile soils, such as those that have been 

autoclaved, are able to produce N2O emissions abiotically, through three main pathways; 

chemodenitrification, abiotic decomposition of ammonium nitrate and the abiotic-biotic coupled 

formation of the N2O intermediary hydroxylamine (NH2OH) (Chalk and Smith, 1983; Rubasinghege et 

al., 2011; Heil et al., 2015). BEA-150 may be acting to increase production of hydroxylamine or may 

be involved in the oxidation of hydroxylamine to produce N2O emissions through a mixture of biotic 

and abiotic factors. Elucidating the mechanism by which BEA-150 is triggering these increased 

emissions requires further study, utilising 15N stable isotope tracing of de/nitrification derived N2O. To 

determine if BEA-150 is triggering N2O production via chemodenitrification, which occurs in NO2
- rich 

environments, soil NO2
- concentrations would need to be examined (Wei et al., 2019). Alternatively, the 
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increased N2O emissions may be through ion exchange of soil cations (e.g. H+) with NH4
+, the extra-

framework ion carried by BEA-150. ZSM-5-15 has the same extra-framework ion but a very different 

Si:Al ratio, 15 as compared to BEA-150 at 150. BEA-150 also has slightly larger pores, of 6.8Å rather 

than 5.5Å, and its primary particle size is larger (Jendrlin et al., 2022). These physical differences 

between the zeolite NMs may partly explain the difference in effect on N emissions. 

Control soils produced greater N2O emissions when sterilised compared to natural soil, but N2O 

emissions increased further in the presence of ZSM-5-15, indicating an abiotic impact in ZSM-5-15 

treated soil. Previous work indicates that ZSM-5-15 promotes N2O production in natural soil is likely 

via nitrification pathways, utilising ion exchanged NH4
+ (Chadwick et al., Chapter 4). Emissions from 

ZSM-5-15 treated UK soil in the previous study are far lower, reduced below the NPK half amendment 

alone. This indicates that ZSM-5-15 emissions are dependent on abiotic soil factors and may also be 

impacted by soil microbial community differences, with all ZSM-5-15 treated soils producing less N2O 

emissions in Canadian agricultural soil as compared to UK agricultural soil (Chadwick et al., Chapter 

4). Synthetic fertiliser and biochar, a similar soil amendment to the zeolites studied here, have both been 

shown to impact microbial communities, in turn altering N2O emissions (Harter et al., 2014; Lazcano et 

al., 2021). ZSM-5-15 treatment resulted in greater NH4
+ concentrations in leachate, indicating that while 

the NH4
+ ions were able to be utilised by microbes in the UK agricultural soil, they were perhaps instead 

released into the leachate in the Canadian soil context.  

Ce0.75Zr0.25O2 NM N2O emissions are the same as NPK half emissions alone in autoclaved soil 

but the N2O emissions in the presence of Ce0.75Zr0.25O2 NMs are reduced in natural soils. This is paired 

with Ce0.75Zr0.25O2 amendment increasing NO3
- concentration in leachate in both natural and autoclaved 

soils. Together these results indicate that there is an interaction occurring between Ce0.75Zr0.25O2 NMs 

and soil microbes. Additionally, the mixed metal oxide Ce0.75Zr0.25O2 has been shown to transform in 

soil, leaching Zr4+ ions and forming Ce0.9Zr0.1O2 and CeO2 NMs, with Zr found in lettuce tissues as 

Ce0.75Zr0.25O2, Zr metal (Zr4+) and ZrCl4 (Chadwick et al., Chapter 4).  

N2O emissions reduced below zero at weeks 6 and 7 of the growth period. This is indicative of 

consumption and is likely caused by excessive soil drying in between watering over this time (Chapuis-

Lardy et al., 2007). This is coupled with peak NO3
- emissions in leachate at week 5, reducing the 
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available substrate for nitrification derived N2O emissions. The similarity in magnitude between the 

natural and autoclaved soils indicates that the majority of the CO2 emitted from soil respiration is root 

derived or potentially that autoclaving was unsuccessful, and the soil microbes are more thermostable 

than expected or are repopulating post sterilisation. Studying soil microbial biomass at timepoints across 

the experiment in future would help to determine if effects in autoclaved soil are solely through abiotic 

interactions or are through recovery of, and changes in, the soil microbiome (Marschner and Rumberger, 

2004; Li et al., 2019). Previous data has shown ZSM-5-15 amendment increasing N2O emissions from 

natural soil when applied with a reduced rate of NPK (Chadwick et al., Chapter 4), while this study 

shows ZSM-5-15 reducing N2O emissions in both natural and autoclaved soils. This reflects the extent 

to which N2O emissions and NM effects are dependent on soil factors, both biotic and abiotic, including 

soil microbial community makeup, pH, surface chemistry of clays and colloids, and micronutrient 

availability (Zhu-Barker et al., 2015). 

 

6.5.2. NM and autoclaving impacts on extracellular activity and lettuce growth  

Lettuce growth was not particularly impacted by NM presence and was stimulated by NPK addition 

and also by the expected nutrient release in autoclaved soils. Autoclaved soil results in improved lettuce 

biomass accumulation and height (Figure 6.4). This is likely through a nutrient burst as a result of the 

autoclaving process whereby nutrients like N, P, Mn and S become more extractable (Wolf and Skipper, 

1994; Berns et al., 2008). As well as the release of nutrients post autoclaving, microbial biomass is killed 

and decomposes, increasing the nutrients available to plants as a result of lower competition for finite 

nutrients (Berns et al., 2008). The greenhouse used in the lettuce growth experiments was subject to 

higher than expected temperatures with the soil gravimetric moisture content reflecting that the soils 

dried to ~24% of WHC in week one. Due to this extreme drying in between watering back to 60% WHC, 

the Birch effect, whereby rewetting of soil triggers release of CO2 and inorganic N as well as increasing 

decomposition and mineralisation, may also have impacted microbial activity (Jarvis et al., 2007). Soils 

were sampled prior to adjustment of the moisture levels (based on the gravimetric analysis) and thus 

EEA was measured at these lower moisture levels but this may not be the clearest display of what is 

happening in soil, with the water addition likely causing an increase in microbial respiration, permitting 
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greater enzyme production in the natural soils. Due to missing datapoints from weeks 3-5, whether the 

Birch effect was occurring, as monitored by CO2 emissions from soil, is unknown. However, with the 

potential soil drying, in between watering as indicated by N2O consumption at weeks 6 and 7, there is a 

likelihood for this to have occurred.  

Both aminopeptidases increased over time in the natural soil but not in the autoclaved soil. There 

was limited effect on NAG activity with NM amendment and soil condition, in both autoclaved and 

natural soils. Urease activity was higher in natural soils, showing an interaction between autoclaved soil 

and BEA-150 and time (week 5). This could be indicative of a direct effect of BEA-150 on urease that 

is minimised by microbial activity, which could contribute to the lower N2O emissions seen under BEA-

150 amendment in autoclaved soil. As urea was the applied form of N, it may be that this primed urease 

enzyme activity over time, leading to effects in both autoclaved and natural soil. BEA-150 amendment 

increased LAP and TAP EEA activity relative to the control in autoclaved soils, indicating that there 

may be a positive feedback loop where BEA-150 enhances aminopeptidase activity, permitting greater 

depolymerisation of cleaved amino acids by BEA-150 to increase N2O emissions. Other zeolite NMs 

have depolymerisation activity, although these act on the organic polymer lignin (Nandiwale et al., 

2017). LAP and TAP activity decrease in natural soils amended with BEA-150, with the NM potentially 

preferentially interacting with other microbes and enzymes. It would appear that the majority of the 

effects seen are due to whether the soil had living microbial biomass, with NPK addition but regardless 

of NM, impacting aminopeptidase activity. Some extracellular enzymes are able to remain stable after 

autoclaving the soil, e.g., phosphodiesterase, and killing of soil microbial biomass through the heating 

process (Carter et al., 2007). This study reflects that aminopeptidases and urease are also likely to be 

quite thermally stable. Autoclaving combines heat, humidity and pressure to kill soil biota, generaing a 

reduced microbial biomass, not studied directly in this experiment, and also limiting microbial 

metabolism, such as enzyme activity, as seen in the impact on extracellular enzyme activity, with no 

time based effect being observed in autoclaved soil (Carter et al., 2007). Soil characteristics are likely 

to influence extracellular enzyme stability, with properties like pH, soil moisture, cation exchange 

capacity and soil organic matter all likely to alter enzyme functioning (Tate, 2002).  
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6.5.3. ZSM-5-15 shows sublethal effects on Eisenia fetida at lower concentrations 

BEA-150 agglomerates in water are slightly larger than those for ZSM-5-15, with BEA-150 also 

having a more negative zeta potential. Concentration dependent agglomerate size was not studied, but 

primary particle size for both zeolites have been found to be similar via SEM, 0.1µm for BEA-150 and 

0.2µm for ZSM-5-15 (Jendrlin et al., 2022). Agglomerate size has been found to be more significant for 

NM transport in soil than primary particle size when studying aluminium NMs (Darlington et al., 2009). 

As ZSM-5-15 agglomerates are slightly smaller they may be more able to enter worm tissues or 

dissociate from the soil matrix as it is ingested by the worms, allowing a higher proportion of the 

particles to enter the worm tissues and have impacts on reproduction. This could explain the impact on 

the number of unhatched cocoons being lower in the 25 mg kg-1 ZSM-5-15 amendment. The total 

number of juveniles was not significantly lower than the control with the ZSM-5-15 amendment, 

however, the fewest juveniles found were under the 25 mg kg-1 amendment of ZSM-5-15. BEA-150 was 

not found to have any sub-lethal effects at the studied concentrations. The Si and Al concentrations are 

derived from whole worm tissue digestions so there is limited resolution regarding whether the zeolites 

accumulated in any specific tissues of the worms. Future work should feature partitioning of internal 

and external tissues and NM transformations studied in the different tissues, for example by synchrotron 

experiments such as XANES, in order to better understand the bioaccumulation risk. Additionally, 

comparing the NMs with bulk versions at a broader range of concentrations would similarly increase 

contextual understanding of NM agrochemical application. Differences in size and charge will have 

significant impacts on the NMs ability to enter organisms like earthworms and plants and to interact 

with microbes to affect N-cycling. 
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6.5.4. Conclusion 

BEA-150 and Ce0.75Zr0.25O2 interact with soil microbes to increase N2O emissions and Nr 

contents of leachate, with ZSM-5-15 more influenced by abiotic factors, such as soil colloid and clay 

contents. Sensitivity of NMs to biotic and abiotic factors is different across NMs, occurring even 

between two zeolites. The different ratio of Si to Al could be a potential source of this difference in the 

microbial interaction with the zeolites, but sophisticated structures like pore size may also be the cause 

of the different impacts observed. Further research is required to elucidate the validity of any links 

between physical characteristics and zeolite effects in soil. NM addition with half dose NPK did not 

appear to alter the lettuce biomass accumulation but had minor impacts on lettuce nutritive quality. Both 

aminopeptidases studied were influenced by time in the natural soils and retained activity in microbially 

sterile soils indicating their thermal stability. Urease activity varied across soil condition and time, likely 

due to N addition in the form of urea, with BEA-150 increasing urease activity in autoclaved soil. 

Eisenia fetida potentially undergo sub-lethal impacts from environmentally realistic concentrations of 

ZSM-5-15, however, whether bioaccumulation occurs in the NM form or via transformation product is 

unknown, with higher resolution data of NM constituent element localisation and transformation in 

worm tissues required to clarify this. Earthworms are only one species of many that are affected by 

agrochemical application - future work should look at a broader range of soil invertebrate species (e.g., 

Collembola) and increase the concentrations tested to get an idea of lethal as well as sub-lethal impacts, 

in addition to performing repeat exposure studies at lower exposure doses. Other future work could 

include 15N stable isotope tracing through the system, assessment of phosphate extracellular enzymes 

activity, as well as stress response signalling in plant and animal tissues in response to NM application. 
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7.1. Abstract 

Finding alternatives to synthetic fertilisers is a priority in order to improve global food security 

whilst also improving the sustainability of agriculture. Nanoparticles are nanoscale materials that have 

unique qualities due to their size, large surface area and ability to transform as they enter new 

environments. This enables them to adsorb biomolecules to their surface, changing their reactivity and 

stability. This study directly compared the application of urea and the nanofertiliser, urea-doped 

amorphous calcium phosphate (U-ACP), on glasshouse-grown lettuce, assessing soil microbial group 

sizes (nitrifiers and denitrifiers) to infer impacts of the hydroxyapatite nanomaterial on microbial 

communities. To gauge wider impacts of the different treatments on N cycling, reactive N emissions, 

including both gaseous emissions, with NOY gases focussed on in this study, and also losses of NO2
-, 

NO3
- and NH4

+ in surface run-off and groundwater leaching, were studied. Nitrifying bacterial group 

abundance decreased over the course of the experiment, while denitrifiers, specifically those expressing 

qnorB, were more prevalent in U-ACP treated soils at the end of the lettuce growth period. Urea treated 

soils had significantly higher concentrations of ammonia and nitrate as well as greater NO emissions. 

Overall, the conventional urea treatment caused greater amounts of N to be volatilized or lost through 

leaching than U-ACP, with urea also triggering soil acidification (~30% pH reduction) that stunted 

lettuce yield. U-ACP treatment was able to increase lettuce yield by 77% as compared to the negative 

control and reduce NO and NOY emissions to the same level as the control. U-ACP has clear potential 

to be an effective nanofertiliser, promoting lettuce biomass accumulation while minimising N losses to 

the environment. 
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7.2. Introduction 

 

With the world’s population predicted to continue increasing, peaking at 11 billion around 2100 

(UN, 2015), the required amount of high quality, nutritional food must also increase in order to fulfil 

demand and maximise global food security. As extreme weather events like droughts and floods become 

more frequent with the onset of climate change, available agricultural land will face growing pressure. 

Total agricultural production is predicted to require an increase of 60% by 2050 in order to match global 

needs (Alexandratos and Bruinsma, 2012). Soil degradation is a by-product of this intensive farming, 

with the quality of soils globally decreasing, driving a need for further fertilisation (Beretta-Blanco et 

al., 2019). Fertiliser is an essential part of modern agriculture, enabling the necessary input of nutrients 

for farmers to produce crops of sufficient yield and quality annually. Conventional synthetic fertilisers 

have poor use efficiency with a study in China indicating that up to 60% of the nitrogen applied is lost 

through volatilization or leaching (FAO, 2002). Environmental concerns around excess fertiliser use are 

significant, with run-off into waterways and eutrophication of water sources common (Yang et al., 2008). 

Regions with the greatest levels of arable farming have the highest excess nitrate levels in their rivers 

(DEFRA, 2007). This is due to fertiliser sourced N leaching more than naturally occurring nitrogen 

sources (Crews & Peoples, 2004). The need to develop sustainable options for fertilisation in agriculture 

is crucial, not just for biodiversity but also for future food security in an increasingly uncertain world. 

Fertilisation affects the natural soil nitrogen (N) budget, thus leading to high levels of aqueous 

and gaseous (volatile) losses. N cycling in the soil is controlled primarily through the action of the 

microbial community, allowing nitrogen fixation, nitrification and denitrification all to occur. Human 

inputs of N, such as fertiliser, require N to be fixed using the Haber-Bosch process, an energetically 

costly industrial technique that produces ammonia. Once N is present in the soil as ammonia it undergoes 

a series of microbe-mediated reactions, whereby the ammonia is processed into different forms, some 

of which are accessible to plants. The diversity and health of these microbial groups is essential for 

functioning soils that are able to have high productivity in agriculture and continue biogeochemical 

cycling (Philippot et al., 2013). Soil microbes are also responsible for later transformations of N 

compounds, including those that are damaging to the environment when produced in excess due to 
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inefficient fertiliser application (Kuypers et al., 2018). Nitrogen emissions from agriculture contribute 

to global warming, with nitric oxide (NO) and reactive N emissions (HONO, NO2), collectively known 

as NOY, produced during nitrification and denitrification by soil microbes (Figure 7.1), as well as 

through abiotic reactions on soil surfaces. NOY is a less commonly studied group of reactive N gas, with 

N2O frequently focussed on (Bouwman et al., 2002). N2O has major global warming potential but the 

effects of NOY gases on ground level ozone and hydroxyl radical production, acid rain and climate 

change are still significant, with NOY also being linked to respiratory diseases in humans (Tang et al., 

2020; van Strien et al., 2004).  

 

 

Figure 7.1. Outline of N compounds that occur throughout the nitrogen cycle, with NOY species 

highlighted in teal. NOX refers to NO and NO2. U-ACP may be acting to limit microbial access to N, 

reducing production of NOY. Sourced from Chadwick et al. (2023). 

 

Nanomaterials (NMs) have at least one dimension between 1 and 100 nm, with high surface 

area to volume ratios and reactivity making them suitable for application as catalysts and as carriers of 

other molecules, including macronutrients like N (Khan et al., 2019). Within agriculture NMs have been 

applied as nanopesticides, nanoadditives, and nanofertilisers. Nanofertilisers are able to interact with the 

soil matrix, microbes and plants differently as compared to conventional synthetic fertilisers, either 

aiding in slow-release dynamics of essential nutrients, helping in targeted delivery of nutrients to plants, 

or having other micronutrients form part of their structure (Liu and Lal, 2015). Nanofertilisers have been 

shown to be able to deliver nutrients through plasmodesmata, cellular channels that also exist on the 

nano scale, reducing the energetic cost associated with nutrient uptake (Ditta and Arshad, 2016). 

