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If current trends continue, within the next few decades agriculture may not be able to 
meet the world population’s food demands. In response to this, considerable efforts are 
being made to enhance crop yields and the productivity per hectare of farmland by 
breeding, genetics and improving agricultural practices. This has traditionally been 
successful however there is certainly potential to build on these developments by 
applying new radical methods. The increased demand is also combined with the 
negative effects of climate change with associated loss of farmland and degradation of 
soils, which has prompted researchers to develop novel and radical methods to augment 
crops including recent work which has begun exploring the use of nanomaterials. 
Photosynthesis in crops is limited by their ability to exploit solar energy for 
photochemistry and the downstream molecular and enzymatic process, and as a 
consequence is often very inefficient. The capacity to interact with these pathways can 
lead to dramatic increases in productivity whilst also enable the tailoring of crops for 
different environments and to compensate for predicted climate changes.  
 Here, I evaluate the application of functionalised carbon dots to augment 
photosynthesis. I design and characterise carbon dots that are bio-available and interact 
with photosynthetic machinery whilst retaining a relatively simple and low-cost 
synthesis. I will then demonstrate how they can be applied to a relevant crop species to 
realise increased yield. This thesis aims to provide evidence that functional 
nanomaterials may provide enhanced future food security.  
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1 Introduction  

1.1 Associated publications 
Firstly, it must be addressed that there are several publications that have been produced from 

the work contained in this thesis and as a consequence have shared contents. All of these 

publications share their first author with this thesis, with the exception of the patent where 

some concepts are shared but not the data. As stated earlier in the author declaration, none of 

these publications have been submitted for any other academic award. All of the related 

publications are listed here as well as at the beginning of the chapter to which they are related: 

• Swift, T. A., Duchi, M., Hill, S. A., Benito-Alifonso, D., Harniman, R. L., Sheikh, S., 

Davis, S. A., Seddon, A. M., Whitney, H. M., Galan, M. C. and Oliver, T. A. A. 

(2018) ‘Surface functionalisation significantly changes the physical and electronic 

properties of carbon nano-dots’, Nanoscale. 10(29), pp. 13908–13912. doi: 

10.1039/C8NR03430C. 

• Swift, T. A., Oliver, T. A. A., Galan, M. C. and Whitney, H. M. (2018) ‘Functional 

nanomaterials to augment photosynthesis: evidence and considerations for their 

responsible use in agricultural applications’, Interface Focus. In Press 

• Swift, T. A., Benito-Alifonso, D., Hill, S. A., Yallop, M. L., Lawson, T., Galan, M. C. 

and Whitney, H. M. (2018) ‘Glycan-functionalised carbon dots enhance 

photosynthesis and crop productivity’. Under Review 

1.2 Background and motivation 
Continued population growth has dramatically increased our demands on the productivity of 

each hectare of farmland. This is compounded by losses of farmland to urbanisation and soil 

degradation; the transition of land from grain to meat or biofuels due to changing global diets 

and energy demands; greater uncertainty on yields due to climate change; and other negative 

factors (Folberth et al., 2016; Lesk, Rowhani, & Ramankutty, 2016; Ranum, Peña-Rosas, & 

Garcia-Casal, 2014; Ray, Gerber, MacDonald, & West, 2015). These changes have resulted in 

others stating the startling and troubling statistics that we may be as close as one crop cycle 

from food shortages and that we may need to double our crop yield by 2050 (Kromdijk & 

Long, 2016; Ray, Mueller, West, & Foley, 2013). The world relies on four major crops: maize 

(Zea mays), rice (Oryza sativa), wheat (Triticum aestivum and Triticum durum) and soybean 

(Glycine max). All of these crops have seen a plateau in their yearly increase in productivity 
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(Kromdijk & Long, 2016; S. Peng, Tang, & Zou, 2009; Ranum et al., 2014; Ray et al., 2013) 

which has been particularly obvious with low wheat and rice yields causing low stockpiles and 

rioting over the last 15 years. These factors have pushed enhancing the productivity per hectare 

of the four major crops as the primary challenge facing agricultural science.  

Historic increases in crop yield have often come from: breeding, improving farming 

practices and genetics. One of the most obvious examples of these methods is the development 

of dwarfism in wheat which has dramatically increased productivity for two reasons: reduced 

energy dedicated to non-yield biomass and decreased lodging (Berry, Kendall, Rutterford, 

Orford, & Griffiths, 2015; Reynolds et al., 2009; S. C. Tripathi, Sayre, Kaul, & Narang, 2003). 

Another way in which productivity has been enhanced is by extending the growing season of 

a crop as most crops do not use the full potential of their growing season in their location, 

notably in maize (Arundale et al., 2014; Clifton-Brown et al., 2017; Dohleman & Long, 2009). 

These routes to enhanced yields have historically been exceptionally successful and are 

currently being push further with the development of rapid breading and gene editing 

techniques which may in the future be applied enhancing photosynthesis where much of the 

potential to increase yields is yet to be realised (X. G. Zhu, Long, & Ort, 2010). 

Past research has been hesitant to attempt to increase photosynthetic efficiency as there 

was a belief that it does not result in enhanced yield. Over the last 15 years this has repeatedly 

been proven wrong and has been the subject of several reviews (Foyer, Ruban, & Nixon, 2017; 

Kromdijk & Long, 2016; Stephen P. Long, Zhu, Naidu, & Ort, 2006; X. G. Zhu et al., 2010). 

It should be noted that the increase in yield is often less than that of photosynthesis, this is 

probably due to the inability of plants to utilise the enhanced photosynthate however there has 

been little work to explain this disparity. A key motivator for researchers to enhance 

photosynthetic efficiency is that plants greatly underperform compared to their potential 

maximum theoretical photosynthetic efficiency (Ort et al., 2015). This can be a consequence 

of climate change; plant evolution not always being driven by photosynthetic efficiency; and 

other factors (Anten, 2005). As a result of this inefficiency, even though over half of the solar 

energy incident on plants is at non-photosynthetically active wavelengths, plant systems are 

predominantly not light limited for the majority of the day (Melis, 2009; X. G. Zhu et al., 2010). 

They have an excess of light harvesting antenna and have had to adapt mechanisms for non-

photochemical quenching (NPQ) of the excess absorbed energy (Melis, 2009). 

Recent advances have demonstrated that nanoparticles (NPs) can be designed to 

interact with photosynthesis and augment its efficiency. One of the main targets when 
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designing NPs to interact with biological systems is the development of a fluorescent (to enable 

visualisation), non-toxic nanomaterial that can be routinely and cheaply produced with 

different functionalisations to modulate bio-availability. The past thirteen years has seen what 

could be considered the second generation of fluorescent NPs with the development of carbon 

dots (CDs.) CDs are photo-luminescent, quasi-spherical, small (usually less than 10 nm) NPs 

formed by either the fragmentation of larger carbon NPs or the crystallisation of other carbon 

sources (Hill & Galan, 2017). Recent progress in the synthesis and functionalisation of CDs 

has enabled them to surpass traditional cadmium based QDs as a NP for the visualisation of 

biological and chemical studies because of their simple synthesis, low toxicity and photo-

stability. 

This thesis investigates the potential for functionalised CDs to augment photosynthesis. 

Firstly, I will build on previous synthetic routes to biomolecule-functionalised CDs on a gram-

scale whilst using low-cost readily-available materials. Then I will characterise their physical, 

chemical and electronic structure. The interactions between CDs and the key photosynthetic 

and photo-protective pigments and the dependence of this on the functionalisation of the CD 

are investigated. Finally, how CDs affect photosynthesis and consequently productivity of 

crops is evaluated. 

1.3 Photosynthesis 
It is difficult to consider augmenting photosynthesis without first thoroughly exploring its 

processes, driving forces, the machinery involved, inefficiencies and limits. Photosynthesis is 

one of the most important natural processes which in its simplest form is the conversion of 

light into forms of energy that can be used to drive other biological processes. Consequently, 

photosynthesis is at least indirectly responsible for or even essential for most of life to exist. 

Photosynthesis is present across a broad range of phyla, five phyla of bacteria photosynthesise 

but do not produce oxygen as a waste product (anoxygenic photosynthesis): purple bacteria, 

green sulphur bacteria, filamentous anoxygenic phototrophs (FAPs), heliobacteria and the 

recently discovered chloroacidobacteria (Bryant et al., 2007; Gest & Favinger, 1983; Pierson 

& Castenholz, 1974; Raymond, 2008). This thesis will focus on oxygen evolving (oxygenic) 

photosynthesis that is present in one phylum of algae, the cyanobacteria and a diverse range of 

eukaryotes. Photosynthesis in eukaryotes occurs within a specialized organelle, the chloroplast 

which is the result of the endosymbiosis of cyanobacteria (Howe, Barbrook, Nisbet, Lockhart, 

& Larkum, 2008). The origin of chloroplasts in eukaryotes is complex, sometimes involving 

secondary or tertiary endosymbiotic events (Keeling, 2010) which are shown in Figure 1-1. 
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Figure 1-1: Endosymbiosis of photosynthesis. Taken from (Keeling, 2010). 

I will focus on the study of the form of photosynthesis that occurs in land plants, which share 

much of their photosynthetic machinery. This shared machinery is because they are part of 

archaeplastida that are generally agreed to share a common ancestor that has only undergone 

one endosymbiotic event (Mackiewicz & Gagat, 2014). It should be noted that some rhodopsin-

based proton pumps can also be considered as photosynthetic however they will not be 

discussed further as they currently hold little relevance to agriculture. A summary of the variety 

of photosynthetic machinery present in life that has evolved is shown in Figure 1-2.
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Figure 1-2: A summary of the photosynthetic machinery utilized across life. It should be noted that plants share the majority of their 

photosynthetic machinery with green algae. Taken from (Blankenship, 2002).
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Although photosynthesis is traditionally split into two parts (the light and dark reactions) it is 

possibly more appropriate for the purposes of this thesis to consider photosynthesis as broken 

down further into four parts: light harvesting and energy transfer; electron transfer in the 

photosystems; the electron transport chain and the synthesis of high energy products.  

Photosynthesis in green algae and land plants occurs inside chloroplasts. Chloroplasts 

are the plastids that contain the photosynthetic machinery that is shared across green algae and 

land plants. The contents of chloroplasts can be described as a complex, interconnected 

network of internal lipid-membranes known as thylakoids (Anderson, 1975; Shimoni, 2005). 

Within the thylakoid membranes is the lumen, and external to the thylakoids is the stroma. The 

use of a membrane to separate two different solutions is essential for photosynthesis as it 

enables the creation of a proton gradient which drives many of the processes. The light 

harvesting, electron transport and production of reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) and adenosine triphosphate (ATP) occur across the thylakoid membranes. 

These membranes are found in two states: tightly folded into grana; or free in the stroma, 

known as stroma thylakoids or lamelle (Adam, Charuvi, Tsabari, Knopf, & Reich, 2011; 

Blankenship, 2002; Mullineaux, 2005; Pribil, Labs, & Leister, 2014). An electron microscopy 

image of these configurations is shown in Figure 1-3. 

 
Figure 1-3: Electron tomography of a Lactuca sativa (lettuce) chloroplast. This shows the 

grana (labelled G) which are connected by the stroma thylakoids or lamellae (labelled SL). 

The inner envelope membrane of the chloroplast is also observed (labelled EM.) Taken from 

(Shimoni, 2005). 
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The proteins and pigments required to absorb light are held across the thylakoids in trans-

membrane proteins, often forming large pigment-protein complexes. The family of pigments 

that are predominantly responsible for the absorption of light for photochemistry in land plants 

are called chlorophylls which are found in the light harvesting antenna of the two photosystems 

that are contained in the trans-membrane pigment protein complexes: photosystem one (PSI) 

and photosystem two (PSII) (Blankenship, 2002). The chlorophylls as well as the two 

photosystems are explored in much further detail in sections 1.3.1, 1.3.2 and 1.3.4 respectively. 

There are also pigments that are responsible for the dissipation of excess absorbed energy to 

prevent photo-damage to the chloroplast which are contained in two families of pigments, the 

carotenoids and the anthocyanins, carotenoids discussed further in section 1.4.2.1. The fixation 

of carbon and the synthesis of useful products is achieved by the Calvin-Benson-Bassham cycle 

(CBBC) and occurs in the stroma that contains the required enzymes. A simplified scheme of 

photosynthesis is shown in Figure 1-4. As this work only considers photosynthesis in algae and 

land plants all other forms of photosynthesis are not considered any further. The details of each 

step of photosynthesis, as well as mechanisms for photo-protection are explored in the 

following sections. 
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Figure 1-4: Simplified scheme of photosynthesis. The light harvesting antenna within PSII first 

absorb light. This leads to charge separation in the reaction centre of PSII and the oxidation 

of waterat the oxygen evolving complex. Electrons are transported from PSII to the cytochrome 

b6f complex by plastoquinone (a mobile molecule, PQ) and then plastocyanin (a mobile copper 

protein, PC) transports electrons on to the PSI. This electron transport chain is coupled with 

proton transfer across the thylakoid membrane from the stroma to the lumen to acidify the 

lumen. Light is again harvested by chlorophylls by PSI, this causes the donation of an electron 

to a Fe-S protein, Ferredoxin NADP reductase (FNR), where NADP+ is reduced to NADPH. 

ATP synthase also produces ATP by pumping protons back across the thylakoid membrane. 

The NADPH and ATP are then used along with CO2 in the CBBC to produce triose phosphate 

(TP) that can later be used for the synthesis of carbohydrates. 

1.3.1 Chlorophylls 
Chlorophylls are fundamental to plant photosynthesis, they represent a family of molecules 

that that play many roles however they are significantly the primary light absorbers in most 

green algae and plants. Chlorophylls are a family of pigments that have exceptional electronic 

properties which are vital for photosynthesis and are lettered a-f in the order they were 

discovered. Chlorophylls a and b play significant roles in photosynthesis in almost all 

photosynthetic eukaryotes. Chlorophylls c-f are found in algae and cyanobacteria 
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(Blankenship, 2002). The chemical and structural properties as well as the dynamics of 

chlorophylls are well studied. The majority of a chlorophyll molecule is formed from a flat 

tetrapyrrole structure where the central nitrogen atoms are coordinated to a magnesium atom. 

There is often a fifth ring and a hydrocarbon tail extending from one of the pyrroles. The 

structures of chlorophyll-a and chlorophyll-b are shown in Figure 1-5. 

 
Figure 1-5: Chemical structures and absorbance spectra of chlorophyll-a and chlorophyll-b. 

Inspired by (Blankenship, 2002). Note the only difference in the chemical structure is the 

replacement of a methyl group (chlorophyll-a) with a formyl group (chlorophyll-b) on the top 

left pyrrole but this has a profound effect on the energy structure, shown by the clear 

differences in the positions of the Soret, QX and QY absorbance bands. The fluorescence 

emission is also shifted from lMax » 670nm a lifetime of 6.3ns for chlorophyll-a to » 640nm and 

3.2ns for chlorophyll-b (Niedzwiedzki & Blankenship, 2010) (spectra display 

solvochromatism.) Absorbance spectra are taken from high-performance liquid-

chromatography (HPLC) of Triticum aestivum ‘Apogee’ leaf tissue.  
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The spectroscopic properties of chlorophylls are unusual and play a large role in 

photosynthesis. They have strong absorption bands across both the UV-blue (Soret) and red-

near IR (QX and QY). Energy can be non-radiatively dissipated from the Soret band to both QX 

and QY, where chlorophyll can return to its ground state by fluorescence, energy transfer or 

charge separation (Blankenship, 2002). The results of all three energy pathways can all be 

observed in chloroplasts as: fluorescence; unregulated non-photochemical quenching, such as 

reactive oxygen species (ROS) and heat production (NO) or NPQ, such as the phosphorylation 

of PSII and oxidation of carotenoids; and photochemistry (Blankenship, 2002).  

1.3.2 PSII 
PSII is probably the most important photosynthetic centre in nature. It is the planet’s primary 

source of molecular oxygen which has played a significant role in the evolution of life. Its 

ability to oxidize water to molecular oxygen is currently completely unique in nature. The 

reaction involving the oxidation of water and reduction of PQ carried out by PSII is complex 

and involves many steps however it can be simplified to the following:  

 2"#$ + 2&' + 4") → $# + 2&'"# + 4") [1] 

where PQH2 corresponds to the reduced form of PQ known as plastohydroquinone. There are 

however many processes required for this reaction: the absorption of light, charge separation, 

redox potential generation and oxygen evolution. As a consequence, PSII is often regarded as 

a complex of the outer light harvesting antenna (LHCII), the inner reaction centre (RCII) and 

the oxygen-evolving complex (OEC). Each of these components of PSII have been imaged 

using electron microscopy, the reaction centre to 8Å resolution and the super-complex to 12Å 

resolution (Blankenship, 2002; Caffarri, Kouřil, Kereïche, Boekema, & Croce, 2009; Kouřil, 

Dekker, & Boekema, 2012; Rhee, Morris, Barber, & Kühlbrandt, 1998). The structure of PSII 

has been fully characterised to 1.9Å resolution using X-ray techniques (Kamiya & Shen, 2003; 

Z. Liu et al., 2004; Suga et al., 2015). A schematic of the subunit structure of PSII complex is 

shown in Figure 1-6. 
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Figure 1-6: The structure of PSII. PSII dimer super-complex with assigned  subunits for LHCII 

and RCII, taken from (Caffarri et al., 2009). (A) is the projection map of PSII, (B) is with 

assigned subunits. LHCII can be split into Lhcb1, Lhcb2 and Lhcb3 that are heterotrimers 

(trimeric Lhcb shown in dark green or green asterisks) and Lhcb4, Lhcb5 and Lhcb6 are 

monomers (monomeric Lhcb shown in light green or pink asterisks.) LHCII also contains other 

minor antennas, the contours of which are also shown as CP24 (light blue,) CP26 (magenta,) 

and CP29 (orange.) RCII contains the chlorophyll binding antenna complexes CP43 (salmon) 

and CP47 (pink). RCII also includes three protein subunits: QB (D1, blue), QA (D2, cyan) and 

the heterodimer (formed of one alpha subunit PSII-E (E), one beta PSII-F (F) subunit, and a 

heme cofactor) cytochrome b- 559 (yellow.) These together generate the redox potential 

necessary to drive the splitting of water molecules (Grundmeier & Dau, 2012). Subunits PSII-

H to PSII-Z and others are not shown and can be found associated with RCII across eukaryotes, 

cyanobacteria and diatoms. These subunits form the OEC and also have roles in: assembly; 

repair; metal binding; stabilization and photo-protection (Blankenship, 2002; Grundmeier & 

Dau, 2012).  
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1.3.3 Cytochrome b6f 

Cytochrome b6f is the transmembrane protein complex that is responsible for the transfer of 

electrons from PQH2 to PC which are then passed to PSI. Many organisms have a c-type 

cytochrome that may also perform the role of PC however this is not the case in crop species. 