Hydroxyapatites are mineral compounds primarily composed of phosphorus and calcium, nanoparticle 
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versions of this naturally occurring compound can act as a macronutrient nanofertiliser (Carmona et al., 

2022). Calcium phosphate is present biologically in soils, acting to harden calcified tissues like collagen 

(Cui et al., 2008). Amorphous calcium phosphate (ACP) has been used in medical applications and more 

recently in agriculture as a method to deliver N and P, with the NM acting as a N carrier, making it a 

better option than other synthetic NMs (Sun et al., 2020; Liu and Lal, 2014). Ramírez-Rodríguez et al., 

(2020) identified urea-doped amorphous calcium phosphate (U-ACP) nanoparticles as maintaining yield 

and quality of wheat with reduced amounts of nitrogen needed as compared to plants grown using the 

conventional urea formulation. The nanoparticles uptake by roots was faster than that of conventional 

urea, indicating an improvement in nitrogen uptake efficiency. The positive effect of nanoparticles on 

nutrient use efficiency has been corroborated in other agricultural settings, including in viticulture 

(Pérez‐Álvarez et al., 2021; Gaiotti et al., 2021), and hydroponically grown cucumbers (Carmona et al., 

2021), providing evidence that nanofertilisers with embedded macronutrients, like N, are effective at 

improving nitrogen use efficiency. The wider environmental effects of nanofertiliser use are yet to be 

fully elucidated, including impacts on gaseous and leachate emissions of N and impacts on soil microbial 

communities. 

To study soil microbial communities, representative genes core to different aspects of the N 

cycle were targeted to understand the activity of their respective chemical processes. Nitrifying genes, 

like ammonia monooxygenase, oxidise ammonia (NH3) into different intermediates before becoming 

nitrite (NO2
-). Bacterial AmoA is the A subunit of the first enzyme in ammonia oxidation and is 

responsible for oxidising ammonia into hydroxylamine, the primary step of nitrification. However, the 

clade that bacterial AmoA is sourced from also participates in nitrifier denitrification, with N2O 

production via hydroxylamine (Wrage et al., 2001). Nitrite oxidoreductase (NxrB) is another nitrifying 

gene, used in the second step of nitrification where it oxidises nitrite and is a major source of nitrate in 

the environment. The other genes originally identified are involved in denitrification, including NirK 

and qNorB. One of the genes involved in denitrification is NorB (nitric oxide reductase), for which there 

is a quinol-oxidising subunit (qNorB) and a cytochrome c-oxidising complex (cNorB). NirK is the 

essential denitrifying enzyme in reducing NO2
- to NO, with two distinct clades responsible for this step 

of the N cycle (Helen et al., 2016). 
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In this study, we compared N-cycle community sizes, volatile and aqueous N losses, and plant 

(Lactuca sativa) growth in soils treated with urea versus U-ACP. Based on previous work (Ramírez-

Rodríguez et al., 2020), the U-ACP is predicted to reduce NO and NOY emissions, with less ammonia 

and nitrates leaching through the soil, as compared to the urea treatment. Understanding the effect that 

the U-ACP has on soil microbes is important in order to develop truly sustainable options for farmers, 

that not only maintain yields and reduce pollution, but also prevent further losses in soil quality and help 

propagate healthy N cycling. This study aimed to determine the effect of U-ACP on N cycling soil 

microbial communities, N cycling, in particular relating to NOY emissions, and effect on core soil 

parameters and lettuce growth. The working hypothesis is that U-ACP is more resilient to microbial 

attack, and that the reduced availability of N causes a shift in the microbial community structure. Due 

to the N being part of the NMs structure, there is also predicted to be lower leaching due to strong 

adsorption. If these hypotheses are proven correct, and the lettuces grown were of comparable size and 

quality between treatments, it would indicate that U-ACP enabled a more efficient delivery of N to the 

plants, minimising environment losses.  

7.3. Methods and Materials 

7.3.1. U-ACP synthesis and characterisation 

U-ACP was synthesised based on Ramírez-Rodríguez et al. (2020). Briefly this involved the

creation of the U-ACP precipitate by mixing two solutions, one containing calcium, citrate and urea with 

another containing phosphate, and incubating them together at 37°C. Rather than freeze-drying the 

samples, after washing the precipitates with pure water several times in a centrifuge (5000 rpm for 15 

min), the samples were left under a fume hood to dry overnight. Characterisation of the pristine U-ACP 

nanoparticles was achieved using transmission electron microscopy (TEM) by dispersing a small 

amount of the particles in ethanol, add a drop to carbon-coated copper grids and blotting with a tissue. 

The TEM instrument used was JEOL 1400 TEM (JEOL, Japan) and three particles were analysed for 

average size and size distribution with only one agglomerate studied. 
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7.3.2. Soil characterisation 

Soil from the Warwick Crop Centre (coordinates 52.2062, -1.6116) was processed by sieving 

through a 2mm sieve which removed stones and larger organic matter. Soil characterisation shows a 

sandy loam was used with 2.1% organic matter. Field soil was found to be pH 6.61 with a conductivity 

of 78.9 mS cm-1 and bulk density of 1.486 g cm-3. Previous planting of the area included cereals, 

leguminous crops and oilseed rape with conventional synthetic fertiliser application of ~98 kg ha-1 yr-

1 in 2021 and 2022 (Purchase et al., 2023). 

 

7.3.3. Lettuce pot experiment  

Experimental pots (18cm diameter) were filled to contain between 1.5 and 1.6kg of the 2mm 

sieved soil. These pots were left for three days before each was treated with a different source of N. Five 

pots were kept as controls (no added source of nutrients), five were treated with 140 kg ha-1 of urea and 

40 kg ha-1 of potassium phosphate (K2HPO4) and five with urea-doped ACP as adjusted from fertilisation 

recommendations in UK DEFRA RB209A fertiliser manual (2017). The amount of N applied was the 

same between the urea and U-ACP containers, adjusted for N content by weight. While the urea and 

potassium phosphate were water soluble and applied in a 300 mL solution, the U-ACP was insoluble, 

applied as a solid, with the treated soils watered with 300 mL Millipore water (Merck, Germany) 

afterwards. To condition the soil the pots were left for five days at room temperature before the lettuce 

seeds (Lactuca sativa) were sown. Three seeds were sown per pot, with only one seedling >1cm tall 

permitted to remain per pot after week 1. The plants were grown under long-day conditions (16:8 hours 

light to dark) at 20°C. The plants were watered with 100 mL Millipore water daily, with leachate sampled 

pots receiving 200 mL on sampling days. At the end of the experiment the lettuce plants fresh weights 

were recorded, with total biomass, above-ground biomass and below-ground biomass all recorded. 
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7.3.4. Quantification of soil N gas fluxes 

NOx and NOY analysis were performed using a Teledyne T200U-NOy analyser (Teledyne, 

Thousand Oaks, CA, U.S.A.), with the same method as detailed in Purchase et al. (2023). Ozone (O3) 

free air was used as the carrier gas and was scrubbed of nitrogen gases using a molecular sieve, this 

allowed estimation of net potential from soil and excluded O3 converted NO to NO2. Both NO and 

molybdenum converted NOY were measured. NO and NOY emissions were recorded for each plant 

chamber, with NO recorded directly and values for NOY derived from NOY - NO.  The lower detectable 

limit was < 50 ppt and the flow rate averaged 3.14 L min-1 over the sampling period. There were several 

outlier values seen in the NO gas dataset, with extreme outliers in the U-ACP treatment group in week 

1 and in the urea treatment group during weeks 2 through 4. Extreme outliers were not visualised in 

Figure 7.3A, with an upper limit of 1000ppb m-2 h-1 of NO. Potted samples were watered with 100 mL 

Millipore water before measurements were taken. Flow rate through the sealed chamber was recorded 

before and after gas sampling. Samples underwent 80 minutes of analysis each, with 20 minutes for the 

empty (no soil) control chamber. For statistical comparison an average was taken for the middle hour of 

each chamber measured. In order to provide a reliable baseline, the average from the empty sealed 

chamber on non-sampling days and overnight was used.  

7.3.5. Leachate sampling and analysis 

Leachate was collected whenever the 50 mL falcon tubes used to collect it were filled more than 

25 mL. These samples were filtered and stored at 4°C until analysis. Leachate was analysed using the 

ammonia (method no. G-102-93 rev. 10 (multitest MT7/MT8)), NOx, and nitrate (method no. G-109-

94 rev. 10 (Multitest MT7/MT8)) protocols for the SEAL AutoAnalyzer 3 (AA3) HR Segmented Flow 

Analyser (SEAL Analytical). The limit of detection was 0.1µg/L for each of the studied nutrients and 

MilliPore water blanks were used to ensure accuracy. The reagents for the analysis were all created 

according to the AA3 protocols using MilliPore water. Due to the high N concentrations present in some 

of the samples a range of different dilutions were used, including 4-fold, 10-fold and 32-fold dilutions. 
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In order to get the values for nitrate (NO3
-) content the concentration of the nitrite (NO2

-) analysis was 

subtracted from the NOx concentration values.  

 

7.3.6. Soil sampling and pH testing 

Soil was sampled at three time points, before conditioning with N treatments, after 5 days of N 

treatments and at the end of the lettuce experiment (end of week 5). At the end of the lettuce experiment 

(week 5) three soil samples were taken from the bulk soil of each pot. These three technical replicates 

were mixed before storage. Soil samples were kept at -80C. Topsoil pH was tested using a 2:1 mass 

ratio of 0.01M calcium chloride (CaCl2·2H2O) solution to 10g of air-dried soil.  

 

7.3.7. Soil microbial community analysis 

DNA was extracted from the soil samples stored at -20˚C using the DNeasy PowerLyzer 

PowerSoil Kit (Qiagen). The protocol was followed for the full extraction and samples were stored at -

20C. When extracting the DNA from the soils the SLS Lab Pro VelociRuptor was used to homogenise 

the soil samples. DNA was quantified using a Qubit, with 1x dsDNA HS Working Solution (Invitrogen) 

in accordance with the manufacturer’s protocol. The protocol, including timings, concentrations and 

relative proportions, used for the bulk PCR of the DNA samples was derived from the Earth Microbiome 

Project’s 16S rRNA Illumina Amplicon Protocol. The protocol was altered in order to better fit the 

annealing temperatures of the primers for the genes chosen and to allow 15 minutes for the enzyme to 

activate. HotStar Taq (Qiagen) was used for PCR, with resulting PCR products run on a 1.5% agarose 

gel made with Tris/Borate/EDTA (TBE) buffer. Samples were run with a 1kb Plus DNA ladder (New 

England Biolabs (NEB)) and 6x purple gel loading dye (NEB). Primers were derived from past papers, 

most notably Ma et al. (2019) and Keeley et al. (2020). The genes chosen are core functional genes for 

their bacterial or archaeal taxa/clades and are frequently used to infer abundance of N-cycling microbes.  

N cycling and bacterial 16S rRNA gene abundance was assessed by quantitative polymerase 

chain reaction (qPCR) of extracted DNA. The primers used are shown in full in Supplementary Table 
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S7.1. Quantitative PCR was conducted on a Stratagene Mx3005P qPCR machine (Agilent Technologies, 

USA) with a 10 µL volume involving 1 µL of DNA extract, 0.5 µL of each primer (100 mM), 5 µL of 

the SYBR Green universal master mix (ThermoFisher Scientific, UK) and 3 µL of sterile water. The 

gBlock sequences used per gene were the same as the primers, in addition to 16S rRNA, with complete 

sequences and amplicon lengths shown in full in SI Table S7.1. Quantitative PCR reactions, including 

timings, for each gene of interest are also detailed in full in SI Table S7.2. Standards were made up using 

each gene’s respective gBlock between 1 x 10-2 and 1 x 10-9 ng/µL. Melting curves were used to verify 

the amplification specificity of each of the studied genes. Threshold cycles (Ct) values were converted 

to gene copies g–1 of wet soil. Relative abundance of each gene of interest was calculated by dividing 

the abundance of each gene of interest by the abundance of the total 16S rRNA gene abundance.  

7.3.8. Statistical analyses 

For the lettuce pot experiment, each treatment was replicated five times. This carried forward 

for the gas sampling, leachate analysis experiments and soil DNA extractions. Three soil sample 

replicates were taken at the end of the five-week period and compiled. R Studio (v4.0.2; R Core Team, 

2023) was used for statistical analyses, with data checked for assumptions of normality, which, if 

parametric, were then analysed using two-way repeated measures analysis of variance (ANOVA). Post-

hoc testing for significant results used Tukey pairwise comparison test. Non-parametric data was tested 

using a Friedman test, with significant results undergoing Wilcoxon rank sum pairwise comparisons. 

Linear models were performed for lettuce growth parameters with Bonferroni corrected pairwise t-tests 

performed on linear model outputs. Kruskal-Wallis tests were performed for qPCR data to compare 

between treatment effects. The significance level was set at p < 0.05 for all statistical tests.  
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7.4. Results 

The simple batch method used to generate the urea-doped amorphous calcium phosphate 

nanoparticles created irregularly shaped nanoparticle agglomerates as seen in Figure 7.2. The 

agglomerate pictured is around 166 x 150 nm, with individual NPs measuring ~2 nm in diameter based 

off of three particles measured.  

Figure 7.2. TEM generated micrograph of pristine U-ACP nanocomposites. The pictured agglomerate 

was calculated to be 166 x 150 nm, with individual particles measuring ~2 nm. 

Table 7.1. Soil pH of pre-conditioned (week 0) soil as compared to soil in week 5 of the experiment 

under each of the three treatments.  

Control U-ACP Urea 

Week 0 

(n=4) 

Week 5 

(n=4) 

Week 0 

(n=4) 

Week 5 

(n=5) 

Week 0 

(n=4) 

Week 5 

(n=5) 

Soil pH 5.22 (± 

0.12) 

5.27 

(± 0.16) 

5.19 (± 

0.09) 

5.53 

(± 0.05) 

5.20 (± 

0.10) 

4.38 

(± 0.11) 

The pH of the urea treated soils (Table 7.1) was significantly lower by week 5 than the other 

two sample conditions, with an average of pH 4.38 (p = 1.24 x 10-8). The other soil samples had means 

around pH 5, with the U-ACP treated soil having the highest average of pH 5.53, this difference was 

Individual U-ACP 

particle 

U-ACP agglomerate

100 nm 
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significantly different to the control (p = 0.0016). The urea treatment was also statistically different to 

both the control (p = 1.7 x 10-8) and the U-ACP (p = 3.8 x 10-9) treatments.  

Figure 7.3. (A) NO and (B) NOY-NO gas emissions from control, U-ACP and urea treated soils over a 

five-week period. Weeks 1 and 2 all had n = 5 per treatment, with weeks 3 to 5 having n = 4 for the 

control group, and n = 5 for the other two treatments. Error bars show the standard error of the mean 

(SEM). 

For the urea treated soils the release of NO gas is greater than that for the control and U-ACP 

treated soils at several timepoints, as seen in Figure 7.3A. Overall, NO emissions were found to be non-

normally distributed. NO emission measurements were significantly different across the treatments over 

the course of the lettuce experiment (p=0.022) with a large effect size found (W=0.76). Urea treatment 

caused significantly different NO emissions to both control and U-ACP treatments, (p=0.024 for both).  

NOY emissions were greatest in the urea treatment, with the control and U-ACP soil treatments 

having consistently low parts per billion across the five week growth period. Outliers were identified 

for the NOY-NO datapoints across all weeks and soil treatments. From this analysis, extreme outliers 

were not visualised in Figure 7.3B, with an upper limit of 150ppb/m2/h NOY-NO used. Week 4 had the 

most significant differences, with both the control treatment and the urea treatment having p < 0.05. 

There were no statistically significant differences between any of the treatment groups or weeks for the 

NOY dataset. 
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NH4
+ concentration in leachate was greatest under urea treatment, with control and U-ACP 

treatment having consistently low concentrations across all six weeks, as seen in Figure 7.4A. NH4
+ 

concentration was significantly different across both the different weeks (p = 2.55 x 10-5), different 

treatments (p = 4.28 x 10-11), and the p-value for the interaction between week and treatment was also 

significant (p = 4.49 x 10-7). This indicates that week, treatment, and the interaction between the two, 

are all associated with significant differences in the NH4
+ concentration of leachate. Pairwise 

comparisons of urea treatment with both control and U-ACP treatment were significant (for both, p = 

1.4x10-5). Urea treatment generated significantly different ammonium and nitrate concentrations in soil 

leachate as compared to both the control and U-ACP treatments. 

NO2
- concentration in leachate was low at the start of the experiment, before peaking in week 2 

(Figure 7.4B). Exposure duration (Week) had a significant effect on leachate nitrite concentration (p= 

2.46 x 10-7). U-ACP treatment had higher NO2
- concentrations than its control and urea counterparts, but 

this result was not statistically significant. 