This process is also used to transfer protons from the stroma across the thylakoid membrane, 

further acidifying the lumen (D Baniulis, Yamashita, Zhang, Hasan, & Cramer, 2008; Danas 

Baniulis et al., 2009) which is known as the linear electron transport chain. There is also the 

competing cyclic electron transport (CET) chain where cytochrome b6f receives electrons from 

the ferredoxin (Fd) on PSI and returns them on PC. Both competing electron transport chains 

can be simplified as the following equations where the origin of the electron in equations 2 and 

3 differentiates between the pathways: 

 &'"# → &' + 2") + 2+, [2] 

 &-) + +,(+/0ℎ+2	4256	7/+89+	:250+/;, =/;+>2	52	?@, ABA=/A) → &- [3] 

CET initially appears to be a process that only limits the rate of the reduction of NADP+ by 

FNR, thus limiting photosynthesis however it protonates the lumen (Heber & Walker, 1992; 

Munekage et al., 2004; Shikanai, 2014). This drives both ATP production, balancing NADPH 

and ATP synthesis (Allen, 2003a; Joliot & Johnson, 2011; Joliot & Joliot, 2006); and non-

photochemical quenching (NPQ) as a response to light harvesting by PSI alone (Clarke & 

Johnson, 2001; Golding & Johnson, 2003; Heber & Walker, 1992; Joliot & Johnson, 2011; 

Schwenkert et al., 2007; Shikanai, 2014). This means that CET is important to achieve efficient 

photosynthesis and to prevent ROS production, as a consequence CET is common to most 

green photosynthetic organisms.  

For linear electron transport two electrons are received from PQH2 at the Qo site and 

two protons are released into the lumen. Linear electron transport results in the generation of a 

pH gradient across the thylakoid membrane and the reduction of NADP+. A diagram of these 

pathways and the structure of cytochrome b6f are shown in Figure 1-7. 
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Figure 1-7: The schematic of electron and proton pathways through dimeric cytochrome b6f 

from PQ to PC. Taken from (Cramer, Zhang, Yan, Kurisu, & Smith, 2006).  

1.3.4 PSI 

PSI is the second light harvesting reaction centre and the final point in the electron transport 

chain. PSI receives electrons from PC and performs charge separation from captured light, it 

then provides electrons for the ferredoxin NADP reductase flavoprotein (FNR) which is where 

NADP+ is reduced to NADPH for the CBB cycle. This can be simplified to the following 

equation: 

 2&- + DEF&) +	") → 2&-) + DEF&" [4] 

In plants and green algae PSI is found as a monomeric pigment-protein complex, the structure 

of which can be split into two key components: the core reaction centre (RCI) where the 

majority of light harvesting and charge separation occurs and the surrounding additional light 

harvesting antenna (LHCI) (Ben-Shem, Frolow, & Nelson, 2003; Fromme, Jordan, & Krauß, 

2001; Krauß et al., 1996; Scheller, Jensen, Haldrup, Lunde, & Knoetzel, 2001). The structure 

of PSI has been determined using X-ray techniques to 4Å resolution (Ben-Shem et al., 2003; 

Krauß et al., 1996) which is shown in Figure 1-8. The charge separation in PSI occurs in P700 

and there are then two kinetic routes for the transfer of electrons from P700 to the iron-sulphur 

protein Fd (Fromme & Mathis, 2004; Rutherford & Mullet, 1981) which are shown in Figure 
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1-8. FNR then controls the transfer of electrons from the Fd to stromal NADP (Aliverti, 

Pandini, Pennati, de Rosa, & Zanetti, 2008; Arakaki, Ceccarelli, & Carrillo, 1997). FNR also 

plays key roles in electron transfer in isoprenoid synthesis, nitrogen fixation, steroid 

metabolism, xenobiotic detoxification, oxidative-stress response and iron-sulphur cluster 

biogenesis (Catalano Dupuy, Rial, & Ceccarelli, 2004; Palatnik et al., 2003; Röhrich et al., 

2005). 

 
Figure 1-8: Structure of monomeric PSI, taken from (Scheller et al., 2001). The LHC 

surrounding the complex formed of four proteins (Lhca1-4)  and the RC in the centre composed 

of several protein subunits: the PsaA and PsaB heterodimer is the binding site for the donor 

P700 and the acceptors A0, A1 and Fx, subunits PsaC-E provide a binding site for ferredoxin 

(Fd) (Amunts & Nelson, 2009). Lhca5-6 are involved in NADPH (NDH)-PSI super-complex 

formation to enhance cyclic electron transport (L. Peng, Yamamoto, & Shikanai, 2011). 

1.3.5 ATP synthase 

One of the major outcomes of light harvesting and the electron transport chain is the formation 

of a proton gradient across the thylakoid membrane, acidifying the lumen. This gradient is what 

drives ATP synthesis in the chloroplast. The formation of ATP by ATP synthase can be 

simplified as the following equation: 

 EF& + &/ + 3") → EH& [5] 

Chloroplast ATP synthase is formed of two domains, the F0 rotor which is contained within the 

thylakoid membrane and the large F1 head group which extends into the stroma. Protons are 

translocated across the membrane to the stroma through the F0 domain, causing the domain to 
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rotate (Daum, Nicastro, Austin, McIntosh, & Kühlbrandt, 2010; Junge & Nelson, 2015; 

Mellwig & Böttcher, 2003; Stock, 1999). The structure of ATP synthase from non-plant 

sources has been resolved to using X-ray techniques to a 2.8Å resolution (Abrahams, Leslie, 

Lutter, & Walker, 1994; Junge & Nelson, 2015; Stock, 1999) and is shown in Figure 1-9. 

 
Figure 1-9: Structure of ATP synthase, taken from (Varco-Merth, Fromme, Wang, & Fromme, 

2008). F1 consists of nine subunits, three α, three β and a γ, δ and ε, F0 is formed of the cX 

rotor and a. The α and β subunits form a hexamer with is the main head group with a gap for 

the γ and ε  which form the central shaft between F0 and F1 (Junge & Nelson, 2015; Varco-

Merth et al., 2008). 

It is the proton driven rotation of the γ subunit within the thylakoid cavity that is fundamental 

to the function of ATP synthase. The rotation induces conformational change at the catalytic 

sites at the α-β interfaces and drives ATP production (Stock, Gibbons, Arechaga, Leslie, & 

Walker, 2000).  

Interestingly the distribution of ATP synthase is limited to lamellae which is because 

the F1 domain is too large to be contained in the stacked grana regions of the thylakoid 

membrane (Mellwig & Böttcher, 2003). 
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1.3.6 Mehler reaction 

A series of side reactions can occur when plants are subject to excess illumination, these were 

discovered by Mehler in 1951 (Mehler, 1951). If there are excess electrons on PSI, a competing 

reaction occurs where the electrons are used to photo-reduce oxygen to form hydrogen 

peroxide, a reactive oxygen species (ROS), catalysed by superoxide dismutase. This is then 

further reduced to water by ascorbate peroxidase. These reactions are given below: 

 

 $# + 2+, + 2") → "#$# [6] 

 

 "#$# + 2+, + 2") → 2"#$ [7] 

 

The reasons for the evolutionary advantage of the Mehler reactions and plants producing the 

enzymes to catalyse them are unclear. It has previously been thought that they play a role in 

photo-protection however this is unlikely as they produce ROS. It has also been thought that 

they play a key role when carbon assimilation is limited to prevent photo-inhibition however 

this was recently shown to not be the case (Driever & Baker, 2011). 

1.3.7 Calvin-Benson-Bassham cycle  
The Calvin-Benson-Bassham cycle (CBBC), also known as the reductive pentose phosphate 

cycle, is the pathway for the fixation of carbon from atmospheric CO2 to form glyceraldehyde-

3-phosphate (G3P) which can be used in the mitochondria to synthesise useful complex 

products such as carbohydrates. This pathway is used by many crop species including maize, 

tobacco and rice however grasses have developed a different pathway known as the Hatch-

Slack Pathway which is explored in section 1.3.8. The CBBC is fuelled by ATP and NADPH 

which are the products of the previous steps of photosynthesis. Traditionally the reactions in 

the CBBC have been considered the light independent reactions, however this label can be 

misleading as light drives the activity of CBBC enzymes by the Ferredoxin-thioredoxin (Fd-

Trx) system (Buchanan, Holmgren, Jacquot, & Scheibe, 2012; Michelet et al., 2013). Fd that 

is reduced by PSI under light activates Fd-Trx reductase which reduces Trx, Trx+ interacts with 

specific disulphide sites on enzymes of the CBBC (Buchanan et al., 2012). 

The CBBC was identified at Berkeley, University of California in the 1940s and 1950s 

by Melvin Calvin, James Bassham, and Andrew Benson (Benson, 2002; Calvin, 1989). A 

simplified scheme of the CBBC is shown in Figure 1-10.  
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Figure 1-10: A simplified schematic of the Calvin-Benson-Bassham cycle. Reactions are 

labelled with their enzyme and key imports and exports are highlighted in red, stoichiometry 

is not included. Inspired by Blankenship et al. and Raines (Blankenship, 2002; Raines, 2003). 

1.3.8 Hatch-Slack pathway  

The Hatch-Slack Pathway (HSP) is an alternative pathway for the fixation of carbon from 

atmospheric CO2 used by grasses including some crop such as wheat. It shares much of the 

chemistry and processes of the CBBC and, like the CBBC, it is fuelled by ATP and NADPH 

from the previous steps of photosynthesis. It was discovered by Marshall D. Hatch and C. R. 

Slack in 1966 (Hatch & Slack, 1966). 

HSP metabolism provides a significant advantage over the CBBC by the use of two 

distinct environments which are provided by an altered physiology, kranz anatomy (kranz is 

the German for wreath). This is where the vasculature of the plant is surrounded by two layers 

of different cells; the inner layer consists of chloroplasts without grana that contain a high 

concentration of starch, known as bundle-sheath cells, and the outermost layer is formed of 

conventional chloroplasts (Laetsch, 1974). The conventional mesophyll is where CO2 is 

absorbed and forms malate. From here is transported into the adjacent bundle-sheath cells 

which form the second environment. The bundle-sheath cells are relatively anoxic with a high 
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concentration of CO2 and RuBisCo. The high CO2 concentration is achieved by 

decarboxylation of the malate. This reduces the rate of, the otherwise counterproductive, 

oxygen fixation (photorespiration) that can occur. A schematic of Kranz anatomy is shown in 

Figure 1-11. 

 
Figure 1-11:A simplified schematic of the kranz anatomy. Inspired by (Laetsch, 1974). 

As a consequence of the decrease in photorespiration caused by HSP, plants that utilise it have 

a much higher water use efficiency and are more efficient at photosynthesis in arid conditions 

or when there is limited nitrogen in the soil. However, due to the ATP cost of the HSP, it is 

less efficient than the conventional CBBC in more fertile conditions. 

1.4 Light adaptation in photosynthesis 
The setup of photosynthetic apparatus is a compromise: if a plant is adapted to absorb as much 

light as possible it will perform the most photosynthesis possible but also will be susceptible 

to photo-damage and have to expend photosynthate to repair damage (Blankenship, 2002; 

Ruban, 2015). Conversely adapting to absorb too little light and reducing photosynthesis may 

limit a plant’s ability to compete. 
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 To mitigate some aspects of this paradox plants have evolved two dynamic processes, 

they adapt at both a structural and molecular level to different light intensities; and they have 

also evolved several different light-dependant mechanisms of dissipating excess absorbed 

energy away from both photo-damage or photochemistry which is known as non-

photochemical quenching (NPQ) (Blankenship, 2002; B. Demmig-Adams & Adams III, 2014; 

Ruban, 2015). 

1.4.1 Structural adaptation 
The contents of chloroplasts are dramatically altered by the irradiance and spectra of the light 

they grow under. Under high illumination there are few grana and the size of the thylakoid 

membrane is reduced (Anderson, 1975; Pribil et al., 2014). This is because most of the light 

harvesting apparatus (PSII and LHCII) are in the grana, and the majority of the photochemistry 

(ATP synthase and CBBC enzymes) occurs in, or is limited to, the stromal space. Thus, the 

reduction of grana in high light optimises the efficiency of photochemistry from the absorbed 

light.  

1.4.2 Non-photochemical quenching 
In high-light conditions often excess light is absorbed which cannot be expended as 

fluorescence, heat or photochemistry and causes photo-inhibition by the formation of damaging 

free-radicals. As a result of this plants have evolved photo-protective processes to dissipate this 

excess chlorophyll energy harmlessly. This process is known as non-photochemical quenching 

(NPQ). The majority of NPQ is controlled by the pH of the lumen that is controlled by both 

cyclic and linear electron transport (Barbara Demmig-Adams & Adams III, 2006; Horton, 

Ruban, & Walters, 1996; Ruban, Johnson, & Duffy, 2012). The pH of the lumen controls the 

release of the protein subunit Psbs, which is attached to PSII and the conversion between 

carotenoids in cycles. Both of these processes result in conformational changes in PSII that 

quench excess absorbed energy (Ballottari et al., 2014; Barbara Demmig-Adams, 1990; Horton 

et al., 1996; Jahns & Holzwarth, 2012; Leuenberger et al., 2017; Y Z Ma, Holt, Li, Niyogi, & 

Fleming, 2003; Sylak-Glassman et al., 2014; Wilk, Grunwald, Liao, Walla, & Kuhlbrandt, 

2013). 
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1.4.2.1 Carotenoids 

The synthesis of the different carotenoids from lycopene is outlined in Figure 1-12 and is 

controlled by different enzymes and results in four major products: lutein, b-carotene, 

violaxanthin and neoxanthin.  

 
Figure 1-12: Schematic of carotenoid synthesis. Inspired by (DellaPenna & Pogson, 2006). 

The synthesis of carotenoids from Lycopene. Lycopene is cyclized at both ends into a and b 

carotene by e-Cyclase (a) and b-carotene (b) Cyclase. Neoxanthin is a precursor to the 

hormone abscisic acid (ABA) which is involved in the plant stress response and can also be 

synthesized from violaxanthin. 

There are two well-known light-dependant cycles which play a role in NPQ that result from 

this: the zeaxanthin cycle, the conversion between violaxanthin and zeaxanthin, shown in 

Figure 1-13; and the lutein cycle, the conversion between lutein and lutein-5,6-epoxide, shown 

in Figure 1-14. 
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Figure 1-13: Schematic of the zeaxanthin cycle. The zeaxanthin cycle is controlled by 

zeaxanthin epoxidase (ZE) and violaxanthin de-epoxidase (VDE) and driven by light and the 

pH of the lumen. In low light the lumen is at high pH and ZE epoxidises zeaxanthin to 

antheraxanthin and that is epoxidised again to violaxanthin. In high light the lumen is 

protonated which drives VDE to reverse this process and de-epoxidises violaxanthin to 

antheraxanthin then zeaxanthin. Interestingly due to environmental demands VDE is in the 

lumen and ZE is in the stroma (Jahns, Latowski, & Strzalka, 2009). 

 

Figure 1-14: Schematic of the lutein cycle. Although the mechanisms of the lutein cycle are not 

clear it is thought to be driven by the pH of the lumen for photo-protection, similar to the 

zeaxanthin cycle (García-Plazaola, Matsubara, & Osmond, 2007; Leuenberger et al., 2017). 
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In the light harvesting antenna chlorophylls and carotenoids are in close proximity to enhance 

interactions (Pascal et al., 2005). Neoxanthin in LHCII has also been observed to dissipate 

energy by twisting (Ruban et al., 2007). There is still debate on the fact plants contain 

significantly more lutein than zeaxanthin and it may well be responsible for the majority of the 

quenching (B. Demmig-Adams & Adams III, 2014; Jahns & Holzwarth, 2012; K K Niyogi, 

Björkman, & Grossman, 1997; Pascal et al., 2005; Ruban et al., 2007). 

1.4.2.2 Antenna size and state transitions  

Plants are able to adapt to light conditions at the protein level. Most of this is done to optimise 

the balance of the ETR between the photosystems or to increase the quantum yield of 

photochemistry for the absorbed light. They are able to adapt the ratio of LHCs to RCs as well 

as the ratio of PSI to PSII depending on the light levels and spectral quality of the light that 

they are grown under (Anderson, Chow, & Park, 1995; Ruban, 2015). Grown under higher 

light intensities plants will reduce the number of LHCs to each RC (decrease effective antenna 

size) to increase the efficiency of photochemistry from the light that is absorbed. When plants 

are grown under shorter wavelengths, selectively exciting PSII over PSI causes an increase in 

PSI, to compensate for its relatively reduced excitation and enhance net ETR. The expression 

of different contributors to both ETR and the CBBC is also modulated to optimise the plant’s 

efficiency in different light levels (Anderson et al., 1995).  

Disproportionate excitation of either PSII or PSI is also dealt with by plants by 

altering their antenna sizes relative to each other. This is achieved by reassigning LHCIIs to 

either photosystem. This is known as state transitions and are also often considered as a 

component of NPQ as the separation of LHCII from a photosystem is triggered by the 

excitation of that photosystem (Allen, 2003b; D.-Y. Fan et al., 2007; Minagawa, 2011; Ruban 

& Johnson, 2009). 
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Figure 1-15: Schematics of state transitions. Taken from (Allen, 2003b). When PSII is 

selectively excited over PSI (state 1) LHCII is phosphorylated by LHCII kinase and is 

transferred to PSI. Conversely when PSI is selectively excited over PSII (state 2) LHCII is 

dephosphorylated by LHCII phosphatase and LHCII is transferred from PSI to PSII.  

1.5 Examples of enhanced photosynthesis 

1.5.1 Natural systems  

There are many natural examples of organisms manipulating how they interact with light to 

enhance photosynthesis. Due to the previously discussed issues with photosynthesis in high 

light conditions have to dissipate much of their absorbed energy therefore enhanced forms of 

light harvesting for photosynthetic systems are predominantly found in particularly low-light 

conditions where photosynthesis is entirely limited by light.  

It is possible that structural colour is produced by natural systems to enhance 

photosynthesis. Structural colour is where instead of colour being produced by chemical 

pigments, the colour of a system is caused by physical photonic structures at the nanoscale. 
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These structures are often highly reflective and their colour can be angularly dependent, which 

is known as iridescence. There are a phylogenetically diverse range of photosynthetic 

organisms that exhibit structural colour. Examples of iridescence in photosynthetic tissue 

include: the spikemoss Selaginella willdenowii; tropical ferns Danaea nodosa, Trichomeanes 

elegans and Diplazium tomentosum; the red algae Chondrus crispus; the diatom Coscinodiscus 

granii and the angiosperm Begonia pavonina (Chandler et al., 2015; Fuhrmann, Landwehr, El 

Rharbl-Kucki, & Sumper, 2004; Gould & Lee, 1996; Graham, Lee, & Norstog, 1993; Hébant 

& Lee, 1984; Jacobs et al., 2016; Thomas, Kolle, Whitney, Glover, & Steiner, 2010; Yamanaka 

et al., 2008). The iridescence is caused by ordered structures on the nanoscale that act as 

multilayer reflectors. Currently there are few links between these iridescent structures and 

photosynthesis although recently Jacobs et al. demonstrated that the iridescent modified 

chloroplasts (iridoplasts) present in the epidermis of Begonia enhance their light harvesting for 

photosynthesis (Jacobs et al., 2016).  

 
Figure 1-16: Highly reflective iridocytes in Tridacna crocea . The iridocytes illuminate 

symbiotic algae. A shows the iridocytes in reflection microscopy, taken from (Ghoshal, Eck, 

Gordon, et al., 2016) and B shows an transmission electron image of the highly ordered 

structures in the iridocytes, the scale bar is 2µm, taken from (Holt et al., 2014). 

Giant clams, Tridacna crocea,  have also evolved highly reflective cells named “iridocytes” 

which act as Bragg reflectors to illuminate the symbiotic algae present in the clam (Ghoshal, 

Eck, Gordon, & Morse, 2016; Ghoshal, Eck, & Morse, 2016; Holt, Vahidinia, Gagnon, Morse, 

& Sweeney, 2014). These are shown in Figure 1-16. There are symbiotic systems where the 

non-photosynthetic symbiont harvests light for photosynthesis. One of the clearest examples 

of this is zooxanthellae-symbiont-bearing coral, which live at depths of up to 145m (Fricke & 
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Schuhmacher, 1983), and have evolved fluorescent light harvesting mechanisms to provide 

enough light for their symbiont algae (Alieva et al., 2008; Eyal et al., 2015; Lyndby, Kühl, & 

Wangpraseurt, 2016; Salih, Larkum, Cox, Kühl, & Hoegh-Guldberg, 2000; Schlichter, Fricke, 

& Weber, 1986; Wangpraseurt et al., 2014). 

1.5.2 Transgenic approaches  

Most crop species grown in conventional conditions, particularly in large monocultures, are 

not light limited and as a consequence of this plants often have down-regulated levels of 

photosynthetic enzymes compared to the theoretical capacity (Raines, 2003). This is because 

the evolution of plants is driven by competition in reproduction as opposed to maximum 

photosynthetic efficiency or biomass (Anten, 2005).  

It has been demonstrated that with the over-expression of enzymes in the CBBC it is 

possible to come closer to the theoretical limits of photosynthesis. The over-expression of 

sedoheptulose-1,7-bisphosphatase has been shown to enhance the rate of photosynthesis and 

growth of Arabidopsis, Nicotiana and Triticum (Driever et al., 2017; Lefebvre et al., 2005; 

Rosenthal et al., 2011; Simkin, Lopez-Calcagno, et al., 2017).  This has also been established 

to work with the over-expression of glycine decarboxylase-H protein and fructose 1,6-

bisphophate aldolase in Arabidopsis. The effect of simultaneous expression of all of these 

components of photosynthesis increases biomass by 71% (Simkin, Lopez-Calcagno, et al., 

2017; Timm et al., 2012; Uematsu, Suzuki, Iwamae, Inui, & Yukawa, 2012). It is also possible 

to genetically enhance photosynthesis by over-expression of proteins and enzymes that are 

limiting in light-dependent photosynthesis. The electron transport chain is often limiting in 

photosynthesis. The over-expression of the Rieske protein has been observed to enhance ETR 

through cytochrome b6f (Simkin, McAusland, Lawson, & Raines, 2017). Recently work has 

demonstrated that there are also limitations in NPQ and that accelerating the turnover rate in 

the xanthophyll cycle in variable light conditions can increase total photosynthesis. This has 

been achieved by the overexpression of the two main enzymes in the xanthophyll cycle, 

zeaxanthin epoxidase and violaxanthin de-epoxidase, in Nicotina tabacum,  resulting in an 

increase in productivity in field conditions (Kromdijk et al., 2016). It has also been shown that 

the overexpression of the PSII subunit PsbS can enable enhanced water use efficiency (WUE) 

in N. tabacum which leads to greater yields (Głowacka et al., 2018).  
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1.6 Nanoparticles 
Recent advances have demonstrated that NPs can be designed to interact with photosynthesis 

and augment its efficiency. NPs are a class of material that is notably diverse because they are 

essentially only unified by their size. A material can be considered to be a NP if it is between 

a nanometre and a micron in size. This size range is significant because it is where the 

properties of a material can markedly diverge from those of their bulk counterparts, often 

resulting in unexpected and novel properties. These disparate characteristics that are exhibited 

at the nanoscale primarily occur for two reasons: the extraordinary surface area to volume ratio 

of NPs compared to their bulk counterparts and quantum effects.  

I will provide a history of NPs, however, due to the multifarious nature of NPs, it is 

sensible to separate them into several categories. I will discuss the naturally occurring NPs; 

early anthropogenic NPs and then finally modern engineered NPs. Engineered NPs will then 

in turn be subdivided by their composition. Only NPs that have clear potential to interact with 

photosynthetic systems are explored.  

1.6.1 Natural nanoparticles  

NPs are unexpectedly ubiquitous in nature (Buzea, Pacheco, & Robbie, 2007). Possibly the 

most obvious populations of NPs are those found in the atmosphere. These are predominantly 

amorphous-carbon based, although they can contain metals and expelled by high-energy events 

such as volcanic eruptions and forest fires. Examples of these high-energy events where the 

NPs have been investigated include the 2010 eruption of Eyjafjallajökull (Gislason et al., 2011; 

Tepe & Bau, 2014) and forest fires in North America and Africa (Bisiaux et al., 2011; Jia Li, 

Pósfai, Hobbs, & Buseck, 2003; Sapkota et al., 2005).  

 Although high-energy events account for the largest productions of NPs there are 

however a plethora of other natural processes that produce a more exotic range of NPs. 

Examples of these are: magnetotactic bacteria which produce iron oxide NPs to detect magnetic 

fields and orient themselves along geomagnetic field lines (shown in Figure 1-17) 

(Banfield, 2000; Glasauer, 2002; Schüler & Frankel, 1999); sunlight driven reduction of silver 

ions to silver NPs (Hou, Stuart, & Zepp, 2013); and rare-earth metal NPs can even be found in 

the rivers produced by the melting Greenland ice sheet (Tepe & Bau, 2015). There is obvious 

potential for these naturally occurring NPs to interact with agriculture, especially when 

produced in large quantities by high-energy events such as fire and volcanic activity which 

often also produce fertile land that is used for agriculture.  
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Figure 1-17: Electron micrograph of magnetotactic bacteria. Magnetospirillum 

gryphiswaldense with its characteristic line of magnetosomes observed as aligned dark 

regions. Scale bar is equal to 500nm, reproduced from (Schüler & Frankel, 1999).  

1.6.2 Anthropogenic nanoparticles 

There is a long history of the inadvertent anthropogenic synthesis of NPs.  Possibly the earliest 

example of the synthesis and application of NPs is an ancient Roman artefact, Lycurgus Cup, 

which is an ornately crafted dichroic glass cup depicting the Lycurgus being enmeshed by 

Ambrosia. The dichroic nature of the glass is produced by silver and gold NPs (Barber & 

Freestone, 1990). However, it is only since the late 18th century with the industrial revolution 

that the anthropogenic production of NPs has dramatically increased. This has been due to a 

range of processes including the burning of fuels for transport and manufacturing and the waste 

and fallout from nuclear reactors and weapons. Due to the near random way in which these 

NPs have been synthesised and the plethora of initial materials that have been used they are 

poly-disperse and primarily consist of carbon, nitrogen and sulphur compounds as well as 

metals and metal oxides (Auffan et al., 2009; Wiesner, Lowry, Alvarez, Dionysiou, & Biswas, 

2006). There is large concern about the environmental impact and toxicity of these 

manufactured NPs (Buzea et al., 2007; Colvin, 2003; Nel, 2006; Wiesner et al., 2006) however 

there has been little work studying how anthropogenic NPs affect agriculture.  

1.6.3 Engineered nanoparticles  

Many mark the birth of modern nanoscience as Richard Feynman’s talk to the American 

Physical Society titled “There’s plenty of room at the bottom” in late 1959 in which Feynman 

highlighted the potential for science to exploit the nanoscale (Feynman, 1960). The synthesis 
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of NPs can broadly be divided into two methods: bottom-up, where the components of the NP 

are self-assembled together and their self-assembly is self-quenched or quenched once a NP 

has been formed; and top-down, which is where a suitable bulk material is reduced down to 

form the desired nanostructures. Often each method will provide access to different 

nanomaterials and top-down synthesis is usually more expensive but enables integration and 

better control of physical structure. However, the range of materials produced by and 

applications of each method is so broad that it is possibly redundant to broadly compare the 

two any further (Gregorczyk & Knez, 2016).  

Since then there has been an explosion of discoveries of new nanomaterials. It is 

difficult to unify all of these materials as they are mostly characterised by their size, shape, 

composition or unique properties. The NPs covered here are grouped into several categories: 

metal-oxide NPs; quantum dots (QDs); metal NPs; and carbon allotropes (Kelly, Coronado, 

Zhao, & Schatz, 2003; Noguez, 2007; Sosa, Noguez, & Barrera, 2003). There have been many 

efforts to explore how some engineered NPs interact with photosynthetic systems (discussed 

further in Section 1.7) and it is only these NPs and NPs that have evident potential for 

application in photosynthetic systems that are reviewed here.  

1.6.3.1 Metals  

Metal NPs have useful characteristics which are often dependant on their form and 

environment including tuneable plasmon-resonance and optical properties (Kelly et al., 2003; 

Noguez, 2007; Sosa et al., 2003). As a consequence, they have seen applications in catalysis, 

photochemistry and photo-thermometry (Jain, Huang, El-Sayed, & El-Sayed, 2008; Kamat, 

2002; Moisala, Nasibulin, & Kauppinen, 2003). Although many metals can be used to produce 

NPs silver and gold are by far the most studied and so far, and have provided the most promise 

in biological applications. Gold NPs have been utilised for imaging in biological systems due 

to their simplicity of biomolecule-functionalisation and large electron scattering cross-section 

which provides high contrast in electron microscopy (Eustis & El-Sayed, 2006; Johnston et al., 

2010; Murphy et al., 2008; Saha, Agasti, Kim, Li, & Rotello, 2012; Sperling, Rivera Gil, 

Zhang, Zanella, & Parak, 2008). Silver NPs are notable for, and have risen to prominence due 

to their antibacterial effect and wider applications as an antibacterial agent (Marambio-Jones 

& Hoek, 2010; Prabhu & Poulose, 2012; Shrivastava et al., 2007).  

1.6.3.2 Metal oxides 

The use of metal oxides to form NPs is of note due to their resulting properties, such as 

magnetism, electronics, optics and biological effects such as bacterial toxicity (Comini, 2006; 
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Dizaj, Lotfipour, Barzegar-Jalali, Zarrintan, & Adibkia, 2014; Kahru, Dubourguier, Blinova, 

Ivask, & Kasemets, 2008; Laurent et al., 2008; Sirelkhatim et al., 2015; Stoimenov, Klinger, 

Marchin, & Klabunde, 2002; Z. L. Wang, 2004).  

Iron oxide NPs have been closely studied due to their magnetism that results in 

providing excellent MRI contrast, enabling clinicians to non-invasively image their locations 

in humans (Babes, Denizot, Tanguy, Le Jeune JJ, & Jallet, 1999; Chertok et al., 2008; Laurent, 

Dutz, Häfeli, & Mahmoudi, 2011; Mahmoudi, Sant, Wang, Laurent, & Sen, 2011). 

Titanium oxide NPs have been most prominently used for sunscreens and photovoltaics 

(Barbe et al., 1997; Hau et al., 2008; Smijs & Pavel, 2011). Titanium oxide NPs have found a 

wide range of applications due to their cheap synthesis and that they can be produced with 

several crystal structures to modulate their spectral and electronic properties (Gupta & Tripathi, 

2011). 

Cerium oxide NPs have catalytic properties, and therefore their major use is in 

applications in fuel cells and catalysis (Singh et al., 2011; Walkey et al., 2015). Their most 

useful properties with respect to biological applications are their ability to harvest ROS and 

their magnetism. This has led to the use of cerium oxide NPs as ROS harvesters (Celardo, 

Pedersen, Traversa, & Ghibelli, 2011; Hirst et al., 2009; Xia et al., 2008; C. Xu & Qu, 2014). 

1.6.3.3 Semiconductor quantum dots  

QDs are unusual as a class of NPs as they are unified by their mechanism of fluorescence rather 

than their size or composition. QDs are formed when a semiconductor NP has a radius smaller 

than the distance between its excited electron hole pair, known as its Bohr exciton. This causes 

quantum confinement of the exciton, producing fluorescence. As would be expected the energy 

of the electronic bandgap is dependent on how confined the exciton will be, i.e. the smaller the 

QD, the bluer the emission. This enables control over the peak wavelength of the emission 

simply by changing the QDs size (Alivisatos, 1996).With careful design of a shell around the 

fluorescent core to eliminate negative factors such as blinking (Nirmal et al., 1996) it is possible 

to achieve exceptionally high quantum yields (Reiss, Bleuse, & Pron, 2002). These properties 

have led to applications in displays, lighting, solar cells, quantum computing and for biological 

imaging (Lana-villarreal, 2014; Loss & DiVincenzo, 1998; Michalet et al., 2005; Q. Sun et al., 

2007).  

 Although it is possible to synthesise QDs out of many semiconductors most are either 

Pb, Zn or Cd based, notably CdSe and PbS (Alivisatos, 1996, Bailey and Nie, 2003). These 

metals are associated with high toxicity, traditionally making QDs unsuitable for some 
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biological applications beyond staining for imaging. This can be overcome by surface 

functionalisation with biomolecules (Benito-Alifonso et al., 2014). 

1.6.3.4 Carbon allotropes 

Carbon allotropes are the different structures that carbon can be arranged in resulting in 

dramatically different properties such as those observed for graphite and diamond at the 

macroscale. This is also true on the nanoscale with the formation of many different structures 

such as nano-diamond (ND), fullerenes and carbon nanotubes (CNTs) which will all be 

explored in chronological order of their discovery in this section. CDs are a recently discovered 

form of carbon NP and have been given an individual section (Section 1.6.4) due to their 

particular relevance to this thesis. Although graphene is probably the most notable nanoscale 

carbon allotrope it is not explored here as it, so far, has no application in planta. Amorphous 

carbon NPs also exist however it is difficult to discuss these as a class of materials as they are 

not characterised by being nano-sized and predominantly disordered carbon rather than their 

specific contents or form, and as a consequence they do not always share the same properties. 

 ND is simply defined as diamond that is less than a micrometre in diameter which may 

be produced by either reducing the size of bulk material in a top-down manner or high-energy 

events and recently NDs have been shown to be produced during natural events such as during 

meteorite impacts (Ohfuji et al., 2015). In 1961 it was discovered that you can form diamond 

from exploding other amorphous carbon sources (DeCarli & Jamieson, 1961). For several 

decades after their discovery many worked on improving the synthesis to obtain higher yields, 

yet recently efforts on this have declined due to a lack of successful applications (Danilenko, 

2004). However interests in the biological applications of NDs have re-surfaced due to their 

photoluminescence and lack of toxicity (Chung, Perevedentseva, & Cheng, 2007; Iakoubovskii 

& Adriaenssens, 2000; Yu, Kang, Chang, Chen, & Yu, 2005).  

Fullerenes are geodesic quasi-spherical structures of carbon atoms, named by their 

discoverers (Kroto, Heath, O’Brien, Curl and Smalley, all of whom except O’Brien won the 

1996 Nobel prize for the work) after the architect Buckminster Fuller due to his use of geodesic 

domes and their structural similarity with fullerenes (Kroto, 1987; Kroto, Heath, O’Brien, Curl, 

& Smalley, 1985). Fullerenes, in a similar fashion to graphite, are good conductors of 

electricity due to their unbound electrons which enable them to perform as components for 

solar cells, superconductors and photo-catalysts (Chen & Lieber, 1992; Hayakawa, Yoshikawa, 

Fujieda, Uehara, & Yoshikawa, 2007; Meng et al., 2012; Shuttle, Hamilton, O’Regan, Nelson, 

& Durrant, 2010; Tutt & Boggess, 1993; M.-Q. Yang, Zhang, & Xu, 2013; N. Zhang, Zhang, 
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Yang, Tang, & Xu, 2013). Fullerenes can also be used as a host for smaller particles or atoms 

which has been harnessed for medical applications such as radio-imaging (when encapsulating 
166Ho) (Cagle, Kennel, Marzadeh, Alford, & Wilson, 1999). Incidentally fullerenes have been 

shown to also exist in nature (Buseck, Tsipursky, & Hettich, 1992).  