NO3
- concentration was initially high across the three treatments, before decreasing in control 

and U-ACP for the rest of the weeks. NO3
- peaked after NO2

-, with NO2
- being transformed into NO3

- by 

soil microbes. Urea treated soils however, had high concentrations of NO3
- across all timepoints, ranging 

from 155 to 300 mg L-1. A similar pattern to that seen for NH3 was found for leachate NO3 

concentrations. Week (p = 3.16 x 10-6), treatment (p = 3.02 x 10-13), and the interaction of the two factors 

(p = 3.79 x 10-5) all had a significant effect on NO3
- concentration of leachate. Significant differences in 

leachate NO3
- concentration were found between urea and control (p = 3.7 x 10-8) and urea and U-ACP 

(p = 2.8 x 10-8) treatments.  
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Figure 7.4. (A) Mean NH4
+ concentration in soil leachate across the 6-week experiment from the three 

different soil treatments. (B) Mean NO2
- concentration in soil leachate across the 6-week experiment 

from the three different soil treatments. (C) Mean NO3
- concentration in soil leachate across the 6-week 

experiment from the three different soil treatments. Error bars show the standard error of the mean 

(SEM). 
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Figure 7.5. (A) Abundance of betaproteobacteria AmoA relative to 16S rRNA bacterial gene abundance. 

(B) Abundance of periplasmic NxrB relative to 16S rRNA bacterial gene abundance. (C) Abundance of 

NirK clade I relative to 16S rRNA bacterial gene abundance. (D) Abundance of qNorB relative to 16S 

rRNA bacterial gene abundance. Outliers greater than 1.5 times the mean were excluded, as were 0 

values. 

 

The four genes used as primers on the soil microbial DNA samples were betaproteobacteria 

amoA, periplasmic nxrB, nirK clade I and qnorB, as seen in Figure 7.5. No statistically significant 

differences were found between gene abundances of any of the treatments studied. Bacterial amoA and 

periplasmic nxrB both showed less abundance relative to bacterial 16S rRNA, while nirK clade I and 

qNorB both had greater abundance than bacterial 16S rRNA. Bacterial amoA and nirK had the most 

copies per gram of control soil at week 1 of the experiment, however these abundances decreased over 

the course of the experiment. Control and U-ACP treated soils showed the presence of periplasmic nxrB 

at week 1, with abundance for both treatments decreasing over time. This pattern of decreasing 

abundance was bucked for qnorB, with increased presence in U-ACP treated soil at the end of the lettuce 

growth period. A further gene presence/absence study was performed using PCR as seen in SI Figure 

S7.1. 
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Figure 7.6. (A) Mean lettuce height from weeks 2 to 5 for all three treatments. (B) Mean lettuce width 

from weeks 2 to 5 for all three treatments. (C) Mean lettuce leaf number from weeks 2 to 5 for all three 

treatments. Error bars indicate standard error. (D) Mean fresh biomass of lettuce week 5 for all three 

treatments. Black dots indicate outliers. 

 

Plant growth data, as shown in Figure 7.6A-D, clearly reflects that there is more lettuce growth 

in the control and U-ACP treated chambers than for the urea treated soils. All three metrics for plant 

growth that were measured are higher in the control and U-ACP treatments. The control group has 

greater number of mean leaves and are taller than U-ACP, but U-ACP grown lettuces are wider. 

Treatment was found to have a significant effect on height (p = 0.0049), width (p = 0.00097) and number 

of leaves (p = 0.0011). Exposure time indicated as Week (of growth) was also found to have a significant 

effect on lettuce width (p = 0.0038). Urea treatment produced significantly different lettuce heights 

compared to control (p = 0.037) and U-ACP (p = 0.0059). Width was also significantly different under 

urea treatment compared to U-ACP treatment (p = 0.0041). Significant differences were found when 

comparing the leaf numbers between urea and control treatments (p = 0.037), and urea and U-ACP 

treatments (p = 0.0059). There is no statistically significant difference between the mean mass of the 

control and U-ACP grown lettuces (p > 0.05).  
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7.5. Discussion 

 U-ACP treated soils were able to increase fresh lettuce yield by 77%, while also maintaining 

the same NO and NOY-NO emissions as the control even with the same N content as the urea treatment. 

U-ACP soil also produced lower concentrations of NH3 and NO3
-
 in leachate. Slightly elevated NO2

- 

levels were found in the U-ACP leachate, however, it appears that the net N losses are reduced as 

compared to urea treatment. This provides evidence that U-ACP is also a suitable avenue for further 

research in sustainable nanofertiliser application, producing better lettuce crops with minimal N losses. 

Comparing different concentrations of U-ACP treatment would help in further optimising the use of U-

ACP in arable agriculture, as in viticulture Pérez-Álvarez et al. (2020). Interrogating N content of the 

lettuce tissues, and other forms of N losses, like N2O and NH3 gas emissions, would prove useful in 

definitively concluding improved NUE for U-ACP treatments. Additionally, elemental analysis of the 

lettuce tissues produced should be done for effective understanding of how U-ACP may influence lettuce 

quality as well as yield.  

Urea treated soils had the greatest NO, NOY, NH3 and NO3
- emissions, either as gas or in the 

soil leachate. The urea treated soils also produced the worst lettuce yield, with the highly available form 

of N causing soil acidification through the process of nitrification releasing H+ ions into the soil matrix. 

However, the gene abundance data clearly shows that nitrifying bacteria are barely present in the urea 

treated soils by week 5. This indicates that the soil pH is so extreme under urea treatment, as seen in 

Table 7.1, that the pH sensitive autotrophic nitrifying bacteria are negatively affected, reducing their 

abundance. However, evidence of heterotrophic nitrifiers driving ammonification and hence NO3 supply 

cannot be excluded. Urea addition is known to accelerate nitrification and trigger greater soil 

acidification and N losses (Tong and Xu, 2012).  

U-ACP, as a nanocomposite, has urea as part of its structure, limiting N losses by reducing 

microbial access to the N source through adsorption to urea (Carmona et a., 2021). Reducing the access 

to the N source limits the rate of N cycling, which, coupled with U-ACP’s relatively fast entry into roots, 

minimises N losses (Ramírez-Rodríguez et al., 2020). NO is produced as a result of incomplete 

denitrification, with complete denitrification catalysing the change of NO into N2O and then N2. This 

process can be acted out by denitrifying microbes, or by nitrifiers that are able to perform denitrification.  
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The genes assessed via qPCR were bacterial amoA, nxrB, nirK and qnorB. Other genes 

considered via PCR were archaeal AmoA, COMAMMOX AmoA, NirS, NorB and cNorB, however these 

could not successfully be replicated. The experimental conditions were optimised for lettuce growth and 

so the soil remained aerobic, making it unlikely to find some of the listed genes that prefer anaerobic 

environments (Francis et al., 2007). Other genes, like COMAMMOX, however, are not typically found 

in agricultural soils (Shi et al., 2020). The qPCR results showed reductions in the abundance of nitrifying 

taxa across control and U-ACP conditions, with close to no clades found under urea treatment due to the 

effect of urea on soil pH. Previous research shows that ammonia-oxidising bacterial diversity is reduced 

by N fertilisation, a result that is corroborated here (Sun et al., 2024). Gene abundance of the denitrifying 

qnorB expressing taxa was more prevalent in the U-ACP treated soils at the end of the lettuce 

experiment. This indicates that there may be greater levels of denitrification under this treatment 

condition, however, this doesn’t appear to translate into increased NOY emissions. The gene qnorB is an 

aerobic denitrifier that catalyses the reaction of NO to N2O (Ji et al., 2015). This experiment focussed 

on NOY emissions, but future research should include N2O emissions also. This would increase clarity 

on whether U-ACP is genuinely producing fewer reactive N emissions or if the N is simply being 

volatilized in a different form. It is essential that all alternatives to conventional fertilisers that are 

intended to improve the sustainability of agriculture are effective at reducing total N emissions. As U-

ACP also largely consists of calcium phosphate it is important to consider the potential effects this part 

of the nanofertiliser may be having on the soil microbial community. Calcium phosphate is a core 

component of Pikovskaya (PVK) medium which is used to identify phosphate-solubilising bacteria (Joe 

et al., 2018). Phosphate solubilising bacteria are core to making soluble phosphorus available to plants 

and may be another line of enquiry when considering U-ACP as it has sources of both N and P in the 

nanocomposite. Additionally, not all of the originally identified functional genes were able to be 

amplified, with p450nor, a fungal nitric oxide reductase gene missing from this set of experimental data. 

Future work should definitely include fungal nitrogen cycling functional genes in order to assess whether 

the calcium phosphate part of the nanocomposite has any effect on the soil microbial community.  

Although the soils in this experiment were treated with dry, solid U-ACP, the regular watering 

of the chambers and the presence of water in the soil and plant environments makes this study essential 
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to understanding how the size and stability of the nanoparticle is altered by entering a biological context. 

Further research into how the nanofertiliser may transform and aggregate in the soil matrix and 

intracellular plant environments would be of interest. As the NM constituents are all essential plant 

nutrients, seeing how U-ACP treatment impacts on nutrient balance and quality of the lettuce yield could 

provide further positive evidence for the sustainable use of this NM in agriculture.  

 

7.5.1. Optimisation of the U-ACP 

Time constraints prevented further characterisation, but future work will include study of the 

nanoparticles zeta potential, their size and appearance in water, and dynamic light scattering (DLS), 

otherwise known as photon correlation spectroscopy. A more efficient U-ACP synthesis method as 

developed by Carmona et al. (2021), which increases the N-doping level of the NM has been developed. 

This increase in N may improve the cost-effectiveness of the NM (Carmona et al., 2021). Deeper 

understanding of the binding dynamics of the urea and ACP is needed to understand what triggers 

desorption of the urea from the NM, and whether there are environmentally realistic soil conditions that 

could cause rapid losses of N that could then potentially impact on soil pH, affecting crop yields. Future 

research should involve dose responses of different N-content U-ACP in order to understand how the 

U-ACP can best be developed as a sustainable nanofertiliser. In addition, U-ACP should be compared 

to a range of different N fertiliser options, not just urea, for more realistic comparisons that don’t trigger 

such extreme soil acidification. Studying effects on other clades of soil microbes, including fungal N-

cycling genes as well as effects on broader soil microbial communities, protists and fauna like 

earthworms and collembola is essential for understanding how U-ACP would impact agroecosystems 

more broadly. Measuring N contents of the lettuce tissue, N2O and NH3 gaseous emissions in addition 

to NOY emissions using 15N stable isotope tracing would allow further elucidation of how the U-ACP 

interacts with de/nitrifiers in the soil and partitioning of the available N in the system.  
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7.5.2. Conclusion 

Soil degradation has a significant effect on agriculture, with reduction of effective agricultural 

land and increase in required yield, having an accumulative effect. Finding sustainable solutions to 

nurture global soils back to health and solve food insecurity are essential. Nanofertilisers, like U-ACP, 

could provide a viable option for farmers to maintain crop yields and quality cost effectively while 

minimising harm to the environment. This study adds evidence that U-ACP is an efficient source of N 

for plants, with significantly less leachate and N gas emissions compared to the conventional synthetic 

urea when applied at a constant N mass. Additionally, soil properties (pH) and soil microbial 

communities remained closer to those of the untreated controls with U-ACP than with conventional urea 

fertilizer.  Finally, the lettuce quality was significantly higher with U-ACP compared to urea, confirming 

that in all 3 aspects – reduced N emissions / pollution, improved soil quality post growth, lettuce size 

and quality- the U-ACP performed significantly better than the conventional urea. U-ACP NMs have a 

relatively “green” synthesis process, making it a good candidate for commercialisation in future 

(Carmona et al., 2021). In order for U-ACP, and other similar nanofertilisers, to be viable for future 

commercial use, additional research into their transformations and subsequent interactions in 

intracellular plant environments is needed, for example through the use of x-ray absorption 

spectroscopy.  
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Chapter 8. General Discussion and Conclusion 

This thesis aimed to identify engineered nanomaterials with the potential to enhance nitrogen 

use efficiency without compromising on crop yield and quality. This began with a screening experiment 

(Chapter 3) where 54 NMs of different constituent elements and structures were used for priming wheat 

and lettuce seeds. Seed responses varied by NM type, with varying improvements in germination seen 

within and between NM types, e.g., zeolites and metal oxides. Additionally, seed species often responded 

differently to the application of the same NM, with lettuce seeds frequently being more sensitive to NMs 

than the physiologically larger wheat seeds. The NMs were characterised before and after exposure to 

the seeds, with some correlation tests indicating that the pre-exposure characteristics of the NMs were 

more closely linked to wheat root growth and the post-exposure characteristics more correlated with 

shoot growth. Seed exudates were determined to be an important factor in altering the NM 

characteristics, although more research is required to elucidate the interactions between NMs and amino 

acids, proteins and organic acids.  

 A selection of three NMs from the screening experiment were then used in soil-based application 

and compared to addition of a reduced dose of synthetic fertiliser in terms of efficacy to grow lettuce 

and soil N-cycling impacts with conventional fertilisation (Chapter 4). Two of the zeolite NMs added 

were very similar across all of the physicochemical characteristics, including composition, Si:Al ratio, 

extra-framework ion and pore size. However, ZSM-5-15 actively increased N2O emissions from the soil, 

likely through a process of ion exchange causing H+ ions to replace NH4
+ ions in the zeolite’s pores, 

enabling NH4
+ ions to be accessible to nitrifying bacteria, causing an increase in nitrifier derived N2O 

emissions. BEA-19 has very similar properties in terms of Si:Al ratio, pore size, extra-framework ion 

and overall particle size to ZSM-5-15, however this zeolite had no effect on N2O emissions nor on lettuce 

growth. Ce0.75Zr0.25O2, a mixed metal oxide, had limited effect on N2O emissions and Nr concentration 

in leachate. It was able to maintain the nutritive quality of the lettuce grown and to enhance yield, making 

this NM a good target for future research in sustainable agriculture. The transformation study showed 

that the Zr4+ ions were partially leached from the mixed metal oxide structure in the soil by week 8 of 

the growth period, with both Ce0.75Zr0.25O2 NMs and ZrCl4 formed from leached Zr4+ ions found in the 
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lettuce tissues. ICP-OES data didn’t indicate bioaccumulation of Zr in the lettuce but future research 

into the broader impacts of Ce0.75Zr0.25O2 on non-target organisms is required.  

 Soil-based application focuses on root uptake pathways of NMs with N2O emissions primarily 

being nitrification driven. Similarly, N2O emissions from recirculating vertical hydroponic systems 

followed this trend, with N2O emissions from the nitrifier pathways more prevalent at all studied weeks 

(as seen in Chapter 5). This indicates that the root area of the hydroponic setup was more aerated and 

had greater microbial activity than expected in the biologically inert rockwool environment. NM 

addition in the context of hydroponics had little effect on Nr emissions, at least with the three NMs 

utilised herein.  

 Some of the same NMs as studied in Chapter 4 were used in Chapter 6, focussed now around 

impacts on soil biology, specifically microbial extracellular enzyme activity and ecotoxicological 

impacts on Eisenia fetida earthworms. The extracellular N-cycling enzymes were thermally stable, and 

activity was still present in autoclaved soil. The main source of differences in enzyme activity was from 

any addition of N, with or without accompanying NM. BEA-150, another zeolite NM, increased N2O 

emissions in natural soil but not autoclaved soil, indicating an important biotically controlled aspect to 

BEA-150’s effect on N cycling. NM characteristics play a significant role, with both BEA NMs (BEA-

19 and BEA-150) having very different effects on N2O production, with the ratio of Si:Al being the main 

difference between them. Similar characteristics between BEA-19 and ZSM-5-15 also resulted in very 

different impacts on soil, highlighting the importance of further research on which NM characteristics 

are most significant. It does also indicate the importance of abiotic soil parameters (e.g., soil moisture, 

colloids and clays) and soil microbial community composition, however, the exact ways in which these 

a/biotic factors alter NM soil effects also appears to be NM dependent. The ZSM-5-15 that was 

previously found to increase N2O emissions (Chapter 4) was found to also have an impact on earthworm 

reproduction, reducing the total number of cocoons produced. This effect was only seen at the lower, 

more environmentally relevant NM concentration (25 mg kg-1) indicating that there may be an impact 

from increased agglomerate size with increasing NM concentration that reduces the NM bioavailability 

and thus its apparent toxicity. ZSM-5-15 may be absorbed or bioaccumulate in worm tissues based on 
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the concentration of Si in the worms, however only whole tissue digestions were performed so NM 

localisation is unknown and requires future study. 

The final chapter (Chapter 7) utilised a NM where the N was physically part of the nanostructure 

rather than synthetic fertiliser and NM co-application to soil. The urea-doped hydroxyapatite was able 

to reduce NOY emissions from soil as compared to soils in which the same amount of N was applied in 

the form of urea. However, N2O emissions were not monitored over the growth period and so it cannot 

be determined from this data alone if a true reduction in N emissions occurred or if the NM changed the 

dynamic flux of the N cycle to produce greater N2O emissions. This work highlighted the importance of 

looking at as many N endpoints as possible, including N2O, NH3 and NOY gases, as well as NH4
+ and 

NO3
- in leachate and soils, and plant tissue N content in order to fully identify changes in nitrogen use 

efficiency. 