CNTs are formed from cylinders of graphene which can be a single cylinder or several 

concentric cylinders, known as single-walled and multi-walled respectively. Their significance 

was discovered in 1991 (Iijima, 1991). CNTs have astounding properties and have been used 

in electronics, sensors, light-emitting diodes, transistors and drug delivery (Bachtold, Hadley, 

Nakanishi, & Dekker, 2001; Bianco, Kostarelos, & Prato, 2005; Cao & Rogers, 2009; Jing Li 

et al., 2003; Qi et al., 2003; Sekitani et al., 2009; D. Zhang et al., 2006), however they have 

been shown to be toxic in some forms (Bottini et al., 2006; Donaldson et al., 2006). 

1.6.4 Carbon dots 
The first CDs were produced by the electrophoretic fragmentation of single walled carbon 

nanotubes into orange fluorescent particles in 2004 (X. Xu et al., 2004) which opened up a 

whole new class of NPs. Since their discovery CDs have been produced that are water-soluble 

and with fluorescence peaks across the visible spectrum (Jiang et al., 2015; H. Liu, Ye, & Mao, 

2007; Y. P. Sun et al., 2006; S. Zhu et al., 2013), however the synthesis remained expensive 

and complex. The microwave synthesis of water-soluble CDs from carbohydrates has provided 

a low-cost, fast alternative (Hill & Galan, 2017; H. Zhu et al., 2009) however they have been 

synthesized using a staggering range of materials as a carbon source (J. Wang & Qiu, 2016; 

Zuo, Lu, Sun, Guo, & He, 2016). 

Despite this increase in research into the application of CDs surprisingly little is known 

about the origins of their fluorescence and their structure (Dekaliuk, Viagin, Malyukin, & 

Demchenko, 2014). The structure of functionalisations applied to CDs is often assumed to be 

homogenous corona and to have a negligible effect on the energy structure.  Previous work has 

investigated the energy structure and photoluminescence mechanisms within CDs. This has 

suggested that many CDs do not behave as traditional “quantum dots” moreover they should 

be considered as nano-scale assemblies of fluorophores (Dekaliuk et al., 2014; Goryacheva, 

Sapelkin, & Sukhorukov, 2017). The fluorescence has a broad excitation and has been shown 

to originate from the sp2 poly-aromatic domains on the surface of the CDs (Fu et al., 2015; 

Righetto et al., 2017). The excited state of the CDs has been shown to have a fast (ps) decay to 

long lived trap states (ns) which results in the CDs having a characteristically large Stokes shift 

(Kalytchuk et al., 2017; Strauss et al., 2014).  
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CDs have already been used for a plethora of applications, they have been shown to sense 

a wide array of materials both in vivo and in vitro (Y. Z. Fan et al., 2017; Gong et al., 2017; Hu 

et al., 2017; Z. Li et al., 2017; Song et al., 2016; R. Wang, Wang, & Sun, 2009; W.-J. Wang, 

Xia, Hai, Chen, & Wang, 2017; Yew, Loo, Sofer, Klímová, & Pumera, 2017; S. Zou et al., 

2017; W.-S. Zou et al., 2017). CDs have been used for in vivo applications as a fluorescent 

label (Kong et al., 2014; Lemenager, De Luca, Sun, & Pompa, 2014; S.-T. Yang et al., 2009), 

for targeting cancer cells (Q. Li et al., 2010) and gene delivery (C. Liu et al., 2012). The photo-

stability of CDs enables their use as a light harvesting and photo-protection system to enhance 

the efficiency of Perovskite solar cells (Jin et al., 2017), optoelectronics (Marzari, Morales, 

Moreno, Garcia-Gutierrez, & Fungo, 2013) and photo-catalysis (Fernando et al., 2015).  

1.7 Applications of nanoparticles in plants 
NPs are a relatively new and promising method to interact with plant systems. There has been 

a wide scope of work investigating the effect and uses of different NPs on plant systems. I will 

cover the application of different NPs in planta first covering work on ecotoxicity and then 

progressing on to work looking at augmentation of plants and how NPs can be used to interact 

with plants. Finally, I will cover work, parallel to this thesis, that covers the utilization of CDs 

in planta.  

The toxicity and uptake of cerium oxide NPs by cilantro from spiked soil has a 

negligible effect on biomass (Morales et al., 2013). It has also been observed that when cerium 

oxide NPs are in soils they can reach the food chain and the next plant generation (Hernandez-

Viezcas et al., 2013). Cerium oxide NPs have been shown to be taken up from soil by wheat, 

lettuce and rape. None of these were demonstrated to enhance root length (Y. Ma et al., 2010). 

Water-soluble fullerene also inhibit the growth of Arabidopsis (Q. Liu et al., 2010).  The uptake 

and distribution of functionalised gold NPs has also been studied in several plant species, 

however this work emphasize that uptake is dependent on species and the surface charge of the 

NPs (Z.-J. Zhu et al., 2012). This supports other work on screening NP uptake in crop species 

(X. Ma, Geisler-Lee, Geiser-Lee, Deng, & Kolmakov, 2010; Rico, Majumdar, Duarte-Gardea, 

Peralta-Videa, & Gardea-Torresdey, 2011). Functionalised cadmium selenide QDs have been 

used to image the pathway of nitrogen in bluegrass (Poa annua) (Whiteside, Treseder, & 

Atsatt, 2009) and have even shown that it is possible for functionalised QDs to be eaten by 

Trichoplusia ni caterpillars after having been transported into leaves of Arabidopsis thaliana.  
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1.7.1 Nanoparticles to augment photosynthetic systems 

NPs have been shown to enhance plant growth. One of the earliest studies of the use of NPs to 

increase plant growth explored the effect of silicon dioxide NPs on the growth of larch 

seedlings in 2004, which caused an increase in root growth (Bao-shan et al., 2004). 

How NPs interact with photosynthesis and have the potential to enhance plant growth 

has been the subject of many studies and has been explored in many species of plants. NPs 

have the capability to enhance photosynthesis by impacting ETR. One of the earliest 

investigations into using NPs to interact with photosynthetic machinery used QDs for artificial 

light harvesting and showed that they could then transfer the energy to the reaction 

centres(Nabiev et al., 2010). Chlorophyll fluorescence has since been shown to be quenched 

by both silver and gold NPs if the plasmon resonance is chosen correctly (Falco et al., 2011, 

2014). Nano-anatase titanium oxide NPs have been utilized to enhance energy transfer away 

from PSII, which may increase the energy conversion efficiency for PSII thus allowing 

increased light absorption (Su et al., 2009). 

Some of the most successful work using NPs to interact with photosynthesis has been 

using CNTs. CNTs have been shown to affect root elongation and germination (Cañas et al., 

2008); to be internalized by plant cells; and increase ROS (Q. Liu et al., 2009; Tan, Lin, & 

Fugetsu, 2009). More recently it has been demonstrated that CNT treated soil affects the 

phenotype of tomato, causing an increase in flowering without an effect on leaf production and 

to enhance growth of both root and shoot in gram (Cicer arietinum) (S. Tripathi, Sonkar, & 

Sarkar, 2011). The most significant work using CNTs to impact plant growth used a CNTs to 

enhance ETR in arabidopsis leaves and isolated chloroplasts by penetration of the thylakoid 

membranes (Giraldo et al., 2014). Despite these advances there are two key limitations in the 

using CNTs to enhance crop species productivity in an agricultural setting: the CNTs are not 

bio-available and as a consequence have to be infiltrated into the leaf tissue; and the toxicity 

of CNTs that mean whilst in the short-term positive effects can be observed, eventually they 

will reduce productivity.  

1.7.2 Carbon dots  

There have been several studies of the applications of CDs in plants. They have been observed 

to be translocated within mung beans and, within a range of concentrations, increase their 

growth (Wei Li et al., 2016). This is reproduced in Figure 1-18 and given that these studies did 

not require injection or infiltration of the CDs into the plant tissue, they also clearly 

demonstrate the bio-availability of CDs to plants, a major advantage over most classes of NPs.  
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Figure 1-18: The physiological effects of CDs on mung beans and the use of CDs as a cellulose 

stain. (1) The effects of a five-day treatment of difference concentrations of CDs on the growth 

and development of mung beans grown in water, taken from (Wei Li et al., 2016). (2) Confocal 

Z-scan images of orange-emissive CDs used to stain cellulose in plants: (a) longitudinal 

section of stem of the Arabidopsis thaliana; (b) cross section of the root of the mung bean 

sprout; (c) onion bulb epidermal cells. Taken from (W. Li et al., 2017). 

There has been previous work on the use of non-functionalised CDs to enhance the light-

dependent reactions in photosynthesis. The mechanism for an increase in photosynthesis has 

been studied using isolated chloroplasts from mung beans. The CDs were shown to increase 

oxygen evolution and ATP synthesis by promoting the electron transport pathway (Chandra et 

al., 2014). This was then built on by a study into the uptake and transport of CDs through the 

shoots of mung beans where there was an increase in root and shoot length (Wei Li et al., 

2016). CDs were however demonstrated to have acute toxicity to Chlorella pyrenoidosa (Xiao 

et al., 2016). This suggests that glycan functionalised CDs may have the beneficial effect of 

enhancing photosynthesis without possible acute toxicity.   
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2 Carbon dot synthesis and characterisation 

2.1 Associated publications 
This chapter shares much of its methods and results with a paper which I am the first author 

on: 

• Swift, T. A., Duchi, M., Hill, S. A., Benito-Alifonso, D., Harniman, R. L., Sheikh, S., 

Davis, S. A., Seddon, A. M., Whitney, H. M., Galan, M. C. and Oliver, T. A. A. 

(2018) ‘Surface functionalisation significantly changes the physical and electronic 

properties of carbon nano-dots’, Nanoscale. 10(29), pp. 13908–13912. doi: 

10.1039/C8NR03430C. 

Whilst all the data presented in this chapter is my own, much of it was obtained with the 

assistance and advice of my collaborators, they include: Marta Duchi and Thomas Oliver (TA); 

Stephen Hill (synthesis); David Benito-Alifonso (synthesis, NMR, FTIR); Robert Harniman 

(AFM); Sadiyah Sheikh and Sean Davis (TEM); and Annela M. Seddon (SAXS).  

2.2 Aims  
This chapter aims to cover the synthesis and characterisation of CDs and their glycan 

functionalisation for applications in planta. Although it has previously been shown that 

biomolecule functionalisation of CDs greatly enhances their bioavalibility (Hill et al., 2016), 

little is known about their molecular structure and how functionalisation affects the electronic 

structure. To investigate this CDs were functionalised with a range of biologically relevant 

carbohydrates, many for the first time (Section 2.3.1) and these CDs were examined utilising 

a wide array of spectroscopic, microscopic and analytical techniques.  From these results I 

provide new insights in Section 2.5 into the physical and electronic structure of CDs and how 

this is affected by functionalisation. These findings have implications for CDs targeted at 

interactions with biological systems. 
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2.3 Methods  

2.3.1 Synthesis 

Ten batches of core-CDs combined together were used for all experiments. A schematic of the 

synthesis is given in Figure 2-1. 

 
Figure 2-1: Schematic of the synthesis of glycan-CDs. Synthesis of glycan-functionalized CDs 

5a-e using 1-amino-glycosides: glucose 4a, mannose 4b, galactose 4c, maltose 4d, and lactose 

4e scaffolds.  

2.3.1.1 Core synthesis 

To form the amine decorated core-CDs (2) a mixture of Glucosamine HCl (1.00 g, 1) and 

4,7,10-trioxa-1,13-tridecanediamine (TTDDA) (1.35 ml) were combined with 20 ml HPLC-

grade H2O. This mixture was then heated in a microwave (3 mins, 700 Watts, Tesco 

Homebrand.)  
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The resulting brown oil was washed and sonicated for 20 minutes with CHCl3 three 

times, discarding the supernatant each time. The brown oil was then dissolved in 20 ml ddH2O 

and centrifuged through GE Healthcare Life Sciences VIVASPIN 20 with a 10,000 Da MWCO 

filter (10000 rpm, 30 minutes.)  

The sample was passed through a 200 nm syringe filter, then purified by size-exclusion 

chromatography (Sephadex G-10, Sigma.) The CDs were identified as a brown band on the 

column which showed blue fluorescence under UV light and was identified by both 

fluorescence and absorbance spectroscopy. Both tails of the CD band were discarded. The 

resulting fraction was freeze-dried, weighed and suspended in HPLC-grade methanol. 

2.3.1.2 Kochetkov’s amination 

Microwave assisted Kochetkov’s amination was used to form 1-amino glucose (4a-e). Under 

anhydrous conditions 0.8 ml anhydrous DMSO, 1g ammonium carbonate and 250 mg glucose 

were mixed together in a sealed microwave vial. The vial was then heated in a microwave 

(60˚C, 90 minutes, Biotage Initiator+ microwave reactor.) The resulting solid was dissolved in 

H2O (MilliQ double distilled), freeze dried and stored dry at -20˚C for up to a week.  

2.3.1.3 Glycan functionalisation  

To form the acid decorated CDs (3) the core-CDs (2) were dissolved in HPLC-grade methanol 

to a concentration of 10 mg/mL and sonicated. This solution was then passed through a 200nm 

syringe filter and mixed with 0.5 equivalence by weight of succinic anhydride. The solution 

was subsequently stirred vigorously overnight. The resulting solution was then reduced (Büchi 

rotary evaporator at a pressure of 15 mmHg from a diaphragm pump at room temperature) and 

the brown oil washed and sonicated with tetrahydrofuran several times, discarding the 

supernatant, until the supernatant was clear. The resulting brown oil was then dissolved in 

methanol, reduced and weighed. The brown oil was then dissolved in H2O to a concentration 

of 10 mg/mL and sonicated for 5 minutes. This yields the acid decorated CDs (3). 

To form the glycan-CDs (5a-e) 1-amino glycan (4a-e) is bonded to the acid decorated 

CDs (3) by an amide bond. To achieve this the previous solution of acid decorated CDs (3) 

was passed through a 200nm syringe filter and mixed with 2 equivalents by weight of N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and an excess of 1-amino glycan (4) (10 

and 20 equivalents by weight for the monosaccharides and disaccharides respectively.) Glycan 

conjugation was performed with an excess of 1-amino glycan to ensure all the acid groups 

reacted. This solution was then stirred vigorously overnight. The sample was then passed 

through a 200nm syringe filter and the resulting brown solution was then purified by size-
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exclusion chromatography (Sephadex G-10, Sigma.) The CDs were identified as a brown band 

on the column and were identified by both fluorescence and absorbance spectroscopy, both 

tails of the CD band were discarded, particularly the lower molecular weight tail as this may 

contain non-functionalised CDs. The resulting fraction was freeze-dried, weighed and 

suspended in HPLC-grade methanol.  

For storage, the glycan-CDs (5a-e) were dissolved in HPLC-grade methanol and kept 

at 4˚C to prevent aggregation.  

2.3.2 Choice of Carbohydrates 

Carbohydrates were chosen as a functionalisation for the CDs because of their biological 

relevance and the wide range of carbohydrates routinely available. For this study, several 

monosaccharides and disaccharides were used as functionalisations to observed the effect of 

the different hydrophobic and hydrophilic domains produced by the different orientation 

(equatorial or axial) of the hydroxyl functional groups. There are many groups of greater 

molecular weight carbohydrates such as trisaccharides or polysaccharides, there were not 

utilised because of their rapid aggregation in water and their insolubility in less polar solvents 

such as the methanol used for spectroscopy.  

2.3.3 Nuclear magnetic resonance spectroscopy (NMR) 
NMR is a technique where the sample is placed in a high magnetic field. This aligns the 

intrinsic magnetic-moment of the sample with the magnetic field. This requires the atom to 

have non-zero intrinsic spin, therefore is limited to nuclei with odd atomic mass, most 

commonly 1H, 13C and 15N. This alignment is then disturbed using radio frequencies (RF) in 

chemistry applications often 300-900MHz and is dependent on the applied magnetic field 

strength and the resulting relaxation of the dipole to alignment with the magnetic field can then 

be observed. This can be achieved using a spin-echo sequence: initially the aligned spin 

magnetisation is rotated 90° by an initial RF pulse; there is then a time delay during which the 

spin is defocused; then a second 90° or 180° (for calculating T1 and T2 respectively) RF pulse 

rotation is applied; then after a second, equal to the first, time-delay the spin will refocus 

causing an echo signal. The echo signal will exponentially decay with delay time, and it is this 

decay constant that provides T1 and T2. 

For techniques such as MRI where the chemical composition of the sample is rarely 

measured relaxation times T1 and T2 are usually sufficient, however for chemical spectroscopy 

the chemical environment (i.e. the adjoining chemical groups) of each atom is of interest. This 

may be probed by measuring the chemical shift (often labelled as d and measured in ppm) 
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which is the change in the resonant frequency of the nucleus in the known magnetic field. This 

shift in resonant frequency is caused by the different local magnetic fields for each nucleus 

which are produced by the surrounding nuclei of the molecule. When the different observed 

chemical shifts of the sample are compared to known chemical shifts for functional groups this 

can be exceptionally informative on the structure of the sample. The chemical shifts are 

conventionally referenced to the residual solvent peak, for example D2O: 1-H = 4.70 ppm. 

More information about the sample can be obtained by the observation of spin-spin 

couplings in 1H NMR. This is where the spin of a functional group is coupled to that of an 

adjacent functional group. This will split the observed chemical shift peaks depending on the 

number of 1H in the adjacent functional groups which follows an n+1 rule, i.e. if there are n 

protons in the adjacent functional group the peak will split into n+1 peaks. For example, 

propane produces two 1H NMR peaks, a triplet for the 1H on carbons 1 and 3 (as the 

environments are identical) and a quartet for the 1H on carbon 2.  