NM addition to soil, whether as a co-additive or with nutrients embedded in their structure, do 

not result in a single trend in Nr emissions from soils and no clear pattern emerged from the small set of 

NMs utilised here. Using NM characteristics such as constituent elements, agglomerate size or zeta 

potential is not sufficient to accurately predict how NMs will transform or affect biota, nor what their 

effects on N cycling will be. These findings are significant when considering the importance of NMs 

that are safe and sustainable by design especially in applications such as agriculture and food production 

where the NMs may be intentionally added to the environment. The safe by design approach should 

consider the NM synthesis route, broader impacts of the NMs in soils, for example NM persistence and 

influence on soil microbial communities and soil fauna, and in crop plants, in terms of bioaccumulation 

and potential risks posed to human health from NMs or their degradation/transformation products in the 

edible parts of plants. It is essential to consider all of these factors as NMs are taken forward for further 

study and/or rolled out for widespread use in crop production, in order to prevent regrettable 

substitutions as so often have happened in the past with agrochemicals, for example neonicotinoid 

insecticide impact on non-target populations, such as bees (Blacquière et al., 2012). The mixed metal 

oxide Ce0.75Zr0.25O2 was identified as being a good avenue for further research due to its maintenance of 

nutritive quality and enhanced lettuce yield without impact on Nr emissions. NM application may cause 

elevated levels of heavy metal ions to leach from NMs into soils, with current risk and implications 
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unclear at present. A critical question to be addressed is whether there is potential for these heavy metal 

ions to biomagnify either in human or wildlife populations. Studying where NMs are transferred to in 

plant tissues and indirect targets, like earthworms and other terrestrial ecotoxicological model 

organisms, like Collembola, and in what forms these NMs are translocated in (i.e., untransformed or 

following some environmental transformations or changes in speciation) will help improve 

understanding of NM persistence and toxicology. More N cycling endpoints need to be considered in 

NM studies to effectively look at microbial responses and wider, climatic impacts, with agricultural N2O 

emissions especially being targeted by international policy to reduce anthropogenic N2O emissions 

(Kanter et al., 2020). The studies presented here focussed on engineered NMs and N cycling but other, 

naturally occurring or green synthesised NMs may also be of interest, as would endpoints of P 

compounds in leachate, including more N endpoints in terms of gas, leachate, soil and plant tissue, and 

NM impacts on soil C cycling.  

 Future work should aim to utilise different crops, as the seed priming study showed that different 

crops can have varying responses to the same NM treatment and with the added complexity of the soil 

environment these differences are likely to be exacerbated in full life cycle studies. These results were 

all found for lettuce in soils from temperate climates and were conducted under greenhouse conditions. 

Field trials including a broader range of biotic and abiotic stresses as well as studying interactions of 

soil fauna and NMs are needed. While many studies have looked at how NM application impacts crop 

stress responses, having a clear lab-based understanding of ecotoxicological responses is essential before 

performing field trials in order to minimise environmental risks. Deeper analysis of soil microbial 

community shifts and responses to NMs, including looking beyond bacterial clades to fungi and archaea, 

would enhance comprehension of how NMs effect metrics for soil health. Developing quality models 

using experimental data for NM impacts on N cycling, ecotoxicological responses and crop effects 

would also be a significant area of further research to ensure safety is at the forefront of 

nanotechnological applications. While many of the tested NMs have been determined to be unsuitable 

for future use in agriculture, results from soil-based studies are still relevant, with soils being a major 

sink for NMs used in industry, as a result of sewage sludge application to soil for example (Dror et al., 

2015).  
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NMs have huge potential to maintain or improve crop yields to meet the demands of a growing 

population whilst mitigating some of the problems synthetic fertiliser has caused to the natural 

environment and agroecosystems. Implementing studies that aim to look holistically at crop impacts, N 

cycling, soil microbes and fauna will be more environmentally protective overall, as they are less likely 

to miss critical impacts or currently unknown adverse NM effects, allowing informed choices for future 

farming. As with conventional fertilisation, nanofertilisers are subject to the same considerations and 

NM usage must comply with the principles of the right source, rate, time and place for genuine 

improvements in the sustainability of agriculture to be possible. 

“In nature, nothing exists alone.” 

Rachel Carson, Silent Spring 
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Scheme S3.1. Schematic of selection process and NMs screened at each stage of experiment. 
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Figure S3.1. Time course of physiological events in germination and post-germination growth as 

adapted from Bewley, 1997.  
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Metal oxides and zeolites 
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analysis 
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Table S3.1. Seed priming incubation conditions. Wheat seeds were incubated for 7 days after exposure 

to 500 mg L-1 nanomaterial suspensions, while lettuce seeds were incubated for 5 days after exposure. 

Conditions 

Light:Dark 16:8 

Light temperature (˚C) 27 

Dark temperature (˚C) 18 

Light humidity (%) 40 

Dark humidity (%) 50 
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Table S3.2. Wheat and lettuce seed priming outcomes for each tested nanomaterial. Nanomaterials are grouped by type. Data shown are means and standard 

deviation. There were three biological replicates for each nanomaterial per seed type, each of which included 14 technical replicates. 

Nanomaterial Wheat Lettuce 

 Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination rate 

(%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination 

rate (%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Metal oxides         

TiO2 6.7 ( ) 7.5 ( ) 97.6 ( ) 1385.2 ( ) 2.2 ( ) 2.4 ( ) 97.6 ( ) 451.4 ( ) 

TiO2 D540 

5.9 ( ) 7.5 ( ) 88.1 ( ) 

1204.0 
( 441.2) 2.1 ( ) 2.2 ( ) 97.6 ( ) 425.0 ( ) 

Ce0.5Zr0.5O2 6.5 ( ) 5.3 ( ) 81.0 ( ) 949.4 ( 104.3) 1.8 ( ) 2.4 ( ) 95.2 ( ) 403.8 ( ) 

ZrO2 7.0 ( ) 4.0 ( ) 83.3 ( ) 906.4 ( 128.1) 2.2 ( ) 2.5 ( ) 95.2 ( ) 446.0 ( ) 

Ce0.1Zr0.9O2 

6.7 ( ) 5.1 ( ) 92.9 ( ) 

1104.2 
( ) 1.8 ( ) 2.1 ( ) 90.5 ( ) 351.4 ( ) 

Ce0.75Zr0.25O2 5.8 ( ) 4.3 ( ) 78.6 ( ) 802.8 ( ) 2.0 ( ) 2.8 ( ) 100.0 ( ) 479.3 ( ) 

Ce0.25Zr0.75O2 

6.3 ( ) 5.6 ( ) 92.9 ( ) 

1104.9 
( ) 2.2 ( ) 2.3 ( ) 95.2 ( ) 429.5 ( ) 

AlOOH 6.6 ( ) 5.4 ( ) 85.7 ( ) 1033.2 ( ) 2.1 ( ) 2.1 ( ) 92.9 ( ) 391.0 ( ) 

Ce0.9Zr0.1O2 5.6 ( ) 4.3 ( ) 83.3 ( ) 832.7 ( ) 2.0 ( ) 2.5 ( ) 95.2 ( ) 429.3 ( ) 

Fe3O4 

7.0 ( ) 7.3 ( ) 83.3 ( ) 

1182.9 
( ) 2.3 ( ) 2.4 ( ) 95.2 ( ) 444.8 () 

CeO2/Co3O4 

6.3 ( ) 5.6 ( ) 88.1 ( ) 

1051.9 
( ) 2.4 ( ) 2.8 ( ) 97.6 ( ) 509.8 ( ) 

TiO2 PVP 7.8 ( ) 3.6 ( ) 61.9 ( ) 706.6 ( ) 2.1 ( ) 2.9 ( ) 97.6 ( ) 492.4 ( ) 

Co1.5Fe1.5O4 

6.6 ( ) 5.4 ( ) 95.2 ( ) 

1130.1 
( ) 2.5 ( ) 2.4 ( ) 92.9 ( ) 455.2 ( ) 

Co2.25Fe0.75O4 

6.6 ( ) 4.9 ( ) 92.7 ( ) 

1064.8 
( ) 2.5 ( ) 2.9 () 100.0 ( ) 539.5 ( ) 
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Nanomaterial Wheat Lettuce 

Shoot length 

(cm) (n=3)

Root length 

(cm) (n=3)

Germination rate 

(%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Shoot length 

(cm) (n=3)

Root length 

(cm) (n=3)

Germination 

rate (%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Co0.75Fe2.25O4 

7.7 ( ) 6.1 ( ) 73.1 ( )

1009.0 
( ) 2.2 ( ) 2.4 ( ) 97.6 ( ) 452.4 ( )

Fe2O3 

10.0 ( ) 5.4 ( ) 92.9 ( )

1416.9 
( ) 2.2 ( ) 2.1 ( ) 85.7 ( ) 379.5 ( )

Co3O4 6.8 ( ) 4.2 ( ) 81.0 ( ) 885.4 ( ) 2.7 ( ) 2.9 ( ) 95.2 ( ) 534.5 ( )

CeO2 

6.8 ( ) 6.4 ( ) 92.9 ( )

1223.5 
( ) 1.9 ( ) 2.5 ( ) 97.6 ( ) 425.7 ( )

Zeolites 

BEA-12 5.5 ( ) 6.3 ( ) 92.9 ( )

1107.6 
( ) 2.1 ( ) 2.5 ( ) 97.6 ( ) 424.1 ( )

BEA-19 6.0 ( ) 8.3 ( ) 92.9 ( )

1338.1 
( ) 1.8 ( ) 2.2 ( ) 81.0 ( ) 336.6 ( )

MOR-10 6.0 ( ) 6.8 ( ) 95.2 ( )

1219.2 
( ) 1.8 ( ) 1.9 ( ) 95.2 ( ) 329.9 ( )

FER 5.4 ( ) 4.8 ( ) 88.1 ( ) 892.8 ( ) 2.0 ( ) 2.2 ( ) 88.1 ( ) 418.8 ( )

NaX 6.2 ( ) 8.0 ( ) 90.5 ( )

1319.8 
( ) 2.0 ( ) 2.3 ( )  90.6 ( ) 432.4 ( )

NaY 5.1 ( ) 5.3 ( ) 76.2 ( ) 806.7 ( ) 1.9 ( ) 2.4 ( ) 92.9 ( ) 397.7 ( )

NaA 6.1 ( ) 3.9 ( ) 88.1 ( ) 877.4 ( ) 1.8 ( ) 2.6 ( ) 81.0 ( ) 366.2 ( )

KX 6.2 ( ) 6.9 ( ) 100.0 ( )

1311.8 
( ) 2.4 ( ) 2.3 ( ) 95.2 ( ) 441.3 ( )

KY 7.1 ( ) 8.9 ( ) 95.2 ( )

1536.1 
( ) 1.9 ( ) 2.1 ( ) 97.6 ( ) 372.9 ( )

KA 6.3 ( ) 7.9 ( ) 100.0 ( ) 1414.8 ( ) 2.0 ( ) 3.2 ( ) 90.5 ( ) 437.5 ( )
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Nanomaterial Wheat Lettuce 

 Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination rate 

(%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination 

rate (%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

MAP 6.6 ( ) 8.3 ( ) 92.9 ( ) 

1393.8 
( ) 2.1 ( ) 2.9 ( ) 97.6 ( ) 439.2 ( ) 

CW 6.4 ( ) 5.3 ( ) 85.7 ( ) 

1007.8 
( ) 2.1 ( ) 2.8 ( ) 100.0 ( ) 440.1 ( ) 

CVZA 7.0 ( ) 6.7 ( ) 97.6 ( ) 

1338.9 
( ) 2.0 ( ) 2.5 ( ) 95.2 ( ) 398.6 ( ) 

CVZB 6.3 ( ) 7.4 ( ) 90.5 ( ) 

1239.8 
( ) 2.2 ( ) 2.3 ( ) 90.5 ( ) 371.2 ( ) 

LTL 5.7 (  ) 6.1 ( ) 90.5 ( ) 

1083.5 
( ) 2.1 ( ) 2.3 ( ) 97.6 ( ) 409.1 ( ) 

BEA-150 6.4 ( ) 7.9 ( ) 90.5 ( ) 1288.5 ( ) 2.4 ( ) 2.5 ( ) 100.0 ( ) 442.8 ( ) 

ZSM-5-40 6.7 ( ) 7.1 ( ) 95.2 ( ) 

1300.3 
( ) 2.3 ( ) 2.5 ( ) 88.1 ( ) 442.8 ( ) 

ZSM-5-25 6.1 ( ) 8.1 ( )  85.7 ( ) 

1221.3 
( ) 2.1 ( ) 2.7 ( ) 93.0 ( ) 407.7 ( ) 

ZSM-5-15 

6.6 ( ) 7.9 ( ) 92.9 ( ) 

1342.7 
( ) 2.2 ( ) 2.3 ( ) 100.0 ( ) 426.2 ( ) 

Metal organic 

frameworks 

        

AlFu 

6.5 ( ) 5.4 ( ) 85.7 ( ) 

1026.3 
( ) 1.3 ( ) 1.6 ( ) 85.7 ( ) 246.7 ( ) 

CPO-27 (Ni) 5.8 ( ) 4.4 ( )  92.9 ( ) 952.4 ( ) 0.2 ( ) 0.0 ( ) 59.5 ( ) 12.5 ( ) 

Fe BTC 

6.0 ( ) 4.7 ( ) 92.9 ( ) 

1003.6 
( ) 1.4 ( ) 1.1 ( ) 85.7 ( ) 214.5 ( ) 

HKUST-1 1.3 ( ) 0.1 ( ) 33.3 ( ) 51.6 ( ) 0.4 ( ) 0.1 ( ) 78.6 ( ) 41.5 ( ) 
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Nanomaterial Wheat Lettuce 

Shoot length 

(cm) (n=3)

Root length 

(cm) (n=3)

Germination rate 

(%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Shoot length 

(cm) (n=3)

Root length 

(cm) (n=3)

Germination 

rate (%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

MIL-100 4.4 ( ) 5.1 ( ) 78.6 ( ) 758.3 ( ) 1.4 ( ) 1.5 ( ) 85.7 ( ) 248.1 ( )

UTSA-16 (Co) 6.7 ( ) 6.5 ( ) 92.9 ( ) 1216.6 ( ) 0.8 ( ) 0.2 ( ) 83.3 ( ) 87.2 ( )

Nanopolymers 

PQDMAEMA70-

P(MMA297-MBA3) 6.4 ( ) 7.3 ( ) 97.6 ( )

1326.1 
( ) 0.9 ( ) 0.7 ( ) 76.2 ( ) 123.7 ( )

PQDMAEMA70-

P(MMA198-MBA2) 6.6 ( ) 6.0 ( ) 85.7 ( )

1094.7 
( ) 0.7 ( ) 0.6 ( ) 78.6 ( ) 97.0 ( )

PQDMAEMA70-

P(MMA99-MBA1 6.6 ( ) 8.7 ( ) 97.6 ( )

1492.6 
( ) 0.9 ( ) 0.8 ( ) 92.9 ( ) 164.7 ( )

PDMAm70-

P(DAAm45-MBA5) 6.7 ( ) 8.3 ( ) 92.9 ( ) 1389.8 ( ) 0.7 ( ) 0.6 ( ) 73.8 ( ) 90.3 ( )

PDMAm70-

P(DAAm90-MBA10) 7.1 ( ) 7.0 ( ) 90.5 ( )

1271.4 
( ) 0.9 ( ) 0.7 ( ) 85.7 ( ) 140.0 ( )

Biochar derivatives 

Beech biochar 

6.6 ( ) 5.0 ( ) 92.9 ( )

1080.9 
( ) 1.4 ( ) 1.2 ( ) 90.5 ( ) 237.6 ( )

Hydroxyapatite-

modified beech 

biochar 6.2 ( ) 6.0 ( ) 100.0 ( ) 1214.0 ( ) 1.4 ( ) 1.0 ( ) 81.0 ( ) 198.1 ( )

Magnetite and 

hydroxyapatite dual 

functionalised beech 

biochar 7.1 ( ) 6.5 ( ) 92.9 ( )

1274.3 
( ) 1.6 ( ) 1.5 ( ) 88.1 ( ) 276.9 ( )

Magnetite-modified 

beech biochar 6.6 ( ) 6.0 ( ) 92.9 ( )

1169.1 
( ) 0.4 ( ) 0.1 ( ) 69.0 ( ) 38.2 ( )
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Nanomaterial Wheat Lettuce 

 Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination rate 

(%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Shoot length 

(cm) (n=3) 

Root length 

(cm) (n=3) 

Germination 

rate (%) (n=3) 

Seedling vigour 

(cm %) (n=3) 

Magnetite-modified 

hydroxyapatite  6.2 ( ) 6.0 ( ) 88.1 ( ) 

1108.8 
( ) 1.5 ( ) 1.3 ( ) 81.0 ( ) 227.9 ( ) 
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Table S3.3. Wheat seed biomass and seed exudate protein concentration and lettuce seed exudate protein concentration in response to nanomaterial exposure. 

If a nanomaterial was not studied for the plant species it is denoted with “-“, while if the data produced was below the limit of detection it is denoted with “—

”. Data presented are mean values and standard deviation.  