2.3.3.1 Heteronuclear single quantum coherence (HSQC) 

This is 2D NMR technique where the spectra of 1H and a heteronucleus (in this work 13C) are 

combined so that 1H peak has an associated adjacent heteronucleus peak. This is achieved by 

transfer of magnetisation from the 1H to the heteronucleus and back again by insensitive nuclei 

enhanced by polarization transfer (known as INEPT). The 1H signal in the direct dimension 

and the heteronuclear signal in the indirect dimension are then measured with the time delay 

between the transfer and return transfer of magnetisation.  

 This 2D spectroscopy often provides additional information about the structure of the 

sample or additional spectral resolution, especially when there are 1H with similar 1H NMR 

chemical shifts but distinct 13C chemical shifts.  

2.3.3.2 Diffusion ordered nuclear magnetic resonance spectroscopy (DOSY) 

DOSY is a 2D NMR technique that is used to identify the diffusion coefficient of an NMR 

signal (in this work 1H chemical shifts). This allows the separation of species in a mixture by 

their effective hydrodynamic radius which is calculated from the diffusion coefficient using 

the Stokes-Einstein equation:    

 
F =

9JH
6LM2

 
[6] 

where D is the diffusion coefficient, kB is the Boltzmann constant, T is the temperature, η is the 

dynamic viscosity and r is the effective hydrodynamic radius of the sample.  
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 DOSY is measured by using a pulse field gradient to diphase the magnetic moments 

that are previously aligned by the magnetic field and then after a time delay applying another 

opposite pulse field gradient to realign the magnetic moments. If the nuclei have not moved 

during the time delay they will be perfectly aligned however if they have diffused through the 

solvent they will not. This resulting difference in alignment can be measured throughout the 

sample for each chemical shift and different delay times to calculate the diffusion coefficient 

associated with each nucleus.  

2.3.4 Fourier transformed infrared spectroscopy (FTIR) 

FTIR is used to probe and detect the vibrational states of molecules. Each vibration has a 

characteristic excitation energy. This is most commonly observed by measuring the infrared 

transmission spectrum of a sample, which is then Fourier transformed and the troughs are 

assigned to each vibrational absorption of the sample. 

2.3.5 Small angle x-ray scattering (SAXS) 

SAXS is a where a monochromatic beam of x-rays is scattered from a sample. The angular 

distribution of the scattering can be used to characterize the size and form of nanomaterials. 

The Guinier approximation, developed by André Guinier in 1955, can be used to calculate the 

radius of different particles, depending on the scattering angle observed. The application of the 

Guinier approximation for a spherical particle is given below. The Guinier region is defined 

as: 

 
N <

1.3
7R

 
[7] 

Rg is the radius of gyration in Å and q is the scattering vector in Å-1and is defined as: 

N =
4L8/;S
T

 
[8] 

Where S is the scattering angle, T is the wavelength of the x-ray beam. For the Guinier region 

the relationship between the intensity and the scattering vector is: 

 

 
UV = UW+

,VXYZX

[  
[9] 

   

 
ln	(UV) = ln	(UW) −

N#7R
#

3
 

[10] 
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Where I is the intensity. From this a plot of log(I) against q can be used to determine 7R# which 

can be used to calculate the radius R for a sphere: 

 
7R

# =
3
5
7# 

[11] 

From previous TEM studies (Hill et al., 2016), the CD particles are known to have 

approximately 2 nm core which was used to define the Guinier region. So, for a sphere of 

predicted radius of ~2 nm, the range the Guinier approximation applies to the range: 

 N < 0.08	Å	,c, N# < 0.007Å	,# [12] 

Once a background methanol scan was subtracted, the data was used for the range  

0.001 Å-2 < q2  < 0.007 Å-2. The lesser q2 boundary was limited by the range of the instrument.  

2.3.6 Atomic force microscopy (AFM) 

AFM is a powerful and high-resolution technique for the imaging and analysis of nanoparticles. 

The technique was developed by Binnig, Quate, and Gerber in 1985 (Binnig, Quate, & Gerber, 

1986) and provides a significant advantage over traditional scanning tunnelling microscopy 

(STM) by being able to image metals, semi-conductors and insulators. AFM works by simply 

dragging an exceptionally sharp tip attached to a cantilever across a sample. The attractive or 

repulsive interaction between the tip and the surface causes deflection of the cantilever. This 

deflection is measured by reflecting a laser off the back of the cantilever onto a detector which 

is shown in Figure 2-2.  

 
Figure 2-2: Simplified schematic of an AFM . Where x(z) is the cantilever deflection caused by 

the tip-sample interaction force, F, as a function of the tip-sample distance, z. An example trace 

of the deflection of the laser reflected off the back of the cantilever onto the detector as a 

function of z is also shown.  
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From the deflection, x, and a knowledge of the spring constant of the cantilever, k, the force 

between the sample and the tip, F, can be calculated from Hooke’s law, given below:  

 ? = 9e [13] 

AFM is commonly divided into two methods, static (also known as contact mode) and dynamic 

(also known as non-contact or tapping mode). In static mode, whilst the tip is in contact with 

the sample, the deflection of the cantilever caused by the interatomic forces is used to image 

the sample. In dynamic mode, with the correct choice for the stiffness of the cantilever as it 

must be softer than the bonds in both the sample and the tip, the cantilever can be vibrated by 

an actuator and used to image the sample. Dynamic mode should then be further divided into 

amplitude-modulation (AM) and frequency-modulation (FM). AM was first shown by Martin, 

Williams and Wickramasinghe in 1986, and is where the cantilever is driven at a fixed 

frequency close to the natural frequency (Martin, Williams, & Wickramasinghe, 1987). The 

interaction between the tip and the sample affect both the phase and amplitude of the cantilever 

and these are used to image the sample, however these interactions can be significantly delayed. 

To solve this Albrecht, Grutter, Horne, and Rugar developed FM in 1991 in which the change 

in the eigenfrequency is used to image the sample (Albrecht, Grtitter, Horne, & Rugar, 1991). 

This occurs within a single oscillation cycle. Dynamic mode was initially used without making 

contact between the tip and the sample however AM mode was later used at a much smaller 

tip-sample distance to probe the repulsive tip-sample interactions which is commonly known 

as tapping mode (Möller, Allen, Elings, Engel, & Müller, 1999; Zhong, Inniss, Kjoller, & 

Elings, 1993). Atomic resolution has been achieved with static mode and both AM and FM 

dynamic modes (Binnig, Gerber, Stoll, Albrecht, & Quate, 1987; Giessibl, 1995, 2003; 

Ohnesorge & Binnig, 1993). 

2.3.7 Light scattering 
The motion of particles in a solution can be observed by the scattering of light which is 

achieved by calculating the velocity of particles using the Doppler effect on the scattered light.  

The Doppler shift in the wavelength of the scattered light is dependent on velocity of the 

particle. The correlation function will decrease with time, with faster moving particles having 

a greater rate of decrease. The rate of decay of the correlation function can be used to calculate 

the line width of the scattering light (G) which is related to the mobility of the particle through 

the following equations: 
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 Γ = DN# 

where:  N = hij
k
8/; l

#
 

[14] 

where D is the diffusion coefficient q is the scattering vector (similar to that used for SAXS in 

Section 2.3.5), l is the wavelength of the source, n is the refractive index of the solvent and q 

is the scattering angle.  

2.3.7.1 Electrophoretic light scattering (ELS) 

ELS is used to calculate the zeta potential (z) and the conductivity of a sample. The z  is the 

charge of a particle at the slipping plane with the solvent, and the magnitude of the z can be 

used as indicator of colloidal stability. This is achieved by the observation of the mobility of 

the particles in a known electric field using light scattering. The observed velocity (V) in the 

applied electric field can be used to calculate the electrophoretic mobility (µ) when a known 

electric field is applied (E) using the following equation: 

 V = n	o [15] 

the µ of the particles can then be used to calculate their z using the Hückel Henry equations, 

given below (Henry, 1931):  

 
n = 	

2pq	?(9>)
3M

 
[16] 

where e is the dielectric constant, F(ka) is the Henry function and h is the viscosity of the 

solvent. This may be simplified using Smoluchowski’s approximation where the double layer 

is thin compared to the particle radius and the particle has negligible surface conductivity to: 

 
n = 	

qp
M

 
[17] 

giving: 

 
q = 	

M	r
p	o

	 
[18] 
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2.3.7.2 Dynamic light scattering (DLS) 

DLS is a similar technique to ELS, however instead of measuring the electrophoretic velocity 

of particles, their diffusion due to Brownian motion is detected. From this observed diffusion, 

the Stokes-Einstein equation can be used to calculate the hydrodynamic radius of the particle 

in that solvent if the particles can be considered as hard spheres. The Stoke-Einstein equation 

is given below (previously given in section 2.3.3.2): 

 
F =

9JH
6LM2

 
[19] 

where D is the diffusion coefficient, kB is the Boltzmann constant, T is the temperature, η is the 

dynamic viscosity and r is the effective hydrodynamic radius of the particle.  

2.3.8 Transmission electron microscopy (TEM) 

TEM is an exceptionally powerful technique that allows the imaging of a sample with atomic 

resolution. TEM was originally developed by Knoll and Ruska in 1932, for which they received 

the Nobel prize (Ruska, 1987). TEM can provide significantly higher resolution than light 

microscopy as the wavelength of high energy electron is much shorter than that of visible light, 

reducing the effective diffraction limit and the need for super-resolution techniques.  

 In TEM an electron is produced (usually be a filament) and is then accelerated and 

focused by electric fields towards the sample. A detector is placed the other side of the sample 

from the electron beam, if the electrons are scattered by the sample this will result in them not 

hitting the detector and provides contrast. The more the electrons are accelerated, the higher 

their energy which reduces their wavelength and results in higher potential resolution. Yet 

increased resolution comes at a cost as the higher the energy of the electrons the more likely 

they are to be transmitted through the sample without scattering, resulting in a loss of contrast. 

2.3.9 Optical spectroscopy 

The CDs were investigated using three forms of optical spectroscopy: absorbance, fluorescence 

and transient absorbance (TA). The energy transitions involved in each form of spectroscopy 

are shown in Figure 2-3. 
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Figure 2-3: Jablonski diagram of the energy-state transitions that are measured using optical 

spectroscopy. The different energy states are indicated by S0 to S3 and each have their own 

associated higher-energy vibrational-states. Dashed arrows are used to indicate energy-

transitions and wavy arrows are used to indicate the input or output of photons with their 

associated energy hn where n is the frequency of the photon.  

2.3.9.1 Absorbance spectroscopy 

This is used to identify the energies of the excited states of the system. The sample is excited 

using white light and the spectrum of the transmitted light is measured. A reference excitation 

beam that does not transverse the sample is then used to calculate the energy dependence of 

the absorption.  

2.3.9.2 Fluorescence spectroscopy 

Fluorescence is a process where the decay from an excited state to the vibrational states 

associated with the ground state results in the emission of a photon in a random direction. This 

is conventionally measured by the excitation of the sample then the detection of the emitted 

spectrum perpendicular to the excitation. This can be used to measure the excitation and 

emission spectra for a fluorescence process which can be combined into a 2D spectrum.  

The emitted photon is of lower energy than the excitation photon due to loss of energy 

to at least two vibrational relaxations and may be due to decay from non-radiative higher-

energy excited states. The difference in energy between the excitation and emission is known 

as the Stokes shift. The quantum-yield of a fluorescence is calculated as the conversion 

efficiency of the excitation photons to the emitted photons.  
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2.3.9.3 Transient Absorption (TA) 

TA is an ultrafast pump-probe technique. The sample is initially excited using a very short laser 

pulse pump beam at time zero and then the absorption spectrum is probed using white light 

after a time delay. This whole process is repeated once the sample is deemed to have returned 

to the ground state over a range of time delays so that the evolution of the absorption spectra 

of the excited sample can be observed as a function of time. TA requires implementation on an 

ultrafast timescale, such as a femtosecond pump pulse and a picosecond through to nanosecond 

time delay before the white light probe. Unlike many fluorescence measurements TA is used 

to observe non-radiative states as well as emissive states which provides significantly more 

insight into processes such as inter-system crossing (IC), intermediate dark states and trap 

states such as those observed for some excitons.  

The spectra in TA are usually recorded as the change in absorbance with respect to the 

non-excited state.  So instead of plotting an absolute measure of absorbance, the change in 

absorbance is plotted, given in the equation below: 

 Δ6$F = $F >40+2	:25t+ − $F t+452+	:u6: 	 [20] 

where OD is the optical density. Positive features are caused by the excited state absorption 

(ESA) which is where the excited state has different absorption features to the ground state. 

Negative features are also observed and can include ground state bleach (GSB), where the 

excitation causes a decrease in the population occupying the ground state, the consequence of 

this is that the absorption features of the ground state are reduced. Another cause of negative 

features is stimulated emission (SE) if the sample is fluorescent, which is where the sample 

that is already in the excited state is stimulated into fluorescence. SE causes a negative feature 

corresponding to the fluorescence emission spectra of the sample. 

The shortest-lived features that are observable with a setup are determined by the 

convolution of the excitation pulse and the detector response is used which is known as the 

instrument response function (IRF). As a consequence, for the observation of picosecond or 

faster features TA demands the excitation of the sample with an exceptionally short pulse, 

usually femtoseconds. 

Different wavelengths of light will propagate through most systems at a different 

velocity due to factors such as the refractive index of optical components that have a 

wavelength dependent refractive index and different paths, this is known chirp. Chirp will 

cause the time delay of the white light probe to be wavelength dependent which can often be 

observed by the wavelength dependence in the initial peak of the ESA. This can be used to 
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correct for the chirp and improve kinetic analysis. The kinetics of the system were studied by 

global analysis and the experimental setup used for the TA measurements are outlined in the 

Appendix in Section 7.6.1.  

2.4 Results 

2.4.1 NMR  
The 1H NMR and 1H - 13C HSQC spectra of the core-CDs shown in Figure 2-4 agree 

with previously reported spectra (Hill et al., 2016). For the core, the signals produced by the 

TTDDA linker are identified and assigned. Additional peaks arising from the core structure of 

the CDs are observed at the following ranges: H-1 δ= 7-9 ppm and C-13 δ= 115-150 ppm. 

These peaks correspond to protons on aromatic and phenol domains on the surface of the CDs. 

C=C bending and stretching, Aryl C-O stretching and a weak phenol O-H bending signal can 

also be observed in the FTIR spectra in Section 2.4.2 which also support this conclusion.  

The 1H NMR and 1H - 13C HSQC spectra of the glycan-CDs are provided in Figure 2-5 

to Figure 2-9. For each of these the components of linker and glycans are identified however 

often not completely due to their signal overlaps. The glycans have an associated range of 

chemical shifts: 1H δ= 3.0-3.8 ppm and 13C δ= 55-80 ppm. As a result of the significant 

overlaps the success of carbohydrate-functionalisation was determined by the identification of 

the characteristic doublet peak associated with the hydrogen on the anomeric carbon of the 

carbohydrates which is shifted compared to the unconjugated-glycoside. This doublet is 

characteristically found with chemical shifts of: 1H δ= 4.2-5.5 ppm and 13C δ= 90-105 ppm. 

Often more than one doublet associated with the glycan anomeric can be observed, which is 

produced by reduced conformational freedom of the glycan compared to free carbohydrate due 

to being tethered to the NP. This information was obtained from previous NMR studies of CDs 

and QD biomolecule-functionalisation (Benito-Alifonso et al., 2014; Hill et al., 2016).  
1H and 13C HSQC NMR were measured in D2O at 500 MHz. All samples were dissolved 

at 5 mg mL-1 in 0.8 mL of D2O using Norrell Select Series 7" NMR tubes (S-5-500-7). All 

spectra were taken on a Bruker Advance III HD 500 Cryo. 1H and 13C NMR chemical shifts 

are quoted in parts per million (ppm) and referenced to the residual solvent peak (D2O: 1-H = 

4.70 ppm). Coupling constants (J) given in Hertz. Multiplicities are abbreviated as: s (singlet), 

d (doublet), t (triplet), q (quartet), p (pentet) and m (multiplet).  
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Figure 2-4: NMR spectra of the core-CDs. The 1H (top) and HSQC (bottom). δ: 3.68 – 3.49 

(m, 16H, H-c), 3.01 (t, J = 7.2 Hz, 4H, H-a), 2.14 (d, J = 0.7 Hz), 1.93 – 1.81 (q, 4H, H-b), 

1.09 (t, J = 7.1 Hz).  
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Figure 2-5: NMR spectra of the glucose-CDs.  The 1H (top) and HSQC (bottom). δ: 5.14 (d, J 

= 3.8 Hz, 1H, H-1), 4.55 (d, J = 7.9 Hz, 1H, H-1), 3.58 – 3.25 (t, 12H, H-c, and H-d), 3.20 – 

3.11 (t, 2H, H-f), 3.14 – 2.97 (t, 2H, H-a), 2.33 (t, J = 20.9 Hz), 1.91 – 1.79 (t, 2H, H-b), 1.69 

(p, J = 6.6 Hz, 2H, H-e).  
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Figure 2-6: NMR spectra of the mannose-CDs . The 1H (top) and HSQC (bottom). δ: 5.13 (d, 

J = 3.8 Hz, 1H, H-1), 5.09 (d, J = 2.0 Hz, 1H, H-1), 5.08 (d, J = 1.7 Hz, 1H, H-1), 5.06 (d, J = 

2.2 Hz, 1H, H-1), 4.80 (d, J = 1.1 Hz, 1H, H-1), 3.62 – 3.53 (m, 8H, H-d), 3.50 – 3.45 (t, 4H, 

H-c), 3.15 (t, J = 6.5 Hz, 2H, H-f), 3.07 (t, J = 6.7 Hz, H-a), 2.50 (t, J = 7.7Hz, 2H, H-h), 1.69 

(p, 2H, H-e).  
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Figure 2-7: NMR spectra of the galactose-CDs.  The 1H (top) and HSQC (bottom). δ: 5.17 (d, 

J = 3.7 Hz, 1H, H-1), 4.49 (d, J = 7.9 Hz, 1H, H-1), 3.71 – 3.45 (m, 8H, H-d), 3.47 – 3.31 (t, 

4H, H-c), 3.20 – 3.03 (t, 2H, H-f), 2.53 – 2.41 (t, 2H, H-h), 2.42 – 2.31 (t, 2H, H-g), 1.77 – 1.62 

(p, 2H, H-e).  
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Figure 2-8: NMR spectra of the maltose-CDs. The 1H (top) and HSQC (bottom). δ: 5.31 (d, J 

= 3.9 Hz, 2H, H-1), 5.13 (d, J = 3.7 Hz, 2H, H-1), 4.56 (d, J = 7.9 Hz, 2H, H-1), 3.60 – 3.40 

(m, 8H, H-d), 3.32 (t, J = 9.5 Hz, 4H, H-c), 3.22 – 3.12 (m, 2H, H-f), 2.33 (d, J = 21.5 Hz, 2H), 

1.73 – 1.62 (p, 1H, H-b and H-e).  
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Figure 2-9: NMR spectra of the lactose-CDs. The 1H (top) and HSQC (bottom). δ: 5.32 (d, J 

= 3.9 Hz, 2H, H-1), 5.14 (d, J = 3.9 Hz, 2H, H-1), 4.58 (d, J = 8.0 Hz, 2H, H-1), 4.37 (d, J = 

7.9 Hz, 2H, H-1), 3.72 – 3.49 (m, 8H, H-d), 3.48 (t, J = 6.6Hz, 4H, H-c), 3.08 (t, J = 6.8 Hz, 

2H, H-f), 3.03 (t, J = 7.1 Hz, 2H, H-a), 2.52 – 2.48 (t, 2H, H-h), 1.89 – 1.85 (p, 2H, H-b), 1.71 

– 1.65 (p, 2H, H-e). 
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2.4.1.1 DOSY 

DOSY was used to demonstrate that the glycans are actually tethered to the CDs. The anomeric 

peaks of each of the sugars were observed to have similar diffusion coefficients to the chemical 

shifts associated with the CD core, confirming that the glycosides are attached to the CDs. The 

DOSY data with their accompanying 1H NMR spectra are shown in Figure 2-10 to Figure 2-14. 

The DOSY data was analysed using DOSY Toolbox produced by Nilsson et al.(Nilsson, 2009). 

 All of the DOSY peaks corresponding to the carbohydrates were observed to have radii 

significantly larger than what would be expected for free sugars in solution. For each of the 

CD species, peak assignments are given in the figure caption and labelled with reference to the 

respective skeletal CD-glycan structures. 

 

Figure 2-10: DOSY spectrum of the core-CDs. The following 1H shifts correspond to the core-

CD δ: 3.68 – 3.49 (m, 16H, H-c), 3.01 (t, J = 7.2 Hz, 4H, H-a), 2.14 (d, J = 0.7 Hz), 1.93 – 

1.81 (q, 4H, H-b). 
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Figure 2-11: DOSY spectrum of the glucose-CDs. The following 1H shifts correspond to the 

core-CD δ: 3.58 – 3.25 (t, 12H, H-c, and H-d), 3.20 – 3.11 (t, 2H, H-f), 3.14 – 2.97 (t, 2H, H-

a), 2.33 (t, J = 20.9 Hz), 1.91 – 1.79 (t, 2H, H-b), 1.69 (p, J = 6.6 Hz, 2H, H-e), the following 

correspond to the glucose δ: 5.14 (d, J = 3.8 Hz, 1H, H-1), 4.55 (d, J = 7.9 Hz, 1H, H-1). 

 

 Figure 2-12: DOSY spectrum of the mannose-CDs. The following 1H shifts correspond to the 

core-CD δ: 3.62 – 3.53 (m, 8H, H-d), 3.50 – 3.45 (t, 4H, H-c), 3.15 (t, J = 6.5 Hz, 2H, H-f), 

3.07 (t, J = 6.7 Hz, H-a), 2.50 (t, J = 7.7Hz, 2H, H-h), 1.69 (p, 2H, H-e), the following 

correspond to the mannose δ: 5.13 (d, J = 3.8 Hz, 1H, H-1), 5.09 (d, J = 2.0 Hz, 1H, H-1).  
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Figure 2-13: DOSY spectrum of the galactose-CDs. The following 1H shifts correspond to the 

core-CD δ: 3.71 – 3.45 (m, 8H, H-d), 3.47 – 3.31 (t, 4H, H-c), 3.20 – 3.03 (t, 2H, H-f), 2.53 – 

2.41 (t, 2H, H-h), 2.42 – 2.31 (t, 2H, H-g), 1.77 – 1.62 (p, 2H, H-e), the following correspond 

to the galactose δ: 5.17 (d, J = 3.7 Hz, 1H, H-1), 4.49 (d, J = 7.9 Hz, 1H, H-1).  

 

Figure 2-14: DOSY spectrum of the maltose-CDs. The following 1H shifts correspond to the 

core CD δ: 3.60 – 3.40 (m, 8H, H-d), 3.32 (t, J = 9.5 Hz, 4H, H-c), 3.22 – 3.12 (m, 2H, H-f), 

2.33 (d, J = 21.5 Hz, 2H), 1.73 – 1.62 (p, 1H, H-b and H-e), the following correspond to the 

maltose δ: 5.31 (d, J = 3.9 Hz, 2H, H-1), 4.56 (d, J = 7.9 Hz, 2H, H-1).  
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Figure 2-15: DOSY spectrum of the lactose-CDs. The following 1H shifts correspond to the 

core-CDs δ: 3.72 – 3.49 (m, 8H, H-d), 3.48 (t, J = 6.6Hz, 4H, H-c), 3.08 (t, J = 6.8 Hz, 2H, H-

f), 3.03 (t, J = 7.1 Hz, 2H, H-a), 2.52 – 2.48 (t, 2H, H-h), 1.89 – 1.85 (p, 2H, H-b), 1.71 – 1.65 

(p, 2H, H-e), the following correspond to the lactose δ: 5.32 (d, J = 3.9 Hz, 2H, H-1), 5.14 (d, 

J = 3.9 Hz, 2H, H-1), 4.58 (d, J = 8.0 Hz, 2H, H-1), 4.37 (d, J = 7.9 Hz, 2H, H-1).  

All of the observed peaks corresponding to the glycan functionalisation on the CDs were 

observed to have smaller diffusion coefficients than literature values of free sugars in solution 

therefore are attached to a particle of larger volume. A table of literature values of the diffusion 

coefficients for carbohydrates as well as the values for the DOSY peaks associated with the 

glycan-CDs are given in Table 2-1 for comparison. 
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Carbohydrate or 

Glycan-CD 

Diffusion Coefficient 

(´ 10-10 m2 s-1) 
Reference or Figure Number 

D-Glucose 6.3 (Nagy, Gyetvai, & Nagy, 2009) 

a-D-glucose 7.6 
(Yamanoi, Oda, & Katsuraya, 

2017) 

b-D-glucose 5.8 (Yamanoi et al., 2017) 

Glucose-CD 4.6 Figure 2-11 

D-Mannose 7.0 
(Mogi, Sugai, Fuse, & 

Funazukuri, 2007) 

a-D-Mannose 7.4 (Yamanoi et al., 2017) 

b-D-Mannose 6.85 (Yamanoi et al., 2017) 

Mannose-CD 4.2 Figure 2-12 

D-galactose 8.7 (Nagy et al., 2009) 

a-D-galactose 10.9 (Yamanoi et al., 2017) 

b-D-galactose 5.8 (Yamanoi et al., 2017) 

Galactose-CD 4.1 Figure 2-13 

Maltose 5.2 (Uedaira & Uedaira, 1969) 

Maltose-CD 3.4 Figure 2-14 

Lactose 5.6 (Ribeiro et al., 2006) 

Lactose-CD 4.1 Figure 2-15 

Table 2-1: The obtained glycan-CD diffusion coefficients are highlighted in red. These are 

taken from the average value for the hydrogen of the anomeric carbon of the glycan 

functionalisation of the CDs.  

  



 71 

2.4.2 FTIR 

The CDs were investigated using FTIR. The spectra support the conclusions made from NMR 

in Section 2.4.1. FTIR was conducted on a Bruker ATR. All measurements were made in 

HPLC-grade methanol. A comparison of the observed peaks within the spectra for each CD 

species are given in Table 2-2.  

 
Figure 2-16: FTIR spectra of each CD species.  
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Peak 

wavenumber 

(cm-1) 

Bond 
CD species 

Core Glucose Mannose Galactose Maltose Lactose 

870-890 
C=C bending 

X X X X X X 

940-950 X      

1040-1050 
ether C-O 

stretching 
X X     

1065-1110 

primary and 

secondary 

alcohol C-O 

stretching 

X X X X X X 

1330 

possibly 

phenol O-H 

bending 

X X X X X X 

1355 alcohol O-H 

bending 

X X     

1385-1410 X X X X X X 

1450-1460 
alkane C-H 

bending 
X X X X X X 

1555-1565 
C=C 

stretching 
 X X X X X 

1645-1650 
amide C=O 

stretching 
X X X X X X 

1725-1730 

carboxylic 

acid C=O 

stretching 

 X X X X X 

2875-2885 
sp3 C-H 

stretching 

X X X X X X 

2910-2925 X X X X X X 

2970-2990   X X X X 

3300 

alcohol O-H 

or amine N-H 

stretching 

X X X X X X 

3670-3690 
alcohol O-H 

stretching 
  X X X X 

Table 2-2: Peak identified by FTIR for each CD species. 
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2.4.3 Glycan-functionalisation quantification by the phenol-sulfuric acid assay 

The amount of glycan-functionalisation of each CD species was quantified using the phenol-

sulphuric acid assay previously developed by others (Masuko et al., 2005). This is where the 

carbohydrate is ring-opened by sulphuric acid and reacts with the phenol, this product has a 

characteristic absorbance peak at approximately 490nm. This allows conversion from observed 

absorbance to carbohydrate concentration using a calibration curve for the different 

carbohydrates which is shown in Figure 2-17. 

 
Figure 2-17: The absorbance calibration for the phenol-sulphuric acid assay. The peak 

absorbance was identified at 490nm for all the carbohydrates.  

The concentration of glycan in CD samples of known CD concentration was then determined 

using the same method. The results of this and the calibration are given Table 2-3.  
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CD 
species 

Absorbance 
(490 nm) 

Calibration factor 
(g / mM) 

vw of 
fitting 

Glycan-functionalisation 
/ CD mass (mmol / g) 

Core 0.123 - - - 

Glucose 0.760 1.3±0.5 0.8954 0.6±0.2 

Mannose 0.855 1.1±0.4 0.9314 0.8±0.3 

Galactose 1.028 0.6±0.1 0.9760 1.7±0.3 

Maltose 0.301 0.15±0.08 0.8038 2±1 

Lactose 0.305 0.25±0.08 0.9253 1.2±0.4 

Table 2-3: The results of the phenol-sulphuric acid assay for each CD species. Errors quoted 

are the 90% confidence intervals of fitting. 

There are several additional sources of error from this assay. Firstly, the observed glycan-

concentration is dependent on the ease of cleavage of the glycan from the CDs which will be 

affected by the presentation of the glycan on the CD, which AFM measurements demonstrate 

is not consistent between glycans, shown in Section 2.4.5. A signal is also observed for the 

core-CDs however it is unclear whether this signal will remain for the glycan-CDs as 

functionalisation may hinder the process that produces the species that causes this absorbance. 

2.4.4 SAXS 

SAXS measurements were obtained using a Ganesha 300XL (SAXSLAB) with a Pilatus 300K 

detector and an evacuated sample chamber. The CDs were dissolved in HPLC-grade methanol 

at 1.0 mg ml-1 and measured in 1.5mm borosilicate glass capillaries (Capillary Tube Supplies) 

sealed with UV-curable adhesive (Norland Optical Adhesive). Data were background corrected 

with a sample only containing solvent. Initial data processing was carried out using SAXSGUI; 

Guinier analysis was undertaken using Matlab. The Guinier analysis for each CD species is 

given in Figure 2-18 and the full raw spectra are provided in the appendix in Section 7.3.  
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Figure 2-18: Guinier plot for the CDs. Data are shown as red circles, the Guinier fits are 

shown as red lines. The calculated radii and adjusted r-squared values are given for each 

sample. 

2.4.5 AFM 
AFM experiments were performed with a Multimode VIII microscope and NanoscopeV 

controller operating with PeakForce feedback (Bruker) with SCANASY ST-FLUID+ 

cantilevers (Bruker). The cantilevers were specified with a tip radius < 2 nm, a spring constant 

of 0.7 N m-1 and a resonant frequency of 150 kHz. The samples were drop cast onto cleaved 

mica at 15 µl of 0.1pg ml-1 CDs in HPLC-grade methanol after which the excess was blown 

off with nitrogen. The samples were allowed to dry for 20 minutes before imaging. 

For the core-CDs, large fields of view were imaged to obtain a size distribution using 

AFM as the cores are easily differentiated from the background mica. The results are displayed 

as a histogram in Figure 2-19. There are several issues with size distributions from AFM: it 

intrinsically over-estimates the size-distributions as particles sized < 2nm are difficult to 
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observe and the AFM data may include some small aggregates where the sub-structure could 

not be resolved that have been regarded as a single CD.  

For each CD species, a single CD was imaged at high resolution to provide a detailed 

image of topography and tip-sample adhesion of the CD sub-structure. These adhesion data 

reveal that the core is a low adhesion centre (dark blue), consistent with crystalline or aromatic 

carbon surrounded by a high adhesion (light blue) associated with the glycan-corona, as would 

be expected for glycans. For each glycan-functionalisation, several additional CDs have been 

imaged at lower resolution to demonstrate that the morphology of the functionalisation shown 

in the high-resolution imaging is representative of the whole ensemble. 

Images of the glycan-CDs are given in Figure 2-21Figure 2-25; the radii of the CDs are 

given in Table 2-4; the increase in adhesion for the glycan-CDs compared to the background 

is given in Figure 2-26; a topographic map of the tip used to calculate the effective tip radius 

is given in Figure 2-27 and sample topographic profiles of each of the CDs are given in Figure 

2-28. 

 
Figure 2-19: Core-CD AFM size distribution with tip correction. f/N is the frequency of the 

particles divided by the total sample size. 
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Figure 2-20: Core-CD AFM. (A) high resolution image of topography, the height scale is 0-

1.9 nm; (B) high resolution image of tip-surface adhesion interaction, the scale is 0-0.37nN, 

where regions of low adhesion are displayed in dark blue, and stronger adhesion in light blue. 

 
Figure 2-21: Glucose-CD AFM. (A) high resolution image of topography, the height scale is 

0-5.5 nm; (B) high resolution image of adhesion interaction, the scale is 0-0.49 nN; (C-G) 

topography images of additional glucose-CDs, the height scale is 0-8nm.  
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Figure 2-22: Mannose-CD AFM. (A) high resolution image of topography, the height scale is 

0-5.8 nm; (B) high resolution image of adhesion interaction, the scale is 0-0.76 nN; (C-G) 

topography images of additional mannose-CDs, the height scale is 0-6nm. 

 
Figure 2-23: Galactose-CD AFM. (A) high resolution image of topography, the height scale is 

0-2.2 nm; (B) high resolution image of the tip-surface adhesion interaction, the adhesion scale 

is 0-3.2 nN; (C-G) topography images of additional galactose-CDs, the height scale is 0-6nm.  
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Figure 2-24: Maltose-CD AFM. (A) high resolution image of topography, the height scale is 

0-4.5 nm; (B) high resolution image of tip-surface adhesion interaction, the adhesion scale is 

0-0.11 nN; (C-G) topography images of additional maltose-CDs, the height scale is 0-6nm. 

 
Figure 2-25: Lactose-CD AFM. (A) high resolution image of topography, the height scale is 

0-3.5 nm; (B) high resolution image of the tip-surface adhesion interaction, the scale is 0-0.46 

nN; (C-G) topography images of additional lactose-CDs, the height scale is 0-6nm.  
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CD species 
Core Glycan 

Height (nm) Radius (nm) Maximum radius from core (nm) 

Core 1.13 3.34 - 

Glucose 3.55 5.69 15.42 

Mannose 3.38 3.92 16.11 

Galactose 1.21 2.94 12.15 

Maltose 2.27 2.70 10.92 

Lactose 2.18 2.94 7.74 

Table 2-4: The height and radii for each CD species from AFM. N=762 for the core-CDs and 

N=6 for the glycan-CDs. 

 
Figure 2-26: Glycan-CD tip adhesion comparison. The percentage increase of the tip-surface 

adhesion interaction across the glycan-functionalised CDs was normalised against the 

background mica. The adhesion of the glycan-CD is taken across the whole CD, the adhesion 

of the mica is taken from a portion of the remainder of the same field.  For each glycan 

functionalisation (14-35)´103 adhesion measurements are used. The error bars correspond to 

the standard deviation.  
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Figure 2-27: AFM tip topography. The topography of the AFM tip generated using tip-

deconvolution of a known standard aluminium grid. The effective tip radius was calculated to 

be 0.35 nm.  

 
Figure 2-28: Typical topographic line profiles of the CD species. 
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2.4.6 ELS   

ELS measurements of zeta potential were made using a Malvern Instruments Nano-Z ZEN 

2600. All measurements were conducted in HPLC-grade methanol, at 25°C and at a 

concentration of 1.0 mg/ml. Before analysis the CDs were sonicated for a minimum of 30 

minutes. Each sample was averaged over 400 runs. 

 
Figure 2-29: Zeta potential and conductivity for the different CD functionalisations. 