Nanomaterial Wheat Lettuce 

Fresh biomass (g) (n = 

3) 

Seed exudate protein 

concentration (µg mL-1) 

(n = 3) 

Seed exudate protein concentration (µg mL-1) (n = 

3) 

BEA-19 1.84 ( ) 355.5 ( 66.2) 39.6 ( ) 

BEA-150 - - 51.1 ( ) 

KA 1.71 ( ) 830.5 ( ) - 

KY 1.88 ( ) 593.7 ( ) - 

MAP 1.56 ( ) 737.2 ( ) - 

CW - - — 

NaX 1.93 ( ) 297.4 ( ) - 

ZSM-5-15 1.37 ( ) 831.0 ( ) 24.5 ( ) 

Ce0.75Zr0.25O2 - - — 

Co2.25Fe0.75O4 - - 3.4 ( ) 

Fe3O4 1.41 ( ) 1070.3 ( ) — 

TiO2 1.65 ( ) 852.4 ( ) - 

TiO2 D540 1.44 ( ) 1127.3 ( ) - 

TiO2 PVP - - — 
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Table S3.4. Sophisticated structure details of zeolite nanomaterials used in seed priming experiments. 

Zeolite Si:Al ratio Pore size (Å) Extra-framework 

ion 

Particle size as 

determined by 

SEM (µm) 

BEA 12 12.5 6.8 NH4
+ 0.02 

BEA 19 19.0 6.8 NH4
+ 0.1 

MOR 10.0 6.7 NH4
+ 0.3 

FER 10.0 5.0 Na+ 1 

NaX 1.3 7.4 Na+ 2 

NaY 2.6 7.4 Na+ 2 

NaA 1.0 4.2 Na+ 3 

KX 1.3 7.4 0.5 Na+, 0.5 K+ 2 

KY 2.6 7.4 0.2 Na+, 0.8 K+ 2 

KA 1.0 4.2 0.5 Na+, 0.5 K+ 3 

MAP 1.0 3.3 Na+ 0.02 

CLPT W 
5.2 5.0 

0.4 K+, 0.1 Na+, 

0.4 Ca2+, 0.1 Fe3+  
0.4 

CLPT VZA 

4.5 5.0 

0.5 Na+, 0.2 K+, 

0.25 Ca2+, 0.1 

Mg2+ 

100 

CLPT VZB 
5.5 5.0 

0.4 K+, 0.3 Ca2+, 

0.2 Mg2+, 0.1 Fe3+  
5 

LTL 3.1 7.1 K+ 0.5 

Figure S3.2. Size distribution of the neutral and positively charged nanopolymers used in seed priming 

experiments. 
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Methods 

Additional methodological details for acid digestion of lettuce and soil samples 

Detection of the uptake of nanomaterials was performed by inductively coupled plasma-optical 

emission spectroscopy (ICP-OES). For this, 0.5g of dry lettuce tissue or dried soil per treatment was 

weighed. Lettuce tissue was dissolved in 10 mL of nitric acid (HNO3), and soils were dissolved with 9 

mL HNO3 and 3 mL hydrofluoric acid (HF). Lettuce digestions occurred at 210˚C for 15 minutes in a 

MARS 6 microwave digestion system in which iWave temperature sensors were floor-mounted to detect 

the solution temperature during digestion, while the soils were digested at 180˚C for 10 minutes using 

the same set-up. The respective digestion program details are available in Table S1 and S2. 

mailto:i.lynch@bham.ac.uk
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Table S4.1. Program details for Mars 6 Microwave Digester heat-assisted digestion of lettuce tissue 

using 0.5g dry tissue with 10mL HNO3 as sourced from Mars 6 Microwave Acid Digestion Method 

Note Compendium. 

Temperature (˚C) 210 

Ramp (mm:ss) 15:00 

Hold (mm:ss) 15:00 

Pressure (psi) 800 

Power (W) 1000 

Table S4.2. Program details for Mars6 Microwave Digester heat-assisted digestion of soil using 0.5g dry 

soil with 9mL HNO3 and 3mL HF as based on US EPA 3052 via Mars 6 Microwave Acid Digestion 

Method Note Compendium. 

Temperature (˚C) 180 

Ramp (mm:ss) 05:30 

Hold (mm:ss) 09:30 

Pressure (psi) 800 

Power (W) 1000 
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Results 

Figure S4.1. Cumulative emissions from soil of N2O (A) and CO2 (B) over the course of the 8-week 

growing period. The details of the treatments and their associated colours (for both panels A and B) are 

shown as the inset in panel B. NPK full is the standard application of nitrogen, phosphorus and 

potassium (180kg/ha N in the form of urea and 200kg/ha in the form of potassium phosphate 

monobasic), while NPK half is a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). Control is 

no fertiliser at all, and no nanomaterials. The nanomaterial treatments are all with NPK half treatment. 

Nanomaterial treatments include BEA-19and ZSM-5-15 two nano-zeolites, and Ce0.75Zr0.25O2, a nano-

metal oxide.   
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Figure S4.2. Emission factors of N2O (A) and NH3 (B) gas emissions as a proportion of the total N added 

to each treatment. NPK full is the standard application of nitrogen, phosphorus and potassium (180kg/ha 

N in the form of urea and 200kg/ha in the form of potassium phosphate monobasic), while NPK half is 

a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). Control is no fertiliser at all, and no 

nanomaterials. The nanomaterial treatments are all with NPK half treatment. Nanomaterial treatments 

are BEA-19and ZSM-5-15 two nano-zeolites. Ce0.75Zr0.25O2 is a nano-metal oxide.  
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Figure S4.3. Relative concentration of elemental constituents of NMs used in Ce0.75Zr0.25O2, BEA-19 

and ZSM-5-15 treatments found in lettuce tissue compared across the six treatments. BEA-19 and ZSM-

5-15 are zeolites containing Al and Si. NPK full is the standard application of nitrogen, phosphorus and

potassium (180kg/ha N in the form of urea and 200kg/ha in the form of potassium phosphate

monobasic), while NPK half is a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). Control is

no fertiliser at all, and no nanomaterials. The nanomaterial treatments are all with NPK half treatment.

Table S4.3. P-values of statistically significant differences in mineralised NO3
- concentration of different 

treatments in relation to NPK full treated soil. NPK full is the standard application of nitrogen, 

phosphorus and potassium (180kg/ha N in the form of urea and 200kg/ha in the form of potassium 

phosphate monobasic), while NPK half is a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). 

Control is no fertiliser at all, and no nanomaterials. The nanomaterial treatments are all with NPK half 

treatment. 

Control NPK full NPK half BEA-19 + 

NPK half 

Ce0.75Zr0.25O2 

+ NPK half

ZSM-5-15 

+ NPK half

Mineralised 

NO3
- (mg kg-

1 dry soil) 

(n=4) 

0.00021 - 0.0034 0.011 0.00064 0.00025 
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Table S4.4. P-values of statistically significant differences in mean CO2 gaseous emissions of different 

treatments in relation to control soil and lettuce. NPK full is the standard application of nitrogen, 

phosphorus and potassium (180kg/ha N in the form of urea and 200kg/ha in the form of potassium 

phosphate monobasic), while NPK half is a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). 

Control is no fertiliser at all, and no nanomaterials. The nanomaterial treatments are all with NPK half 

treatment. 

Control NPK full NPK half BEA-19 + 

NPK half 

Ce0.75Zr0.25O2 

+ NPK half

ZSM-5-15 

+ NPK half

Mean CO2 

emissions 

(ug kg-1 h-1) 

(n=4) 

- 0.0785 <0.0001 0.0055 <0.0001 <0.0001 

Table S4.5. P-values of statistically significant differences in leachate NO3
- concentration of different 

treatments in relation to the control soil. NPK full is the standard application of nitrogen, phosphorus 

and potassium (180kg/ha N in the form of urea and 200kg/ha in the form of potassium phosphate 

monobasic), while NPK half is a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). Control is 

no fertiliser at all, and no nanomaterials. The nanomaterial treatments are all with NPK half treatment. 

Control NPK full NPK half BEA-19 + 

NPK half 

Ce0.75Zr0.25O2 

+ NPK half

ZSM-5-15 

+ NPK half

NO3
- (mg 

L-1

leachate) 

(n=4) 

- 0.044 0.00395 - 0.0056 0.0386 
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Table S4.6. Concentration of elemental nutrients across shoot lettuce tissue grown in the six different 

treatment soils. NPK full is the standard application of nitrogen, phosphorus and potassium (180kg/ha 

N in the form of urea and 200kg/ha in the form of potassium phosphate monobasic), while NPK half is 

a half-dose of each (90kg/ha N and 100kg/ha P2O5 and K2O). Control is no fertiliser at all, and no 

nanomaterials. The nanomaterial treatments are all with NPK half treatment. 

Control 

(n=4) 

NPK full 

(n=3) 

NPK half 

(n=4) 

BEA-19 + 

NPK half 

(n=4) 

Ce0.75Zr0.25O2 

+ NPK half

(n=4)

ZSM-5-15 + 

NPK half 

(n=4) 

Ca 

(mg/g) 

0.15746843 0.18306005 0.18378503 0.15617002 0.16820275 0.15144748 

Cu 

(mg/g) 

0.03080826 0.02429536 0.02592205 0.02117193 0.02624364 0.02643565 

Fe 

(mg/g) 

0.02605645 0.00946766 0.01781764 0.01873396 0.02013273 0.01119552 

Mn 

(mg/g) 

0.00070856 0.00048091 0.00058748 0.00051019 0.00059444 0.00038113 

Mg 

(mg/g) 

0.03080826 0.02429536 0.02592205 0.02117193 0.03375122 0.02643565 

Zn 

(mg/g) 

0.00056602 0.00015337 0.00011078 0.00012825 0.0001721 0.00020532 

P 

(mg/g) 

0.02046859 0.03596641 0.02301406 0.0192665 0.02012262 0.02425014 

K 

(mg/g) 

0.44987047 0.49895419 0.37169321 0.30797222 0.27396367 0.297656 

Ce 

(mg/g) 

8.8761E-05 3.1517E-06 5.4653E-05 7.3909E-05 0.00016856 5.6479E-05 

Zr 

(mg/g) 

1.0457E-05 - 3.8643E-05 2.4673E-05 2.9459E-05 3.4717E-05 

Si 

(mg/g) 

0.01307812 0.01017922 0.00985731 0.00858166 0.00987787 0.01204843 

Al 

(mg/g) 

0.02370997 0.00900661 0.01746708 0.01797256 0.01906906 0.0108446 

N (%) 3.55643 4.06831333 4.807775 4.807695 4.456745 5.2650925 
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Figure S4.4. (A) Ce L3-edge XANES spectra measured on experimental soil samples with added 

Ce0.75Zr0.25O2 NMs and NPK half and Ce-containing reference standards. (B) Zr K-edge XANES spectra 

measured on experimental soil sample with added Ce0.75Zr0.25O2 NMs and NPK half and lettuce grown 

in soil and Zr-containing reference standards. 
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Linear combination fitting of Ce L3-edge XANES spectrum of Ce0.75Zr0.25O2 treated soil sample 

and Zr K-edge XANES profile of Ce0.75Zr0.25O2 grown lettuce tissue have been done in a range from -

40 eV to 80 eV relative to the energy position of corresponding absorption edge. Results of LCF are 

presented in the Table S4.7. 

Table S4.7. Results of Linear combination fitting of Ce L3-edge XANES spectrum of Ce0.75Zr0.25O2 

treated soil sample and Zr K-edge XANES profile of Ce0.75Zr0.25O2 grown lettuce tissue. The quality of 

the fit is shown in Figure 4.4. 

Sample 
Absorption 

Edge 
Standard Weight % R-factor

Ce0.75Zr0.25O2 

treated soil 
Ce L3-edge 

Ce0.9Zr0.1O2 80.4 ± 0.8 

0.0002283 
CeO2 19.6 ± 0.8 

Ce0.75Zr0.25O2 

grown lettuce 

tissue 

Zr K-edge 

Ce0.75Zr0.25O2 49.4 ± 9.1 

0.0095713 ZrCl4 40.8 ± 7.8 

Zr metal foil 9.8 ± 1 
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Methods 

Table S5.3. Hydroponic medium constituent compounds and proportions for each master mix, 

Hydroponic A and Hydroponic B, which were both made to 1L. 40mL of each master mix of Hydroponic 

A and B was then added to each hydroponic medium tank of 12L. 

Hydroponic A g Hydroponic B g 

Calcium nitrate 655 Potassium nitrate 400 

Magnesium nitrate 225 Magnesium sulfate 180 

Potassium nitrate 90 MKP 125 

Ammonium nitrate 30 MAP 75 

Potassium sulfate 75 

Urea 75 

Ammonium sulfate 45 

Iron chelate EDDHA 16 

Manganese EDTA 9 
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Figure S5.1. Hydroponic setup for lettuce growing and gas sampling including rockwool substrate for 

lettuce rootzone, storage tank for hydroponic media and pipe to allow recirculation of media through 

the vertical stack system. 

Table S5.4. Program details for Mars 6 Microwave Digester heat-assisted digestion of lettuce tissue 

using 0.5g dry tissue with 10mL HNO3 as sourced from Mars 6 Microwave Acid Digestion Method 

Note Compendium. 

Temperature (˚C) 210 

Ramp (mm:ss) 15:00 

Hold (mm:ss) 15:00 

Pressure (psi) 800 

Power (W) 1000 

Rockwool substrate 

filled area 

Detachable part of 

hydroponic stack 

setup used for gas 

sampling and 15N 

labelled tracer 

Bulk hydroponic 

media tank, one per 

hydroponic stack 

Pipe for recirculating 

hydroponic media 
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Results 

Figure S5.2. Changes in pH (A) and EC (B) over the six week experiment for each of the 12.5mg L-1 

NM treatments in the nutrient media (TiO2 PVP and Co2.25Fe0.75O4) and the hydroponic media control. 

Error bars depict the standard error of the mean (SEM). 

Table S5.5. Characterisation of nanomaterial constituent elements, macronutrients and micronutrients 

in hydroponic medium sourced from either the main hydroponic tank (bulk medium) or from the 

rockwool medium where the lettuce roots were located. Data presented are means ± standard deviation. 

Missing values were below the limit of detection. 

Control Co2.25Fe0.75O4 TiO2 PVP 

Element Bulk 

medium 

Rockwool 

medium 

Bulk 

medium 

Rockwool 

medium 

Bulk 

medium 

Rockwool 

medium 

Co (mg L-1) 

(n=3) 

58.9 

( ) 

0.03 

( ) 

2067 

( 1817) 

0.12 

( ) 

59.3 

( ) 

0.04 

( ) 

Fe (mg L-1) 

(n=3) 

166321 

( ) 

6.94 

( ) 

188,478 

( ) 

12.7 

( ) 

163940 

( ) 

8.89 

( ) 

Ti (mg L-1) 

(n=3) 

3191 

( ) 

- 3629 

( ) 

- 3519 

( ) 

- 

P (mg L-1) 

(n=3) 

42876 

( ) 

271 

( 44.4) 

41580 

( ) 

458 

( ) 

35740 

( ) 

458 

( ) 

K (mg L-1) 

(n=3) 

208429 

( ) 

1407 

( ) 

197274 

( ) 

2844 

( ) 

177415 

( ) 

2042 

( ) 

Ca (mg L-1) 

(n=3) 

531031 

( ) 

1045 

( ) 

620943 

( ) 

1533 

() 

530733 

( ) 

1359 

( ) 

S (mg L-1) 

(n=3) 

21506 

( ) 

591 

( ) 

20410 

( ) 

837 

( ) 

19855 

( ) 

804 

( ) 

Mg (mg L-1) 

(n=3) 

196019 

( ) 

302 

( ) 

215405 

( ) 

538 

( ) 

192842 

( ) 

378 

( ) 

Mn (mg L-1) 

(n=3) 

19766 

( ) 

6.82 

( ) 

22135 

( ) 

12.4 

( ) 

20033 

( ) 

8.63 

( ) 

Zn (mg L-1) 

(n=3) 

- 1.75 

( ) 

- 3.89 

( ) 

- 1.91 

( ) 
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Control Co2.25Fe0.75O4 TiO2 PVP 

Element Bulk 

medium 

Rockwool 

medium 

Bulk 

medium 

Rockwool 

medium 

Bulk 

medium 

Rockwool 

medium 

Cu (mg L-1) 

(n=3) 

409 ( ) - 485 

( ) 

- 411 

( ) 

- 

Mo (mg L-1) 

(n=3) 

- 0.16 

( ) 

- 0.11 

( ) 

- 0.13 

( ) 

Ni (mg L-1) 

(n=3) 

151 

( ) 

0.36 

( ) 

166 

( ) 

0.36 

( ) 

150 

( ) 

0.35 

( ) 

B (mg L-1) 

(n=3) 

167 

( ) 

- 277 

( ) 

- 211 

( ) 

- 

Figure S5.3. Cumulative N2O emissions from hydroponic medium over the 6 week growth period 

compared between the three different treatments, control, Co2.25Fe0.75O4 NM addition and TiO2 PVP NM 

addition. 
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Table S5.4. Concentration of nanomaterial constituent elements, macronutrients and micronutrients in dried lettuce shoot tissue grown hydroponically with one 

of three treatments, Co2.25Fe0.75O4 NM application, TiO2 PVP or the control hydroponic medium alone. Translocation index was only calculated for NM 

constituent elements. Data presented are means ± standard deviation. Missing values were below the limit of detection. 

Element Control Co2.25Fe0.75O4 TiO2 PVP 

Concentration (mg 

kg-1) (n=4)  

Translocation index Concentration (mg 

kg-1) (n=4)  

Translocation index Concentration (mg 

kg-1) (n=4)  

Translocation index 

Co 3.64 ( ) 6.11 ( ) 9.86 ( ) 0.75 ( ) 1.43 ( ) 2.40 ( 1.03) 

Fe 1274 ( ) 0.76 ( ) 1463 ( ) 0.83 ( ) 1436 ( ) 0.96 ( ) 

Ti 29 ( ) 0.75 ( ) 49.2 ( ) 1.52 ( ) 46.1 ( ) 1.59 ( ) 

P 69133 ( ) - 57451 ( ) 59922 ( ) 

K 581373 ( ) - 440813 ( ) 502065 ( ) 

Ca 80530 ( ) - 74257 ( ) 70454 ( ) 

S 30572 ( ) - 29054 ( ) 27233 ( ) 

Mg 29178 ( ) - 27828 ( ) 26122 ( ) 

Mn 1542 ( ) - 1271 ( ) 1205 ( ) 

Zn 376 ( ) - 360 ( ) 309 ( ) 

Cu - - 16.5 ( ) - 

Mo - - 9.74 ( ) - 

Ni - - 9.8 ( ) - 

B 165 ( ) - 207 ( ) 175 ( ) 
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Linear combination fitting of Co K-edge XANES spectrum and Fe K-edge XANES spectrum 

of Co2.25Fe0.75O4 treated hydroponic medium have been done in a range from -40 eV to 80 eV relative 

to the energy position of corresponding absorption edge. Ti K-edge XANES spectrum linear 

combination fitting to TiO2 PVP treated hydroponic medium was also done in the range from -40eV to 

80eV. Results of LCF are presented in the Table S5.5. 

Table S5.5. Results of Linear combination fitting of Ce L3-edge XANES spectrum of Ce0.75Zr0.25O2 

treated soil sample and Zr K-edge XANES profile of Ce0.75Zr0.25O2 grown lettuce tissue. The quality of 

the fit is shown in Figure 5.5. 

Sample 
Absorption 

Edge 
Standards Weight 

Reduced 

chi-squared 
R-factor

Co2.25Fe0.75O4 

treated 

hydroponic 

medium 

Co K-edge 
CoCO3 0.140 

0.0018295 0.0073131 
Co3O4 0.860 

Fe K-edge 
Co2.25Fe0.75O4 0.445 

0.0004226 0.0014848 
Fe2O3 0.555 

TiO2 PVP 

treated 

hydroponic 

medium 

Ti K-edge 

TiO2 PVP 0.962 

0.0018378 0.0077598 
TiO2 rutile 0.038 
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Figure S5.4. Linear combination fitting for Fe K-edge XANES spectrum of 25 mg L-1 Co2.25Fe0.75O4 

treated hydroponic media (left) and lettuce shoot tissue grown in the media (right). Media fit was 

performed using pristine Co2.25Fe0.75O4, Fe2O3 and Fe3O4 reference standards. 
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Methods 

Figure S6.1. (A) Weekly changes in natural soil pH across the five different treatments. (B) Weekly 

changes in soil moisture for natural soil under different treatments. (C) and (D) are the same but for 

autoclaved soils. 

Additional information for ICP-OES digestion of lettuce, soil and earthworm (Eisenia fetida) 

samples 

Earthworm (Eisenia fetida) digestion analysed samples for Si and Al content, with standards for 

both made up in 2% HNO3 and ranging from 0.05 to 10 ppm. Both lettuce and soil samples were 

analysed for Si, Al, Mn, Mg, K, P, Na, Ca, Cu, Zn, Fe and Ni, with lettuce samples also being analysed 

for Ce and Zr. All standards were made up in a single standard series ranging from 0.05 to 10ppm in a 

2% HNO3 background. 
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Table S6.1. Program details for Mars6 Microwave Digester heat-assisted digestion of dried lettuce, soil 

and earthworm (animal) tissue as based on the Mars 6 Microwave Acid Digestion Method Note 

Compendium. The digestion system utilised floor-mounted iWave temperature sensors to detect the 

solution temperature during digestion. 

Lettuce Soil Eisenia fetida 

Sample mass (g) 0.5 0.5 0.5 

Acid mix 10mL HNO3 9mL HNO3 and 3mL 

HF 

10mL HNO3 

Temperature (˚C) 210 180 200 

Ramp (mm:ss) 15:00 05:30 15:00 

Hold (mm:ss) 15:00 09:30 15:00 

Pressure (psi) 800 800 800 

Power (W) 1000 1000 1000 

Table S6.2. Extracellular enzyme assay experimental plate layout using MUB fluorescing substrate to 

control for background fluorescence of soil particles. This experimental layout was performed for NAG, 

LAP and TAP enzyme assays, with urease plates utilising the urease dependent conversion of urea to 

NH4
+and being monitored using an absorbance assay for NH4

+ detailed in 6.2.2ii.  

Column # Contents 

1 buffer (control) 

2 buffer + MUB (control) 

3 buffer + substrate (control) 

4 slurry + MUB (sample #1) 

5 slurry + substrate (sample #1) 

6 slurry + substrate (sample #1) 

7 slurry + MUB (sample #2) 

8 slurry + substrate (sample #2) 

9 slurry + substrate (sample #2) 

10 slurry + MUB (sample #3) 

11 slurry + substrate (sample #3) 

12 slurry + substrate (sample #3) 
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Results 

Table S6.3. Statistical results of soil and leachate NO3 and NH4
+concentrations across time, amendment 

and soil type. Test results are relative to the control, autoclaved soil and week 1 results. Statistically 

significant results are indicated using ‘*’; p = 0.05 ‘*’, p = 0.01 ‘**’ and p = 0.001 ‘***’.  

Soil NO3
- Soil NH4

+ Leachate NO3
- Leachate 

NH4
+ 

p-value p-value p-value p-value

Intercept < 0.001*** < 0.001*** < 0.001*** < 0.001*** 

Week 3 0.942    < 0.001*** < 0.001*** < 0.001*** 

Week 5 < 0.001*** < 0.001*** 0.079 < 0.001*** 

Week 7 < 0.001*** < 0.001*** < 0.001*** < 0.001*** 

Natural soil < 0.001*** < 0.001*** 0.095 < 0.001*** 

BEA-150 0.058 < 0.001*** < 0.001*** < 0.001*** 

Ce0.75Zr0.25O2 0.015*  < 0.001*** < 0.001*** 0.184 

NPK half 0.035*  < 0.001*** 0.002** 0.010* 

ZSM-5-15 0.018*  0.157 < 0.001*** < 0.001*** 

Week 3: Natural 0.7610    < 0.001*** 0.022* 0.009 

Week 5: Natural < 0.001*** < 0.001*** 0.067 < 0.001*** 

Week 7: Natural < 0.001*** < 0.001*** 0.998 < 0.001*** 

Week 3: BEA-150 0.673 < 0.001*** < 0.001*** < 0.001*** 

Week 5: BEA-150 < 0.001*** < 0.001*** < 0.001*** < 0.001*** 

Week 7: BEA-150 0.64 < 0.001*** < 0.001*** < 0.001*** 

Week 3: Ce0.75Zr0.25O2 0.159 < 0.001*** < 0.001*** 0.170 

Week 5: Ce0.75Zr0.25O2 < 0.001*** < 0.001*** < 0.001*** 0.135 

Week 7: Ce0.75Zr0.25O2 0.022 < 0.001*** < 0.001*** 0.124 

Week 3: NPK half 0.089 < 0.001*** < 0.001*** 0.009** 

Week 5: NPK half 0.003** < 0.001*** < 0.001*** 0.009** 

Week 7: NPK half 0.043* < 0.001*** < 0.001*** 0.008** 

Week 3: ZSM-5-15 0.583 0.088 < 0.001*** 0.046* 

Week 5: ZSM-5-15 0.003** 0.010 < 0.001*** < 0.001*** 

Week 7: ZSM-5-15 0.020* 0.191 < 0.001*** < 0.001*** 

Natural: BEA-150 0.185 < 0.001*** 0.013* < 0.001*** 

Natural: Ce0.75Zr0.25O2  0.043* 0.056 < 0.001*** 0.004** 

Natural: NPK half 0.051 0.029* < 0.001*** < 0.001*** 

Natural: ZSM-5-15 0.037 < 0.001*** 0.006** < 0.001*** 

Week 3: BEA-150: Natural 0.976 < 0.001*** 0.011* 0.182 

Week 5: BEA-150: Natural < 0.001*** < 0.001*** < 0.001*** < 0.001*** 

Week 7: BEA-150: Natural 0.112 < 0.001*** < 0.001*** < 0.001*** 

Week 3: Ce0.75Zr0.25O2: Natural 0.200 0.150 0.003** 0.496 

Week 5: Ce0.75Zr0.25O2: Natural < 0.001*** 0.153 0.034* < 0.001*** 

Week 7: Ce0.75Zr0.25O2: Natural 0.051 0.088 < 0.001*** 0.020* 

Week 3: NPK half: Natural 0.058 0.015* < 0.001*** < 0.001*** 

Week 5: NPK half: Natural 0.426 0.016* 0.368 < 0.001*** 

Week 7: NPK half: Natural 0.038* 0.023* 0.002** < 0.001*** 

Week 3: ZSM-5-15: Natural 0.835 0.003** 0.014 0.004** 

Week 5: ZSM-5-15: Natural 0.193 < 0.001*** < 0.001*** < 0.001*** 

Week 7: ZSM-5-15: Natural 0.025* < 0.001*** < 0.001*** < 0.001*** 
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Table S6.4. Concentration of NH4
+and NO3- ions in soil and leachate over the course of the lettuce growth period for the two soil conditions, natural and autoclaved, 

comparing between the five treatments. Data displayed are means and standard deviation. Missing data were below the limit of detection.   

Week Control Ce0.75Zr0.25O2 NPK half BEA-150 ZSM-5-15 

Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved 

Soil 

NH4
+ (mg 

kg-1 dry soil) 

(n=3) 

1 1.77 

(0.21) 

9.32 

(2.34) 

3.50 

(0.82) 

13.66 

(1.49) 

9.94 

(3.53) 

12.89 

(1.39) 

4.37 

(0.93) 

5.88 

(0.24) 

2.41 

(0.93) 

4.91 

(0.75) 

3 0.71 

(0.08) 

2.60 

(0.12) 

0.64 

(0.18) 

3.17 

(0.05) 

0.69 

(0.10) 

3.16 

(0.53) 

0.65 

(0.11) 

2.55 

(0.63) 

0.58 

(0.10) 

1.73 

(1.51) 

5 0.60 

(0.04 

1.38 

(0.47) 

0.69 

(0.09) 

2.10 

(0.08) 

0.63 

(0.13) 

2.02 (0.78 0.66 

(0.08) 

1.94 

(0.60) 

0.49 

(0.15) 

1.61 

(0.13) 

7 0.82 

(0.12) 

0.93 

(0.07) 

0.86 

(0.06) 

1.23 

(0.30) 

0.84 

(0.2) 

1.16 

(0.37) 

0.81 

(0.07) 

0.90 

(0.18) 

0.86 

(0.12) 

1.04 

(0.47) 

NO3
- (mg kg-

1 dry soil) 

(n=3) 

1 6.58 

(2.30) 

0.31 

(0.34) 

9.39 

(0.87) 

0.66 

(0.69) 

8.91 

(0.44) 

0.46 

(0.15) 

8.75 

(0.31) 

0.76 

(1.25) 

9.16 

(0.31) 

0.57 

(0.27) 

3 6.26 

(9.22) 

- 16.0 

(4.23) 

- 19.8 

(10.26) 

- 10.5 

(4.25) 

1.29 

(0.70) 

11.31 

(0.70) 

2.29 

(0.64) 

5 - - 20.54 

(9.06) 

- 9.47 

(7.48) 

3.34 

(8.21) 

21.91 

(8.83) 

4.16 

(3.11) 

8.80 

(6.78) 

1.93 

(3.29) 

7 0.07 

(0.03) 

- 0.23 

(0.04) 

0.06 

(0.03) 

0.17 

(0.03) 

0.26 

(0.31) 

0.12 

(0.02) 

0.42 

(0.44) 

0.10 

(0.02) 

0.22 

(0.30) 
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Week Control Ce0.75Zr0.25O2 NPK half BEA-150 ZSM-5-15 

Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved 

Leachate 

NH4
+ (mg kg-

1 dry soil) 

(n=3) 

1 0.24 

(0.02) 

4.88 

(0.18) 

0.35 

(0.19) 

3.65 

(0.95) 

1.39 

(0.95) 

3.33 

(0.24) 

0.95 

(0.39) 

3.36 

(0.51) 

0.68 

(0.26) 

3.84 (0.1) 

3 0.07 

(0.03) 

6.54 

(1.46) 

0.07 

(0.02) 

6.08 

(2.15) 

0.06 

(0.04) 

8.80 

(1.76) 

0.07 

(0.03) 

6.21 

(2.55) 

0.23 

(0.15) 

9.44 

(2.73) 

5 0.04 

(0.01) 

0.11 

(0.04) 

0.03 

(0.01) 

0.58 

(0.42) 

0.04 

(0.01) 

0.22 

(0.12) 

0.02 

(0.02) 

0.09 

(0.04) 

0.04 

(0.01) 

0.18 

(0.05) 

7 0.07 

(0.1) 

0.36 

(0.41) 

0.02 

(0.09) 

0.14 

(0.07) 

0.03 

(0.09) 

0.14 

(0.07) 

0.08 

(0.05) 

0.11 (0.1) 0.04 

(0.09) 

0.03 (0.1) 

NO3
- (mg kg-

1 dry soil) 

(n=3) 

1 4.76 

(2.06) 

6.44 

(0.56) 

- 8.85 

(2.07) 

0.86 

(1.75) 

9.73 

(2.37) 

- 4.77 

(1.66) 

0.05 

(0.08) 

5.76 

(2.29) 

3 47.75 

(23.57) 

22.31 

(8.57) 

- 19.83 

(16.2) 

- 29.03 

(13.45) 

- 3.72 

(2.06) 

- 3.46 

(4.73) 

5 2.32 

(2.11) 

1.14 

(1.38) 

54.53 

(12.89) 

46.73 

(3.29) 

36.75 

(21.86) 

33.15 

(4.14) 

59.58 

(5.28) 

4.40 

(3.93) 

41.54 

( 

19.63) 

2.71 

(2.76) 

7 0.34 

(0.23) 

2.02 

(1.27) 

1.21 

(0.72) 

3.74 

(0.43) 

1.03 

(0.4) 

4.24 

(0.81) 

1.21 

(0.18) 

0.51 

(0.44) 

1.38 

(0.77) 

0.47 (0.1) 
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Table S6.5. Statistical results of extracellular enzyme activity statistical testing relative to the control, autoclaved soil and week 1 results. Statistically significant results 

are indicated using ‘*’; p = 0.05 ‘*’, p = 0.01 ‘**’ and p = 0.001 ‘***’.  

LAP TAP NAG Urease 

p-value p-value p-value p-value

Intercept < 0.001*** 0.163 0.044* 0.827 

Week 3 < 0.001*** 0.915 0.009** 0.386 

Week 5 0.062 0.872 0.016* 0.070 

Week 7 0.831 0.370 0.032* 0.848 

Natural soil 0.468 0.622 0.535 0.165 

BEA-150 < 0.001*** 0.617 0.931 0.720 

Ce0.75Zr0.25O2 0.949 0.954 0.690 0.223 

NPK half 0.449 0.851 0.620 0.189 

ZSM-5-15 0.259 0.001** 0.554 0.490 

Week 3: Natural < 0.001*** 0.138 0.142 0.441 

Week 5: Natural 0.055 0.16 0.505 < 0.001*** 

Week 7: Natural 0.013* 0.008** 0.911 0.913 

Week 3: BEA-150 < 0.001*** 0.161 0.122 0.074 

Week 5: BEA-150 < 0.001*** 0.069 0.984 < 0.001*** 

Week 7: BEA-150 < 0.001*** 0.313 0.601 0.278 

Week 3: Ce0.75Zr0.25O2 0.464 0.760 0.144 0.166 

Week 5: Ce0.75Zr0.25O2 0.597 0.752 0.004** 0.054 

Week 7: Ce0.75Zr0.25O2 0.041* 0.567 < 0.001*** 0.222 

Week 3: NPK half 0.006** 0.718 0.017* 0.008** 

Week 5: NPK half 0.081 0.871 < 0.001*** 0.037* 

Week 7: NPK half 0.909 0.734 < 0.001*** 0.158 

Week 3: ZSM-5-15 0.470 0.080 0.037* 0.325 

Week 5: ZSM-5-15 0.676 0.067 < 0.001*** 0.039* 

Week 7: ZSM-5-15 0.688 0.047* < 0.001*** 0.850 

Natural: BEA-150 0.537 0.851 0.950 0.166 
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LAP TAP NAG Urease 

p-value p-value p-value p-value

Natural: Ce0.75Zr0.25O2  0.117 0.903 0.705 0.497 

Natural: NPK half 0.691 0.737 0.711 0.459 

Natural: ZSM-5-15 0.027* 0.13 0.675 0.115 

Week 3: BEA-150: Natural 0.001** 0.313 0.349 0.740 

Week 5: BEA-150: Natural 0.183 0.593 0.508 < 0.001*** 

Week 7: BEA-150: Natural 0.214 0.190 0.524 0.683 

Week 3: Ce0.75Zr0.25O2: Natural 0.893 0.473 0.056 0.833 

Week 5: Ce0.75Zr0.25O2: Natural 0.670 0.801 < 0.001*** 0.081 

Week 7: Ce0.75Zr0.25O2: Natural 0.007** 0.701 < 0.001*** 0.590 

Week 3: NPK half: Natural 0.011* 0.609 0.043* 0.351 

Week 5: NPK half: Natural 0.653 0.778 < 0.001*** 0.228 

Week 7: NPK half: Natural 0.775 0.795 < 0.001*** 0.740 

Week 3: ZSM-5-15: Natural 0.164 0.323 0.037* 0.493 

Week 5: ZSM-5-15: Natural 0.180 0.414 < 0.001*** 0.078 

Week 7: ZSM-5-15: Natural 0.092 0.172 < 0.001*** 0.309 

Table S6.6. Lettuce concentrations of nanomaterial constituent elements, macro- and micronutrients. Data presented are means and standard deviation. Values that 

were below the limit of detection are denoted with ‘-‘. 