2.4.7 DLS 
DLS measurements were made using a Malvern Instruments, Zetasizer Ultra. Samples were 

prepared at a concentration of 1.0 mg/ml in HPLC grade methanol. The samples were sonicated 

for an hour and passed through a 220nm syringe filter before measurement, no significant 

aggregation was observed during the length of the measurement. Although DLS shows an 

increased radius for the glycan-functionalised CDs, it is possible that the carbohydrates do not 

scatter as well as the core and are not as easily observed.  
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Figure 2-30: DLS comparison of CD hydrodynamic radii. Each value is an average collected 

over 45 minutes. This agrees with previous DLS measurements of both core and lactose-

functionalised CDs which were measured in water (Hill et al., 2016).  

2.4.8 TEM 

TEM was performed on samples drop cast onto 4 nm thick carbon-coated 3mm-copper grids. 

The samples were prepared in HPLC grade H2O. The CDs were imaged with a 2100 TEM 

(Jeol) with an accelerating voltage of 200kV.  

 With this setup, it proved impossible to directly image the glycan-functionalisation or 

the aromatic domains of the CDs via TEM which is probably due to the low electron cross-

section when compared to crystalline-carbon core. This is confirmed in the imaging as the 

crystalline lattice appears to span the particle, suggesting only the crystalline domain provides 

sufficient contrast. The size distributions of each of the CDs are given in Figure 2-31. The size 

distributions agree with previous TEM measurements (Hill et al., 2016) however it should be 

noted that TEM is intrinsically an underestimate of particle size. Example images of each of 

the CDs are shown in Figure 2-32Figure 2-37. For the core-CDs it is possible to image the 

crystalline lattice (Figure 2-32) and lattice spacings of 0.21 nm and 0.25 nm were observed by 

line profiles which are shown in the appendix in Section 7.4. The spacings from TEM images 

correspond to the (111) and (110) of the sp3-crystalline carbon, in agreement with previous 

measurements (Hill et al., 2016).  
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Figure 2-31: CD TEM size distributions. Each distribution is shown with the mean radius, the 

sample size and a simplified schematic of the chemical structure. 
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 Figure 2-32: Core-CD TEM images. (Top) shows a wide field view of a population of dots; 

(bottom) shows several dots at high resolution to show the crystalline-carbon lattices.  
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Figure 2-33: Glucose-CD TEM image.  

 
Figure 2-34: Mannose-CD TEM image. 
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Figure 2-35: Galactose-CD TEM image.  

 
Figure 2-36: Maltose-CD TEM image.  
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Figure 2-37: Lactose-CD TEM image. 

2.4.9 UV-Visible absorbance spectroscopy	
The UV-visible absorbance spectra of glycan and core CDs are given in Figure 2-38. The 

spectra were measured using a Cary UV-Visible 50 (Agilent) with a 3mm path-length quartz-

cuvettes (Thor Labs). The CDs were prepared in HPLC-grade methanol at 1.0 mg ml-1.  

 The spectra all show strong absorption peaks at both ~275 and ≤200 nm as well a weak 

absorption shoulder between 300 and 400 nm which appears to be sensitive to glycoside.  

 
Figure 2-38: UV-visible absorption spectra for the CDs. 
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2.4.10 2D fluorescence  

The 2D excitation-emission correlation fluorescence spectra for all the CD species are given 

in Figure 2-39. Measurements were made using a LS45 spectrometer (Perkin-Elmer). The CDs 

were prepared at 1.0 mg/ml in HPLC grade methanol in a 3mm path length quartz cell (Thor 

Labs).  

 The local maxima observed for each spectra are given in Table 2-5 which identifies 

several spectral features that are preserved for the CD species: the main fluorescence band 

(peak 3) with an excitation and emission maxima at 390-420 nm and 460-480 nm; the high-

energy excited state (peak 1) excitation 240-260 nm that follows Kasha’s rule and decays to 

the same state as peak 3 before fluorescence and therefore shares its emission maxima; and at 

least one non-Kasha pathway fluorescence (peak 2) that is only observed for the glycan-CDs 

which is slightly higher energy to peak 3. This suggests that peaks 1 and 3 are connected whilst 

peak 2 is disconnected from the others. The position and relative intensities of each local 

maxima is clearly dependent on glycoside with some similarities being observed for similar 

glycosides.  

 

Figure 2-39: Two-dimensional excitation-emission fluorescence spectra of the CDs. Where IF 

is the observed intensity of fluorescence in arbitrary units. 
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CD Species 
Peak 1 (nm) Peak 2 (nm) Peak 3 (nm) 

Excitation Emission Excitation Emission Excitation Emission 

Core 243 465   407 478 

Glucose 260 470 396 463 420 485 

Mannose 245 463 359 450 398 475 

Galactose 244 458 358 448 391 466 

Maltose 262 467 398 464 422 485 

Lactose 244 456 350 445 390 463 

Table 2-5: CD fluorescence local maxima. The glycosides that share a monomer unit are 

shown in the same colour, blue or green for glucose or galactose monomers respectively.  

2.4.11 Fluorescence quantum yield  

The quantum yield (QY) of the CDs was calculated by measuring the fluorescence intensity as 

a function of absorbance (varied by changing concentration) and then using comparison with 

quinine sulphate of known QY, this is given in Figure 2-40 and Table 2-6.  

 
Figure 2-40: Fluorescence quantum yield measurements for the CDs. The fluorescence was 

integrated across the emission spectrum at a 340nm excitation. All measurements were made 

in 0.1M H2SO4. Quinine sulphate was used as a control (QY =0.54) quantum yields are given 

in Table S4.  
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CD species Quantum Yield vw 

Core 0.20±0.01 0.9964 

Glucose 0.18±0.01 0.9956 

Mannose 0.13±0.01 0.9801 

Galactose 0.12±0.01 0.9838 

Maltose 0.116±0.006 0.9960 

Lactose 0.12±0.01 0.9739 

Table 2-6: QY values for each CD species. Errors in QY are the 90% confidence intervals of 

fitting. 

2.4.12 Cu2+ fluorescence quenching 
Whether fluorescence-quenching charge-transfer is possible from the CDs to positive ions in 

solution was probed by measuring the interaction between the core-CDs and Cu2+ ions in 

solution using CuCl2. The effect of CuCl2 concentration of the florescence of the core-CDs is 

given in Figure 2-41.  

 
Figure 2-41: The fluorescence quenching of core-CD by Cu2+ ions. The fluorescence spectra 

were measured with a 340 nm excitation and increasing CuCl2 concentration. The grey arrow 

indicates the effect of increasing [Cu2+]. 

The majority of the fluorescence is uniformly quenched upon addition of 50 mM of Cu2+ ions, 

the Stern-Volmer plot for the emission at 450 nm is given in Figure 2-42 which shows the 



 92 

presence of either weak binding or photo-chemistry as collisional quenching would provide a 

linear relationship. To investigate this further the dependence of the absorbance spectrum on 

the addition of CuCl2 was investigated across a wide range of concentrations and is given as a 

concentration-wavelength correlation absorbance plot in Figure 2-43. From this it is clear that 

there is a dramatic change in the profile of the absorbance spectra beyond the addition of the 

two component spectra at a concentration above 20 mM by the flattening of the CD 

characteristic peaks at 200-300 nm.  

 
Figure 2-42: Stern-Volmer plot for quenching of core-CD fluorescence by Cu2+ ions. Values 

taken at 450nm emission and 340nm excitation. Stern-Volmer fitting for weak binding was 

observed, giving the following parameters which are explained fully in Section 3.3.2: 

kq=0.07±0.04 mM-1 ns-1, V=0.030±0.008 ml mol-1, 7#=0.9975. 

 

Figure 2-43: 2D concentration-wavelength correlation absorbance plot for core-CD - Cu2+ ion 

interactions.  
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2.4.13 TA 

For investigation by TA the CDs were pumped at 340 nm and probed with a white light 

supercontinuum with pump-probe time delays between -1 and 1000ps. The spectra for the 

excited state absorption (ESA) of the CDs are given in Figure 2-44. Although there are clear 

similarities between the spectra, there is also a strong glycoside dependence in the 450-350nm 

region and to demonstrate this further the spectra of the ESA 3ps after excitation are shown in 

Figure 2-45. Details of the TA setup are given in the appendix in Section 7.6.1. TA experiments 

employed a 340 nm pump excitation so that they are in a region of high absorbance that also 

excites fluorescence, determined in Section 2.4.9 and Section 2.4.10. 

 
Figure 2-44: TA spectra for the different CD species. All TA experiments were conducted in 

HPLC-grade methanol. 

 
Figure 2-45: ESA spectra for the core and glycan-functionalised CDs 3ps after excitation.  
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The TA spectra of the CDs were decomposed into evolution assisted decay spectra (EADS) 

using global analysis to obtain lifetimes. The detailed results of global analysis are given in the 

Appendix in Section 7.6.2. Three sequential lifetimes (t1-3) were obtained and assigned to 

solvent reorganisation, then vibrational relaxation, finally followed by a long lived fluorescent 

state. The lifetimes of the EADS are given in Table 2-7 and the clear glycoside dependence of 

the lifetimes  

CD species t1 / ps t2 / ps t3 / ns RMS /10-5 

Core 5.4 ± 0.1 54.6 ± 0.4 1.22 ± 0.01 3.40 

Glucose 11.0 ± 0.3 71.0 ± 2.0 1.5 ± 0.1 4.50 

Mannose 4.2 ± 0.1 45.1 ± 0.3 1.12 ± 0.01 3.65 

Galactose 13.6 ± 0.2 116.0 ± 5.0 1.5 ± 0.2 4.00 

Maltose 15.0 ± 1.0 115.0 ± 4.0 10.0 ± 3.0 4.59 

Lactose 4.5 ± 0.2 32.5 ± 0.6 1.27 ± 0.01 4.80 

Table 2-7: The EADS lifetimes for each CD species. These were calculated by global analysis 

of TA data, additional information given in the Appendix and their associated root mean 

square (RMS). 

2.5 Discussion 
The aims of this work were to synthesise and characterise a range of novel glycan-

functionalised CDs. This was successfully achieved and the discovered properties outlined 

along with their implications below.  

2.5.1 Proposed physical and chemical structure 

The chemical structures of the CDs were investigated by NMR, FTIR and the phenol-sulphuric 

acid assay in Sections 2.4.1, 2.4.2 and 2.4.3 respectively. The chemical structure was found to 

be as designed in the synthesis, successful glycan functionalisation was confirmed and as was 

similar to that previously found by others (Hill et al., 2016).  

 The physical structure of the CDS was studied by SAXS, AFM, ELS, DLS and TEM 

in Sections 2.4.4 to 2.4.8. An estimate for the radii of the CDs can also be obtained by DOSY 

(Section 2.4.1.1) however these results may be regarded as inaccurate as this is not the primary 
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function of DOSY. For comparison, a summary of the results for each of the synthesised CD 

species from these techniques are given in in Table 2-8.  

CD 

species 

Radius (nm) 

AFM TEM SAXS DLS DOSY 

Core 3.03±0.05 1.25±0.01 2.8±0.2 3.0±0.2 0.55-1.36 

Glucose 5.69-15.42 1.41±0.01 1.9±0.4 3.7±0.2 0.51-1.12 

Mannose 3.38-16.11 1.294±0.008 2.8±0.2 3.6±0.2 0.48-1.64 

Galactose 2.94-12.15 1.512±0.009 2.3±0.2 3.9±0.2 0.48-1.64 

Maltose 2.7-10.92 1.45±0.07 1.9±0.3 4±1 0.68-0.94 

Lactose 2.94-7.74 1.72±0.01 2.3±0.3 4.0±0.9 0.58-1.36 

Table 2-8: CD radii from different techniques. The AFM radii for the glycan-CDs is the 

range from the core radius to the outermost glycan-corona, DOSY radii is the range 

observed within the DOSY spectra. All other radii are quoted as the mean with the error on 

the mean.  

For the core-CDs TEM provides a measure of the radius of the crystalline carbon domain of 

the CDs as 1.25 ± 0.01 nm which was demonstrated by the sp3 crystalline carbon lattices which 

reach the edges of the CDs that are observed by TEM. The full radius, including stabilising 

non-crystalline domains, of the CDs was observed by SAXS, AFM and DLS. All three of these 

techniques agree on a radius of ~3 nm. This provides a core-shell model for the core-CDs of a 

2.5 nm diameter sp3 crystalline core surrounded by a ~1.7 nm aromatic shell.  

 The physical structure of the glycan-functionalisations is significantly more difficult to 

determine. Although minor increases in radius were observed by TEM, SAX and DLS, only 

high-resolution AFM provided clear insights into the functionalisation sub-structure. This is 

because of the low electron, x-ray and light scattering cross-sections of carbohydrates in 

comparison to crystalline-carbon which gives poor resolution, however AFM does not require 

these properties. Comparison of AFM images of each of the glycan-CDs demonstrated the 

differences in homogeneity of the glycan-corona produced by changes in the glycoside which 

is given in Figure 2-46.  
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Figure 2-46: AFM topography of each CD-species. A-F correspond to the core, glucose 

mannose, galactose, maltose and lactose glycoside functionalised CDs respectively. 

This is the first demonstration of the dependence of the physical structure of glycan-

functionalisation on the glycoside and this has wide-reaching applications in both biological 

and sensing applications. From this wide range of characterisation techniques of functionalised 

CDs, I put forward a general schematic for the combined physical and chemical structure which 

is given in Figure 2-47.  

 
Figure 2-47: Proposed physical and chemical structure for the glycan-CDs.  
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2.5.2 Proposed electronic structure 

The electronic structures of the naked and carbohydrate functionalised CDs were investigated 

utilising steady-state absorption, fluorescence and ultrafast transient-absorption spectroscopy 

in Sections 2.4.9 to 2.4.13. The spectra as well as calculated lifetimes were observed to be 

similar to those previously measured by others using microwave syntheses from similar starting 

materials (Dekaliuk et al., 2014; Strauss et al., 2014). 

 Three key peaks were observed in the steady-state absorption spectra, centred at 350, 

275 and 200 nm. The profile of the spectra is similar to that observed for aromatic or graphitic 

carbon which corresponds to the surface domains of the CDs and the crystalline sp3 domain is 

transparent in the UV-visible range as would be expected. Whilst the functionalisation of the 

CDs did not significantly affect the absorption spectra below 300nm, the absorption in the 

>300nm section of the spectra, specifically the peak at ~350nm, showed dependence on the 

glycoside. This indicates that this section of the absorbance corresponds to a surface domain 

that interacts with the functionalisation and that, rather unexpectedly, the glycan-

functionalisation interacts with the electronic structure of the CDs, unlike what has been 

observed with CdSe QDs (Guyot-Sionnest, Wehrenberg, & Yu, 2005). 

 The fluorescence of the CD species was investigated using 2D excitation-emission 

correlation spectroscopy. Three local fluorescence maxima were observed for the CDs, a main 

fluorescent band with an excitation and emission maxima at 390-420 nm and 460-480 nm; a 

Kasha fluorescence with an excitation 240-260 nm that shares its emission with the first state; 

and a non-Kasha fluorescence that is only observed for the glycan-CDs which is slightly higher 

energy to the first fluorescence. This non-Kasha fluorescence has been observed by others with 

similar CDs and labelled “dual fluorescence” (Strauss et al., 2014, 2016). The glycan 

functionalisation was also noted to produce a minor reduction in QY of fluorescence. 

 The addition of Cu2+ ions was observed to strongly quench the fluorescence of core CD 

fluorescence with spectral uniformity. This was done to probe whether electron transfer from 

the CDs to Cu2+ ions occurs in solution and inhibits radiative relaxation (Sciortino et al., 2017; 

Strauss et al., 2014, 2016; W. Wang et al., 2017). This observation suggests that the CDs should 

be viewed as semi-conducting nanoparticles with Wannier-Mott type excitons with low 

binding energies. 

 Transient absorption spectroscopy (TA) was used to probe the excited states of the 

different CDs. The TA spectra are similar to those measured by others of microwave-

synthesised CDs (Strauss et al., 2014). The spectra are predominantly a broad excited state 



 98 

absorption (ESA) with significantly smaller contributions from the ground state bleaching 

(GSB). Global analysis was utilised to determine the lifetimes of the spectral evolution of these 

overlapping transient features. A three-sequential lifetime kinetic scheme was applied to the 

data. The shortest and first lifetime, t1, is assigned to the solvent re-organization lifetime and 

agrees with previously measured values for the re-organisation of methanol (Horng, Gardecki, 

Papazyan, & Maroncelli, 1995). There is no clear relationship between the conjugated 

glycoside, height of the surface functionalization and the value of t1. The changes in t1 may 

therefore correspond to the solvent access to the fluorescent domain of the CDs, i.e. the surface 

aromatic domains, and could be modulated by the glycan-corona. The second lifetime (t2) is 

longer than the first and positively correlated with t1 and has been assigned to the multistep 

vibrational relaxation. The final lifetime (t3)  is on the nanosecond scale for all the CDs and 

has been assigned to surface domains where exiton-trapping may occur and is consistent with 

previously reported fluorescence lifetimes for a range of carbon dots synthesised via a range 

of methods (Dekaliuk et al., 2014; Fernando et al., 2015; Sciortino et al., 2017; Strauss et al., 

2014, 2016; W. Wang et al., 2017). 
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3 Carbon dot – pigment interactions 

3.1 Collaborator contributions 
Whilst all the data presented in this chapter is my own much of it was obtained with the 

assistance and advice of my collaborators who include: Marta Duchi and Thomas Oliver (TA); 

and Daniel Fagan (HPLC).  

3.2 Aims 
In this chapter, the interactions between CDs and plant-pigments are explored. These 

interactions are modulated by the functionalisation of the CDs with glycosides (as synthesised 

and characterised in Chapter 2.) The motivation for this line of enquiry is based on the previous 

literature that demonstrates the interactions between carbohydrates and proteins or lectins can 

be modulated by the glycoside (Dammer et al., 1995; Hudson et al., 2015; Weis & Drickamer, 

1996). Whilst this study was initially undertaken as a screening to identify suitable synthetic 

probes to utilise to interact with photosynthesis or photo-protection, it eventually yielded 

significantly more information than that.  