Element Compartment Control Ce0.75Zr0.25O2 NPK half BEA-150 ZSM-5-15 

Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved 

Ce (mg 

kg-1) 

Lettuce (n = 

3) 

0.00041 

( 

0.00056) 

0.00006 ( 

0.00002) 

0.00004 

( 

0.00012) 

0.00012 ( 

0.00015) 

0.00008 ( 

0.00001) 

0.00008 ( 

0.00005) 

0.00013 ( 

0.00001) 

0.00026 ( 

0.00028) 

- 0.00006 ( 

0.0002) 

Zr (mg 

kg-1) 

Lettuce (n = 

3) 

0.00031 

( 

0.00024) 

0.00002 ( 

0.00001) 

0.00009 

( 

0.00005) 

- 0.00005 ( 

0.00001) 

0.00002 ( 

0.00003) 

0.00003 ( 

0.00001) 

0.00008 ( 

0.00009) 

0.0004 ( 

0.00001) 

0.00002 ( 

0.00001) 
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Element Compartment Control Ce0.75Zr0.25O2 NPK half BEA-150 ZSM-5-15 

Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved Natural Autoclaved 

Si (mg 

kg-1) 

Lettuce (n = 

3) 

0.011 ( 

0.0045) 

0.012 ( 

0.0005) 

0.0075 ( 

0.0023) 

0.008 ( 

0.0003) 

0.0085 ( 

0.0004) 

0.01 ( 

0.001) 

0.0083 ( 

0.0005) 

0.01 ( 

0.0021) 

0.008 ( 

0.0009) 

0.008 ( 

0.0009) 

Al (mg 

kg-1) 

Lettuce (n = 

3) 

0.27 ( 

0.28) 

0.0072 ( 

0.0037) 

0.0088 ( 

0.0059) 

0.0072 ( 

0.0037) 

0.0069 ( 

0.0035) 

0.0052 ( 

0.0039) 

0.0085 ( 

0.004) 

0.12 ( 

0.19) 

0.0058 ( 

0.0021) 

0.007 ( 

0.0004) 

Mn (mg 

kg-1) 

Lettuce (n = 

3) 

0.0097 ( 

0.006) 

0.026 ( 

0.0086) 

0.0045 ( 

0.001) 

0.026 ( 

0.0086) 

0.0036 ( 

0.0013) 

0.03 ( 

0.007) 

0.005 ( 

0.001) 

0.051 ( 

0.031) 

0.0043 ( 

0.0012) 

0.005 ( 

0.005) 

Mg (mg 

kg-1) 

Lettuce (n = 

3) 

1.09 ( 

0.29) 

0.52 ( 

0.084) 

0.92 ( 

0.29) 

0.91 ( 0.1) 0.65 ( 

0.19) 

0.7 ( 0.12) 0.92 ( 

0.24) 

0.86 ( 

0.37) 

0.88 ( 

0.17) 

0.036 ( 

0.018) 

Na (mg 

kg-1) 

Lettuce (n = 

3) 

0.56 ( 

0.04) 

0.51 ( 

0.20) 

0.73 ( 

0.40) 

0.91 ( 

0.09) 

0.39 ( 

0.088) 

0.64 ( 

0.25) 

0.52 ( 

0.19) 

0.67 ( 

0.28) 

0.60 ( 

0.25) 

0.905 ( 

0.384) 

Fe (mg 

kg-1) 

Lettuce (n = 

3) 

0.27 ( 

0.27) 

0.011 ( 

0.0043) 

0.016 ( 

0.0047) 

0.014 ( 

0.002) 

0.014 ( 

0.005) 

0.015 ( 

0.006) 

0.017 ( 

0.005) 

0.133 ( 

0.208) 

0.014 ( 

0.003) 

0.017 ( 

0.014) 

P (mg 

kg-1) 

Lettuce (n = 

3) 

0.71 ( 

0.09) 

0.647 ( 

0.260) 

0.47 ( 

0.11) 

0.686 ( 

0.360) 

0.48 ( 

0.09) 

0.794 9 

0.129) 

0.57 ( 

0.35) 

0.85 ( 

0.18) 

0.73 ( 

0.36) 

1.28 ( 

0.83) 

Ni (mg 

kg-1) 

Lettuce (n = 

3) 

0.00026 

( 0.0003) 

- - - - - - 0.00005 ( 

0.0003) 

- - 

K (mg 

kg-1) 

Lettuce (n = 

3) 

12.4 ( 

0.68) 

6.56 ( 

1.01) 

12.2 ( 

4.12) 

8.80 ( 

1.93) 

7.74 ( 

2.79) 

9.04 ( 

1.19) 

11.6 ( 

4.39) 

9.77 ( 

0.70) 

12.4 ( 

4.34) 

10.8 ( 

1.80) 

Zn (mg 

kg-1) 

Lettuce (n = 

3) 

0.0071 ( 

0.0037) 

0.0039 ( 

0.0004) 

0.0032 ( 

0.0002) 

0.006 ( 

0.002) 

0.005 ( 

0.001) 

0.007 ( 

0.002) 

0.004 ( 

0.001) 

0.007 ( 

0.002) 

0.0043 ( 

0.0011) 

0.008 ( 

0.004) 

Ca (mg 

kg-1) 

Lettuce (n = 

3) 

5.85 ( 

1.18) 

2.59 ( 

0.60) 

4.22 ( 

0.79) 

3.86 ( 

0.35) 

2.67 ( 1.1) 2.86 ( 

0.56) 

3.83 ( 

1.26) 

4.44 ( 

3.04) 

4.59 ( 

1.19) 

4.10 ( 

2.25) 

Cu (mg 

kg-1) 

Lettuce (n = 

3) 

0.0031 ( 

0.002) 

0.0008 ( 

0.0005) 

0.0011 ( 

0.0009) 

0.0008 ( 

0.0003) 

0.00075 ( 

0.00036) 

0.0007 ( 

0.0004) 

0.00078 ( 

0.00042) 

0.001 ( 

0.0009) 

0.00065 ( 

0.00035) 

0.0007 ( 

0.0005) 
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Table S7.1. List of qPCR primers identified as functional genes for different steps of the Nitrogen (N) cycle. 

Gene name Forward primer Reverse primer Amplified Source 

Bacterial AmoA GACTGGGAYTTCTGGMTKGAYTGGAA TGYGACCACCAGTARAAWCCCCAG 
+ 

Keeley et al., 2020 

Archaeal AmoA GCMTTCAARTATCCRAGRCCRACRYTGC

CW  

TACMGATGGATGGCCGCNTGGWSMAA

G  - 

Keeley et al., 2020 

COMAMMOX AmoA GGRACYTTYCAYATGCACACVGC ACCACCAMGAVGTRTARACSGCAA 
- 

Keeley et al., 2020 

Periplasmic NxrB GTGGAACAAYGTGGARACSAAGCC SACRAASCGCCAYTCYTGGTC 
+ 

Keeley et al., 2020 

Clade I NosZ GAVGAYSTSACSCAYGGYTT TGSADBGCVKRRCAGAA 
- 

Keeley et al., 2020 

Clade II NosZ CGTTGCAYACNSARTTYGA CKRTYCTTNGYNAKYTTRTT 
- 

Keeley et al., 2020 

Clade I NirS GGNTAYGCNGTNCAYAT CCNGTYTCYTTNACRTTNAC 
- 

Michotey et al., 

2000 

Clade I NirK TTYGTSTAYCACTGCGCVCC GCYTCGATCAGRTTRTGGTT 
+ 

Chen et al., 2010 

qNorB GGNCAYCARGGNTAYGA ACCCANAGRTGNACNACCCACCA 
+ 

Braker and Tiedje, 

2003 

cNorB GACAAGNNNTACTGGTGGT TGNCCRTGNGCNGCNGT 
- 

Braker and Tiedje, 

2003 

Bacterial 16S rRNA GTGCCAGCMGCCGCGGTAA GGACTACHVGGGTWTCTAAT 
+ 

Caporaso et al., 

2012 



251 

Table S7.2. List of gBlock sequences for absolute quantification of N-cycling genes in soil microbes. 

Gene Primer sequences (F&R) Primer sequence 

sites 

Amplicon 

length 

Source Quantitative PCR thermal 

settings 

Bacterial amoA 

(Betaproteobacteria) 

F: GACTGGGAYTTCTGGMTKGAYTGGAA 

R: TGYGACCACCAGTARAAWCCCCAG  

154-179

330-353

199 Keeley et al., 
2020 

1) 3 minutes 98˚C

2) 40 cycles of:

• 15s at 98˚C

• 60s at 55˚C

• 90s at 72°C

3) 72˚C for 10 minutes

Bacterial 16S rRNA F: GTGCCAGCMGCCGCGGTAA 

R: GGACTACHVGGGTWTCTAAT 

515F 

806R 

390 Caporaso et 

al., 2012 

1) 94°C for 3 minutes

2) 40 cycles of:

• 45s at 94°C f

• 60s at 50°C

• 90s at 72°C

3) 72˚C for 10 minutes

Periplasmic nxrB F: GTGGAACAAYGTGGARACSAAGCC 

R: SACRAASCGCCAYTCYTGGTC  

181-200

391-411

230 Keeley et al., 

2020 

1) 3 minutes 98˚C

2) 40 cycles of:

• 15s at 98˚C

• 60s at 55˚C

• 90s at 72°C

3) 72˚C for 10 minutes

nirK clade I F: TTYGTSTAYCACTGCGCVCC 

R: GCYTCGATCAGRTTRTGGTT 

502-521

1021-1040

538 Chen et al., 

2010 

1) 3 minutes 98˚C

2) 40 cycles of:

• 15s at 98˚C

• 60s at 55˚C

• 90s at 72°C

3) 72˚C for 10 minutes

qnorB F: GGNCAYCARGGNTAYGA 

R: ACCCANAGRTGNACNACCCACCA 

1204-1220 

1444-1466 

262 Braker and 

Tiedje, 2003 

1) 15 minutes 95˚C

2) 40 cycles of:

• 45s at 95˚C

• 60s at 50˚C

• 90s at 60˚C

3) 60s at 95˚C, 30s at 50˚C,

30s at 95˚C
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Figure S7.1. Labelled gel images of PCR products generated from (A) Betaproteobacteria AmoA gene primers; (B) periplasmic NxrB gene primers; (C) NirK clade I 

gene primers; and (D) qNorB gene primers, and four different soil DNA sources. Woodland soil DNA, pre-treatment experimental soil, treated experimental soil, and 

experimental soil after five weeks of the experiment were all used. 
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Learning objectives
Studying this chapter should provide the readers with sufficient knowledge to:

� understand how the rising food demand of the global population is driving

diversification of crop growing alternatives such as vertical farming and

technological innovation such as big data driven farm management;

� appreciate that modern agricultural techniques such as hydroponics differ

significantly from soil-based agriculture, presenting new opportunities for

nanotechnology to further enhance agricultural efficiency and reduce the

associated pollution impacts;

� understand what is meant by precision agriculture and the ways that

nanotechnology can aid and augment the insights gained from precision

agriculture to optimize plant yields.

10.1 Introduction
Globally, soil quality is decreasing, putting additional pressure on our food sys-

tem. As soil degradation continues and freshwater supplies become scarce, devel-

opment of farming approaches that use both land and water more efficiently and

productively to grow food is essential.1 This need has created a niche for scientists

and farmers to develop techniques to improve either land productivity or to use

alternative agricultural techniques. 24% of UK farmers now employ some form of

precision farming,2 whereby a range of sensors, drones, or satellite imagery is

used in order to generate data about the growing crop’s specific needs and
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requirements in terms of water, fertilization, or other inputs. Employing nanotech-

nology with precision farming techniques is hoped to help further reduce the

strain on resources, the range of ways nanotechnology can prove helpful in preci-

sion farming will be discussed further in this chapter.

As the human population has shifted from rural areas to cities, with urban

populations making up 55% of the world’s population of over 4 billion indivi-

duals, food sources are further away from centers of population density.3

Additionally, with the globalization of the last century, food is transported to

thousands of miles from where it was grown, with the UK food miles increasing

on average 50% from 1978 (DEFRA, 2005). Local alternatives, such as urban

agriculture and vertical farming, provide an opportunity to drastically reduce

the air miles of our food, with city-based consumers having access to freshly

grown crops far more easily. Using these alternatives to conventional farming is

hoped to help meet the world’s food demands, using less space and water,

as well as requiring less transport.

Keyterm

Urban agriculture is the production and distribution of food grown in an

urban area. It typically refers to plant crops but also extends to animal

husbandry, beekeeping, and ornamental flower growing.

Precision agriculture lends itself to novel alternatives that could be further

improved using nanotechnology. Food safety is also a core concern of the mod-

ern era. Vertical agriculture, or hydroponics, aims to provide dedicated infra-

structure that is able to guarantee yields and provide ready-to-eat crops. As

these crops are grown in densely populated areas, shelf life is extended, and

the quality of the crops grown can be higher with far less travel time and less

processing (and packaging) needed before transport. This also prevents more

land from being required to produce the increasing quantities of food needed

globally as the world’s population grows. A secondary benefit is that areas that

were previously used for agriculture can instead be used as biodiversity restora-

tion areas and returned to their original habitats prior to their use for agricul-

ture. Additionally, these rewilded former agricultural areas provide other

ecosystem services which include provisions for humans, regulatory services,

such as erosion control, improvements to air, soil and water quality, and natural

hazard regulation, or cultural benefits, including recreation.4 An estimated 5%

of tropical deforestation is done for palm oil plantations, with deforestation for

agriculture frequently generating newspaper headlines and international boy-

cotts.5,6 Limiting further destruction of wild spaces, such as the Amazon and

Indonesian rainforests, is a global priority, as loss of these spaces has huge

impacts on local indigenous communities, biodiversity, and climate change. By

Nano-enabled Sustainable and Precision Agriculture

255



presenting an alternative to soil-based agriculture, hydroponics, urban farming,

and related approaches should eventually limit demand for new agricultural

land and prevent further devastation of soil quality, potentially even allowing

some current agricultural areas to become reforested, or rewilded.

Keyterm

Rewilding is the large-scale restoration of an area of land to its natural,

uncultivated state. The area is then a natural ecosystem that is able to main-

tain itself without human input.

This chapter will compare several alternative forms of agriculture and interro-

gate the advantages and disadvantages of each, and the ways in which nano-

technology could aid or further improve them. Precision agriculture methods,

and how nanotechnology can work concurrently with these, will also be

discussed.

10.2 Hydroponics and alternative
agricultural approaches
Protected cropping, or horticulture that takes place under controlled condi-

tions, like that of a polytunnel, allows a myriad of benefits over conventional

agriculture, enabling elevated levels of control of temperature, light quality and

day length, and reducing the risk of pests. Hydroponics is an approach to

growing crop plants that removes the need for soil and instead supplies plants

with nutrient-rich aqueous solutions, typically via recirculation of the nutrient

solution which can be tailored to the specific needs of the crops in question,

and ideally adjusted in real time. Hydroponic structures use 60%�70% less

water than regular conventional agriculture, and by utilizing vertical space can

increase crop density three�fourfold per m3 compared to traditional soil-based

agriculture.

The recirculating aqueous solutions need to be enriched with all the nutrients

that are essential for plant growth, including N, P, and K, but also with the

micronutrients that are needed in far lower concentrations, such as manganese,

zinc, and iron, among others. Hydroponics aims to solve many of the common

issues seen in traditional agriculture. By using less land and water, it is a less

resource-intensive form of farming than using a field. This means that the crops

grown are able to always have the optimum conditions required, with the end

goal of producing higher quality crops that are more nutritious and thus to

make agriculture more productive. Some forms of protected cropping, such as

vertical farms, allow total control over the growing environment which means

that crops can be consistently produced across the year without the effect of
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seasons, but with a large energy expenditure required to have the correct

lighting and temperature. A comparison of soil-based and hydroponic farming

techniques is shown in Table 10.1.

There are a wide range of different hydroponics techniques (Fig. 10.1) in which

the crops are grown differently. The major distinctions are whether the nutrient

solution culture is continuously recirculating or if the solution is run to waste.

Recirculating hydroponic systems are more efficient for reducing nutrient waste

but require regular nutrient and pH monitoring, ideally responsive to the

plant’s needs and adding different nutrients and pH correction in real time.

Crops can also be grown in a solid substrate, for example, using rock wool

slabs, a lightweight growing medium that is made of spun basaltic rock fibers

which allow rock wool to maintain a moisture gradient and aeration that is

effective for crop growth. Hydroponics is not the only alternative form of agri-

culture; aeroponics is a subset of hydroponics that instead of immersing plant

roots in nutrient solutions suspends the plants in air and the roots are misted

with the nutrient solution. There is also aquaponics, where hydroponics is inte-

grated within an aquaculture system; here the nutrients are partially gained

from cultivating fish and are then used to grow the crops, with water recircu-

lated through the system. As opposed to traditional, soil-based farming, the

range of crops that can be grown in hydroponic systems is limited currently.

Predominantly leafy vegetables, such as lettuce or pak choi, are grown, but also

other fruits, vegetables, and cereals can be grown, with the variety of crops

possible expanding over time.

Table 10.1 Comparison of soil-based agriculture and hydroponics approaches.

Soil-based agriculture Hydroponics

NUE

(nutrient use

efficiency)

� Nutrients bind to soil particles

� Nutrients subject to leaching or conversion

into other compounds by soil microbes

� Dependent on location, soil quality and

nutritional content will alter regionally

� Closed system so can closely monitor nutrients left over

at the end of the hydroponic stack

� Lower nutrient levels needed so a reduction in nutrient

losses to the environment (reduced agriculture-related

pollution)

Scale � Large-scale, commercial farms can cover

many hectares

� Small scale, optimized for smaller scale growing in urban

settings or warehouses

� Hydroponic farms can cover many hectares

Resources

used

� Soil has preexisting nutrients, with fertilizer

added to provide consistent supply to crops

� Pesticides and herbicides in common use

� Sealed growth room so reduced need for pesticides and

no risk of competition from other plants

� Nutrients must be entirely supplied by the hydroponic

solution

Root

secretions

� Root secretions released into soil, limiting

their ability to travel

� Root secretions important in root-microbe

interactions, like with Rhizobia bacteria and

mycorrhizal fungi

� Root secretions released into hydroponic solution

and will travel through the rest of the hydroponic

system—this can be positive or negative
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Figure 10.1 Outline of several different hydroponic systems. Deep water culture, ebb and flow, and nutrient
film technique are all recirculating systems, while drop systems can be recirculating or not.7 Source: From McKeil,

J. Best Types of Hydroponics Systems and How They Work in 2019, 2019. https://www.happyhydro.com/blogs/news/best-types-

of-hydroponics-systems-and-how-they-work-in-2019 (accessed Mar 1, 2022).

https://www.happyhydro.com/blogs/news/best-types-of-hydroponics-systems-and-how-they-work-in-2019
https://www.happyhydro.com/blogs/news/best-types-of-hydroponics-systems-and-how-they-work-in-2019


A perceived negative effect of growing crops using hydroponics is that the bac-

terial diversity of the nutrient medium is limited. Plants have coevolved with

soil bacteria for many thousands of years, both aiding plant roots to gain nutri-

ents and targeting plants as bacterial diseases. However, hydroponic solution

has been shown to have similar levels of bacteria and fungi present as com-

pared to compost8,9 with similar levels of species diversity.10 The bacterial con-

centration is particularly high around the roots due to root mucilage providing

an optimal niche for microbes to thrive. Mycorrhizal fungi can be inoculated

into hydroponic media, further reducing the need for high concentrations of

nutrients, due to more efficient nutrient uptake. Combining fungal inoculation

with more efficient sources of nutrients, such as nanofertilizers, could help to

ensure that hydroponically grown crops can produce the required yields to be

a competitive option for farmers.

The microbial activity seen in hydroponic systems is not always positive, how-

ever. Hydroponically grown plants are more prone to Pythium root rot than

soil-grown crops are, due to the waterborne nature of the fungus which is easily

transported via the recirculation of the medium. The zoospores are water

mobile and so are able to spread effectively through the shared nutrient solu-

tion, infecting crop roots and causing the total root system to discolor through

damage (see Fig. 10.2), potentially resulting in crop death. This has knock-on

effects on the aerial component of the plants, stunting development and

growth, and frequently causing wilting and yellow leaf discoloration, otherwise

known as chlorosis. Good management practice can prevent Pythium spread,

by the use of good sterilization techniques when using recirculating hydroponic

systems and optimized environmental conditions, for example, the system

must avoid very high or low temperatures and maintain dissolved oxygen

in the nutrient solution.11 Optimal environmental conditions need to be

Figure 10.2 Pythium root rot visible on the right, with a healthy rooted plant on the left.12 Often there are no
visible symptoms, with diseased plants having a reduced mass. Source: From Mathias, M. Pythium in Hydroponics Can

Be Tackled. Fruit & Veg Tech. 2009, 9 (2), 4.
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maintained to prevent infection, such as avoiding waterlogging of the roots,

having ambient growth temperatures, and avoiding overuse of nutrient

additions. Similarly, poor management can lead to algal blooms in the nutrient

medium which compete with the crop plants and can make them more suscep-

tible to pathogen attacks.

Real-time sensing using nanosensors would allow closer monitoring of the

nutrient solution content, something of particular importance in recirculating

hydroponic systems. Real-time sensing has been demonstrated with silver nano-

particles, which could allow adaptation or the use of big data to analyze when

or which plants should be removed to prevent outbreaks of disease in their ear-

liest stages.13 Fluorescent quantum dots have been used in conjunction with

carbon nanoparticles to detect pathogenic bacteria in food, with higher

concentrations of the pathogens resulting in linear increases in fluorescence.14

If this technique were applied to hydroponics, it would be possible to detect

relevant microbial pathogens by changing the aptamer (binding molecules

made of peptides or oligonucleotides) and recording the fluorescence of the

hydroponic medium or area around the crop roots.

If plants become infected, biofungicides are typically used, which could utilize

nanotechnology rather than using traditional options. Chitosan can be added

to hydroponic medium to aid the development of healthy microbial communi-

ties and has been used previously to prevent Pythium infections.15,16 Chitosan

is a natural derivative of the compound chitin, found in the exoskeleton of

shellfish. Chitosan nanoparticles are popular, biodegradable polymers that have

been shown to have antibacterial properties by disrupting bacterial cell

membranes causing leakage of cell contents into the cytoplasm.17 As such, the

positive effect chitosan has on suppressing infections in hydroponics demon-

strates a viable role for other nanomaterials in hydroponics.

Hydroponics is still a developing field, with relatively few commercial crops

grown using this method. This is largely due to the cost of hydroponic facilities

equipment, and the energy costs associated with running them, being unviable

with the price that crops are sold competitively. Due to this, the majority of sci-

entific research relating to hydroponics and nanomaterials is instead in the con-

text of phytotoxicity and unraveling nanomaterials uptake by plants. This

format of hydroponics differs from commercial hydroponics in that rather than

utilizing stacks, such as those in Fig. 10.3, at the laboratory research scale

hydroponic solutions are used in test tubes or petri dishes. A 2016 paper by

Ref.18 showed that hydroponically grown spinach had greater overall biomass,

stem and root length, and greater concentrations of iron when treated with

Fe2O3 (hematite) nanoparticles compared to untreated control plants. Similar

results have been found using a range of metal and carbon-based nanofertili-

zers in common crop species including, tomato, cucumber, corn, wheat, and

lettuce. Relating these findings to scalable commercial hydroponics is of interest
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but this knowledge is presently lacking. More information on how best to apply

nanomaterials in a hydroponic context is required, whether that is through the

growth solution, as foliar sprays, or in sensing and controlled delivery of nutri-

ents and pesticides. Understanding how hydroponically grown crops respond

to nanomaterials is significant and has the potential to greatly aid the commer-

cialization of hydroponics internationally. Additionally, looking at the impact on

nutrient use efficiency and atmospheric losses by applying different nanomater-

ials in conjunction with hydroponics could be an area of interest for future

research. An important question to explore is whether plant’s responses are

different when in hydroponics compared to soil systems, and this information

will facilitate the design of nanomaterial systems optimized for hydroponics

systems, via the application of safe and sustainable by design principles.19

10.3 Nanomaterials and precision
agriculture
Precision agriculture is a form of sustainable intensification of farming that cov-

ers a wide range of modern technologies used to aid farmers’ productivity and

crop yields. The approaches range widely in terms of the methods applied,

depending on the farm type, as precision farming is commonly used in both

livestock and arable farming. Arable precision farming includes everything from

altering the light quality used in vertical farming, to drone and satellite usage

for crop analysis in the field to determine or control the timing of application of

fertilizers or other interventions. A 2020 study of the UK farmers reflected that

60% of the UK cereal farmers used some form of precision farming to reduce

their environmental impact (DEFRA, 2020), with 44% of all farmers using

Figure 10.3 Vertical farm grown lettuces from the UK-based hydroponics company, Saturn Bioponics
(Birmingham, United Kingdom). Hydroponics is a soilless farming technique that allows close control of the
growing environment.
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precision farming stating that improving soil conditions was a reason for doing

this, as seen in Fig. 10.4.

Precision farming has the capacity to improve farm management and offers

clear advantages for indoor, greenhouse-based growing methods, such as verti-

cal farming, providing a wider range of options for both farmers and consu-

mers, reducing the pressures on land and water that exist from current

agricultural methods. In the hydroponics context, accurate sensing of nutrient

and trace element concentrations in the recirculating medium can allow adjust-

ments in real time; while, as noted above, monitoring and early detection of

fungal or bacterial spores can enable intervention through use of pesticides, iso-

lation of the infected stack, replacement of medium or other automated or

manual interventions. The bottom line is that access to real-time data allows

farmers to make informed decisions at a much earlier point before crop damage

becomes irreversible or extensive. Precision farming isn’t perfect; however, with

the use (interpretation) of complex data being a challenge and the need for

expensive initial investments for sensing and monitoring devices by farmers

being significant deterrents.

Many of the advantages of hydroponics arise from the accessibility of the nutri-

ent medium to real-time analysis. However, in many cases separate sensors are

needed for each element, and multianalyte detection of essential plant micro-

nutrients such as Zn and Fe in the growth medium remains a challenge. A

potential tool for the on-line monitoring of hydroponic solutions can be ion-

selective electrodes (ISEs) that are also applied for the assessment of drinking

water quality; however, these are not yet available for Fe, Cu, and Zn. Device

Figure 10.4 UK farmer’s reasons for utilizing precision farming techniques. Source: Image from Clark, C. Farm

Practices Survey Autumn 2019�England; Farm Practices Survey; Department for Environment Food and Rural Affairs, 2020.
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optimization is needed to increase selectivity and sensitivity of combined ion-

selective electrodes and to extend the useful life of the sensors by decreasing

nonspecific binding/surface fouling. Nanotechnology offers enormous potential

here, since much is known about how biomolecule interactions with nanoscale

surfaces,20 and indeed many nanomaterials are themselves antimicrobial and

biocidal (e.g., silver, copper, and zinc-based nanomaterials, and chitosan as

noted above) and thus reduce biofouling.

Using nanomaterials for nanosensors has huge potential to aid precision agricul-

ture sensors networks. Using nitrate-sensitive nanosensors could help farmers’

time the application of fertilization and irrigation more precisely, localizing

nutrient input to specific areas. For example, the nanocomposite POT-MoS2
(poly(3-octyl-thiophene and molybdenum disulfide)) when coated on a gold

electrode was shown to be able to detect soil nitrate at all concentrations seen

in agricultural fields. The use of the nanocomposite improves the sensitivity and

selectivity of the sensor by utilizing its redox properties and hydrophobicity to

allow anion exchange and prevent formation of a water layer around the elec-

trode which can negatively affect sensitivity.21 Alternatively, nanobiosensors

(nanoscale sensors able to quantitatively detect a response by using a biologi-

cally derived component, e.g., enzyme, antibody, or peptide to then transduce

the chemical signal into an electrochemical one for sensing) could be targeted

to analyze changes in soil pH, pathogen and virus presence, and nutrient sta-

tus.22 These nanosensors could also be linked to nanoscale carriers of pesticides

and fungicides in order to tailor the release of the chemicals in alignment with

the real-time data coming from the sensors or be linked to irrigation systems

for sustainable water management.23

The combination of nanomaterials in multielement sensors, with smart devices

and interpretation algorithms based on artificial intelligence and machine learn-

ing logic to analyze data, will facilitate the transition to smart agricultural

approaches to monitor the availability of nutrients/elements in the hydroponic

solution and to modify its composition in real time. The productivity and quality

of crops grown in hydroponic systems are highly dependent on the extent of

nutrient acquisition from the growth medium, with bioavailability of nutrients

affected by their forms (speciation) in the medium, and by interactions among

nutrients (e.g., competition/antagonism). The selective removal of nutrients due

to plant growth and evapotranspiration changes the concentration of nutrients

in the hydroponic solution, which can adversely impact crop yield and quality,

while accumulation of undesired counterions (i.e., Na1, Cl2) impact electrical

conductivity of the solution itself thereby reducing sensing ability.

Zn is an important micronutrient in plants, and its deficiency leads to poor

health, quality, and yield of crops. Portable sensors, based on graphene oxide

and upconversion nanoparticles (in which the sequential absorption of two or

more photons leads to the emission of light at shorter wavelength than the
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excitation wavelength) have been developed for early detection of Zn deficiency

in crops.24 These sensors, which consist of hexagonal phase NaYF4:Er31, Yb31

upconversion nanoparticles, functionalized with single-stranded DNA (UCNPs-

ssDNA), can reliably detect mRNAs in RNA extracts from plants using a smart-

phone camera, and as such are a promising basis from which to build in-line

sensors for hydroponics based on root secretions into the hydroponic medium.

All improvements in efficiency gained by using nanotechnology have the

potential to save farmers money and improve the sustainability of the farming

practice. With sensors focused on plant disease this aids also food safety for

consumers and facilitates targeted treatment. Not only could the detection

mechanisms used be nanomaterials based, but the resulting interventions and

solutions, such as application of targeted and controlled-release pesticide deliv-

ery, could utilize nanotechnologies also. As mentioned in previous chapters,

nanopesticides have huge potential to minimize careless pesticide use and

prevent biodiversity losses and pollinator decline that result from misuse and

overuse of pesticides. Additionally, nanofertilizers can also be used to aid in soil

or water retention, providing a hands-off approach to soil irrigation.

Normalized difference in vegetative index (NDVI) sensors are a commonly used

measure for plant biomass based on the amount of red light absorbed and near

infra-red light reflected. Nano-based light emitting diodes can be used in these

sensors in order to determine the health of the crops and can be used as an

indicator of nitrogen requirements of a crop at a given time.25 An example of

NDVI-produced images can be seen in Fig. 10.5.

Figure 10.5 NDVI images in the dry (A) and rainy (B) season of a tropical broadleaf deciduous forest in
Vietnam. High NDVI values indicate dense vegetation.26 NDVI, Normalized difference in vegetative
index. Source: From Tran, A. T.; Nguyen, K. A.; Liou, Y. A.; Le, M. H.; Vu, V. T.; Nguyen, D. D. Classification and Observed

Seasonal Phenology of Broadleaf Deciduous Forests in a Tropical Region by Using Multitemporal Sentinel-1A and Landsat 8 Data.

Forests 2021, 12 (2), 23.

Nano-enabled Sustainable and Precision Agriculture

264



A roadmap for progress in the combination of nanotechnologies and artificial

intelligence for precision agriculture was presented by Zhang et al.,27 laying

out the need for a systems approach, integration of datasets globally, and inno-

vative modeling approaches to enable enhanced nanomaterials design for

bespoke applications in agricultural sensing, pollution reduction, and precision

application of fertilizers, pesticides, and other crop protection tools. Chapter 23

in this volume provides an overview of the current status of nanoinformatics

approaches and their application for precision agriculture, including hydropon-

ics systems.

10.4 Summary
Hydroponics is able to address many of the core concerns of conventional ara-

ble agriculture. Using less land and water are major global goals, highlighted in

the sustainable development goals and regularly discussed at international con-

ferences on climate change and global food and water security issues.

Additionally, hydroponics can improve crop quality and safety, while bringing

farming closer to where the majority of the population lives, that is, in urban

areas, thus reducing unnecessary transport with its associated emissions.

Hydroponics is a new area in general, with precision farming overall worth $6

billion in 2020.28 Precision farming is on an upward slope, with increases in its

global value set to continue. These alternative agricultural methods have high

take-up rates in the United Kingdom but there are concerns amongst farmers

that they offer limited cost benefits or are not relevant to their farming

(DEFRA, 2020).

Nanotechnology only began to be intensively researched in the early 2000s,

making it a relatively young subject. As such, the overlap of the two areas has

received limited research to date, and as such there are major knowledge gaps

but early evidence suggesting major opportunities from the use of nanotechnolo-

gies and nanoscale materials to enhance hydroponic agriculture. Whether there

are different concerns when using nanomaterials in hydroponics compared to in

conventional soil-based agricultural systems is unknown, with positive results

found when applying chitosan to suppress Pythium infections in hydroponic

farms. Nanomaterials could have a wide range of roles in precision agriculture,

forming nanobiosensors to detect moisture, pH, or nutrient status. The role of

nanotechnology in precision agriculture is largely unexplored with further

research required to realize some of the predicted applications.
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