3.3 Methods 
Plant pigments were extracted by preparatory high-performance liquid-chromatography (prep-

HPLC), protoporphyrin-IX and hemin were purchased without further purification (Sigma). 

The interactions between the molecules and the CDs are then investigated using absorbance, 

fluorescence and TA spectroscopy, the details of which methods are given in Sections 2.3.9.1, 

2.3.9.2 and 2.3.9.3 respectively.  

 

3.3.1 Preparatory-HPLC of plant pigments 

To investigate the interactions between pigments and CDs pigments were extracted from plant 

material which was done using preparatory-HPLC (prep-HPLC). The methods used are based 

on those previously developed by others (Van Heukelem & Thomas, 2001) for applications in 

analytical-HPLC to study pigment production in detail however they can be applied 

successfully to prep-HPLC. Spinach leaves were used as starting material. 50g of the leaves 

were flash frozen in liquid nitrogen, homogenized then suspended in 200ml of 95% acetone. 

This mix is then passed through a 200nm syringe filter and incubated under nitrogen in the 
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dark at 4°C for 16 hours. The incubated mix is passed through a 200nm pore syringe filter. The 

resulting filtrate was stored in the dark at -80°C until purification by HPLC.  

A Reveleris X2 preparatory-HPLC (Büchi) was used with a stationary phase 3.5 µm 

spherical silica particle with an 80Å pore size column (Agilent, Eclipse XDB C8, 

4.6mmx150mm). This was done at room temperature due to the setup however the minor 

variation in elution time caused by this is not significant in a non-analytical experiment. Two 

solvents were used to the chromatography, initially 80% methanol water mix at pH 6.4 which 

was increased to 100% methanol over 30 minutes. All the solvents used throughout were 

HPLC-grade. 

3.3.2 Fluorescence Quenching 

Dynamic, otherwise known as collisional, quenching of the CD fluorescence was observed 

with lutein, protoporphyrin-IX and hemin. This is governed by the Stern-Volmer equation and, 

in the case of ideal interactions between hard spheres, the Stokes-Einstein equation. These are 

shown below respectively: 

 UW
U
=
yW
y
= 1 + 9zyW ' = 1 + 9{|['] 

[21] 

  

9z =
87H
3M

 

 

[22] 

where U  is intensity of fluorescence, y  is the fluorescence lifetime, 9V  is the quencher rate 

coefficient, 9{| is the Stern-Volmer coefficient and ['] is the quencher concentration, 7 is the 

ideal gas constant, H	is the temperature in Kelvin and M is the viscosity of the solution.  

In the case of the chlorophylls there is a weak binding to the CDs without the formation of a 

ground-state complex. This means there will be a sphere of action in which the dark-complex 

exists. The relationship for this is given by equation 23  

 UW
U
= 1 + 9VyW ' . +|[�] 

[23] 

where V is the volume of the sphere of action.  
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3.4 Results 

3.4.1 Pigment extraction 

The pigments for study were extracted from spinach leaves by HPLC. The absorbance 

spectra of the samples are given in Figure 3-1 and the HPLC chromatogram is given in Figure 

3-2. Due to the dark adaption of the leaves no zeaxanthin or antheraxanthin were observed in 

the samples. It was not possible to separate a-carotene and b-carotene, so the peak is simply 

labelled carotene however the observed peak would be expected to be predominantly b-

carotene.  

 

Figure 3-1: HPLC extracted-pigment absorption spectra. Elution times are quoted for each 

pigment at their peak absorbance within the chromatogram. 
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Figure 3-2: Extracted pigments HPLC chromatograms. 

3.4.2 Fluorescence quenching  

From Stern-Volmer plots it is obvious that there is a weak binding event with the chlorophylls 

however this is not observed with protoporphyrin-IX or hemin which are both similar tetra-

pyrrole structures with a coordinated metal ion nor with the lutein. From these plots the kq and 

kSV can be obtained. All Stern-Volmer plots are given in the appendix in Section 7.7. 

Interestingly no chlorophyll fluorescence was observed for any of the mixes, demonstrating 

that there is no energy transfer from the CDs to the chlorophylls despite there being favourable 

spectral overlap. The longest lifetime of the ESA for each CD species obtained in Section 

2.4.13 was used as the fluorescence lifetime to calculate kd. The results of the Stern-Volmer 

kinetics are given in Figure 3-3 and 3-4. 

 
Figure 3-3: Chlorophylls CDs quenching constants and sphere of action volumes. 7#≥0.9846 

for all fits. 
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Figure 3-4: Lutein, protoporphyrin-IX and hemin CDs quenching constants. 7#≥0.9526 for all 

fits.  

3.4.3 TA 
Chlorophyll-a was mixed with the CDs and investigated by TA to observe any interactions that 

may be occurring on the ultrafast timescale when the CD is excited. This would provide 

evidence for energy-transfer events such as FRET or even electron transfer. Due to the expense 

and difficulty of these experiments they were initially performed only with chlorophyll-a. The 

spectra of the chlorophyll-a and the CD mixes are given in Figure 3-5 and Figure 3-6. The 

core-CD TA spectra has previously been given in Figure 2-44. The chlorophylls were kept at 

0.50 mM and the CDs were used at 1.0 mg ml-1 and all experiments were conducted at HPLC-

grade methanol so that both the chlorophyll and CDs could be dissolved. The chlorophyll was 

kept as cold as possible during experiments to prevent degradation.  
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Figure 3-5: Chlorophyll-a TA spectrum. 

 

Figure 3-6: Chlorophyll-a CD mixes TA spectra. 

No differences are observed in the spectral features of the excited-state between the controls 

and different CD-functionalisations. Differences in the DmOD can be attributed to variations 

in pump or probe irradiance. This is highlighted in Figure 3-7. 
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Figure 3-7: Chlorophyll-a CD mix TA spectrum 10ps after excitation. The excited state 

absorption (ESA) and the ground state bleach (GSB) features are indicated at ~440nm and 

470-520nm respectively.  

3.5 Discussion	
This chapter demonstrates the successful extraction of the key pigments in photosynthesis and 

photo-protection from leaves and their separation by HPLC. The interactions between these 

pigments along with purchased pigments and functionalised CD species was investigated by 

the quenching of the CD fluorescence and the Stern-Volmer kinetics. The analysis found that 

there is dynamic quenching of CD fluorescence by lutein, protoporphyrin-IX and hemin as well 

as weak binding quenching by chlorophylls a and b. This investigation also displays a clear 

dependence of the rate of quenching and weak binding strength on the glycoside utilised for 

functionalisation. The findings have implications on the design and choice of functional 

nanomaterials in sensing and biological applications.  

 To study the interactions and the possible photochemistry between CDs and 

chlorophylls further, mixes of CDs and chlorophyll-a were investigated using transient 

absorption spectroscopy (TA). Unfortunately, it proved impossible to deconvolute the spectral 

features produced by the chlorophyll from those corresponding to the CDs due to their large 

spectral overlap in the ESAs. This meant that determining the effect of the chlorophyll on the 

lifetimes of the CDs was not possible. To overcome this limitation experiments could be 

conducted utilising time-correlated single-photon counting (TCSPC) which is discussed further 

in Chapter 5. 
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4 Carbon dots in plants 

4.1 Associated publications 
This chapter shares many of its methods and results with a paper of which I am the first author: 

• Swift, T. A., Oliver, T. A. A., Galan, M. C. and Whitney, H. M. (2018) ‘Functional 

nanomaterials to augment photosynthesis: evidence and considerations for their 

responsible use in agricultural applications’, Interface Focus. In Press 

• Swift, T. A., Benito-Alifonso, D., Hill, S. A., Yallop, M. L., Lawson, T., Galan, M. C. 

and Whitney, H. M. (2018) ‘Glycan-functionalised carbon dots enhance 

photosynthesis and crop productivity’. Under Review 

Whilst all the data presented in this chapter is my own some of it was obtained with the 

assistance and advice of my collaborators, who include: Daniel Fagan (HPLC); Tracy Lawson 

and James Stephens (chlorophyll fluorescence, IRGA).  

4.2 Aims 
The key aim of this Chapter is to investigate the effects of CD treatment on the photosynthesis 

and productivity of a key crop species, Triticum aestivum ‘Apogee’ (elite bread wheat) and 

how this is modulated by glycan-functionalisation. This was investigated using chlorophyll 

fluorescence, gas exchange, fluorescence microscopy, analytical –HPLC of extracted pigments 

and direct measurements of physiology. 

 This was done with the aim of improving on previous work in the field of plant 

nanobionics demonstrating that CNTs can enhance ETR (Giraldo et al., 2014) and that CDs 

can be taken up by plants and may have a similar effect (Chandra et al., 2014; Wei Li et al., 

2016) with the goal of realising enhanced yields from plant nanobionics. 

4.3 Methods 

4.3.1 Chlorophyll fluorescence 

Chlorophyll fluorescence is possibly the most common method of measuring photosynthesis. 

The intensity of chlorophyll fluorescence produced by plants is high, making it relatively 

simple to detect which is displayed in Figure 4-1. This technique is powerful because with few 

measurements one elucidates a broad range of information about the performance of plants. 

However the technique should be treated with caution as the contribution of so many factors 

to one signal can easily lead to misinterpretation unless one is meticulous with the analysis 
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(Horton et al., 1996; Kramer, Johnson, Kiirats, & Edwards, 2004; Lazar, 1999; Murchie & 

Lawson, 2013).  

	
Figure 4-1: Reflectance and fluorescence images of Fucus microcarpa leaves taken from 

Stirbet et al. (Stirbet, Riznichenko, Rubin, & Govindjee, 2014). The left (green) image of the 

leaves trans-illuminated with white light demonstrating how leaves absorb the red and blue 

light. The right (red) image is the same leaves epi-illuminated in the UV, imaged using a long-

pass filter to remove the excitation light, showing the high intensity chlorophyll fluorescence.  

The fluorescence of PSII is controlled by electron transport chain and the mechanisms of NPQ. 

The ability to probe PSII is only possible because its fluorescence is dependent on the light 

environment the photochemistry is adapted to. This is known as the “Kautsky Effect”, named 

after Kautsky and Hirsch, who first observed the effect in 1931 (Kautsky & Hirsch, 1931). It 

was not until over thirty years later when Duysens, Clayton and others quantified the effect  

with an improved understanding of the two photosystems (Clayton, 1967; Duysens & Amesz, 

1962; Duysens, Amesz, & Kamp, 1961; Vredenberg & Duysens, 1965; Witt, Müller, & 

Rumberg, 1961) and another fifteen years until Butler described a model of how the energy is 

distributed into four components (Butler, 1978). The distribution of energy absorbed by PSII 

is shown in Figure 4-2.  
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Figure 4-2: Schematic of how the energy absorbed by PSII is distributed. The fluorescence is 

measured at 680nm; the photochemistry corresponds to the charge separation in RCII and can 

be considered as proportional to the rate of electron transport between PSII and PSI although 

this is not always true (Murchie & Lawson, 2013); NQP corresponds to regulated non-

photochemical quenching such as the xanthophyll cycle; NO is the unregulated non-

photochemical quenching, such as heat, which is often assumed to be constant.  

4.3.1.1 Pulse Amplitude Modulated Fluorescence (PAM) 

Krause, Weis, Bradbury and Baker all provided key work in the development of chlorophyll 

fluorescence from theory to applied technique in the 1980s (Bradbury & Baker, 1981, 1984; 

G. H. Krause, Vernotte, & Briantais, 1982; G. Heinrich Krause & Weis, 1984). However the 

use of pulse amplitude modulation (PAM) in a landmark paper by Schreiber, Schliwa and 

Bilger in 1986 allows the calculation of the quantum yield of each fraction of energy 

distribution (Schreiber, Schliwa, & Bilger, 1986).  PAM works on the following principles: the 

plant is dark-adapted prior to measurement so that the fluorescence when all of the PSII 

complexes are able to absorb light or “open” (known as FO) can be measured using pulses of 

sufficiently low-irradiance to not affect the photochemistry; then a high-irradiance saturating-

pulse is then used to “close” all of the PSII complexes, and the fluorescence intensity 

immediately after this pulse is measured and known as Fm. This is shown in the dark-adapted 

section of Figure 4-3. From this approach, the maximal quantum yield of PSII can be calculated 

(shown in Table 4-1) which was done by Björkman and Demmig with 44 different vascular 
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plants at 77K and 692nm where remarkably the quantum yield was found to be independent of 

species at 0.832±0.004 (Björkman & Demmig, 1987).  

 

 
Figure 4-3:A schematic of a traditional PAM sequence. This is the PAM for a dark adapted 

and illuminated sample. The blue dashed lines indicate when a saturating pulse is applied.  The 

green shaded area indicates when an actinic light is applied.  

The performance of a plant in a range of light conditions can also be studied using PAM by 

applying a constant “actinic” light of high enough irradiance to alter the photochemistry and is 

shown in the illuminated side of Figure 4-3. This was attempted by Schreiber et al in their 

previously mentioned paper however it was not until 1988 that Eilers and Peeters developed a 

model for the rate of photosynthesis with actinic irradiance (Eilers & Peeters, 1988; Schreiber 

et al., 1986).  They had a problem in calculating or measuring the effective value of FO for a 

sample after illumination (known as FO‘) or without dark adapting the sample. This was 

overcome by Genty, Braintais and Baker by measuring the yield just prior to the application of 

the saturating pulse (known as Ft) and using this to calculate an operating efficiency of PSII 

under actinic light Fq’/Fm’ (Genty, Briantais, & Baker, 1989). The calculation for Fq’/Fm’ as 

well as a description of the other measured and calculated values are shown in Table 4-1. 
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Parameter Other names Formula Description 

?Ä - - 
Fluorescence yield prior to saturating 

pulse 

?W - - Dark fluorescence yield 

?W′ - - 
Minimal fluorescence yield (post-

illumination) 

?Ç - - 
Maximal fluorescence yield (dark 

adapted) 

?Ç′ - - 
Maximal fluorescence yield 

(illuminated sample) 

?É
?Ç

 &ÑUU 
?Ç − ?W
?Ç

 
Maximal quantum yield of PSII 

(dark adapted) 

?É′
?Ç′

 

XE, Maximum 

Efficiency, 

ÖVÜ 

?Ç′ − ?W′
?Ç′

 
Maximum efficiency of PSII 

photochemistry (illuminated) 

áàâ

áäâ
, 

Operating 

Efficiency, 

Y(II), OE, 

Ö&ÑUU,	 áàâ
áäâ

,  

?Ç′ − ?Ä
?Ç′

 
Operating efficiency of PSII electron 

transport (illuminated) 

N& 
EF, Efficiency 

Factor 
?Ç′ − ?Ä
?Ç′ − ?W′

 
Photochemical quenching (Puddle 

Model) 

D&' - 
?Ç − ?Ç′
?Ç′

 Non-photochemical quenching 

qL  
(?Ç′ − ?Ä). ?Ä
(?Ç′ − ?W′). ?W

 
Fraction of PSII that are “open” 

(Lake Model) 

Y(NO) ÖD$, NO 
1

D&' + 1 + Nã. ?Ç/?W − 1
 

Quantum yield of non-regulated 

energy loss 

Y(NPQ) ÖD&' 1-ÖNO-OE 
Quantum yield of regulated energy 

loss 

No - - 
NPQ caused by high energy light 

induced proton transport to lumen 

NU - - 
NPQ caused by Photo-inhibition by 

photochemistry 

NH - - 
State transitions due to 

phosphorylation of LHCII 

PPFD PAR  Photosynthetic photon flux density 

Table 4-1: The	values	that	can	be	measured	or	calculated	using	PAM.  
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4.3.1.2 Models of PSII 

The developments by Genty, Briantais, & Baker were rapidly applied in conjunction with other 

techniques to experiments in the field (Bolhàr-Nordenkampf et al., 1989; Fryer, Andrews, 

Oxborough, Blowers, & Baker, 1998) however there was a need for an improved model for the 

changes of PSII under actinic light. In 1993 Eilers and Peeters suggested that PSII can exist in 

three states: open, closed and inhibited (Eilers & Peeters, 1993). They hypothesised that plants 

can be considered an ensemble of independent “photosynthetic factories” (PSFs) using linear 

differential equations for the transitions of the PSFs between states. The coefficients of these 

differential equations: actinic light, photo-inhibition, temperature etc. were combined into what 

has become known as the puddle model to calculated the “openness” of PSII (qP.)  

 Since the development of the puddle model it was found that qP is not always linearly 

related to the fraction of open PSII and is affected by factors such as electron transport, 

suggesting that each PSF cannot be considered independent of each other (Baker, Oxborough, 

Lawson, & Morison, 2001). This has led to the development of three additional models: 

connected units; domain; and lake. However distinguishing between them experimentally was 

only found to be possible by estimation (Bernhardt & Trissl, 1999). The models are shown in 

Figure 4-4. 

 
Figure 4-4: The different models of the interactions between PSFs are: Puddle, acting 

independently; Lake, all PSFs interact; Connected Units, only adjacent PSFs interact; and 

Domain, each PSF interacts with l-1 other PSFs. Adapted from (Bernhardt & Trissl, 1999). 

Although there is probably more validity to the connected units or domain models, they are 

difficult to apply experimentally. The lake model however is relatively simple to apply to 

chlorophyll fluorescence. Kramer et al. first did this in 2004 in a landmark paper. In this paper, 

they show that Fq’/Fm’ is effectively independent of the chosen model of PSII and that qP is 

purely based on a puddle model of PSII and often cannot be considered an effective 

representation of the redox stated of QA (D2). They continue to derive a replacement for the 

traditional qP that is linearly related to the fraction of open centres: qL (Kramer et al., 2004). 
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They then proceed to derive the quantum yields for both regulated and unregulated 

photochemical quenching and the formula for all of these parameters are shown in  4-1.  

4.3.1.3 Measuring NPQ 

NPQ	was	divided	into	three	effects	by	Walters	and	Horton	in	1991	(Walters	&	Horton,	

1991):	qE,	chemistry	that	occurs	as	a	result	of	proton	transport	to	the	lumen,	relaxes	over	

minutes;	state-transition	quenching	(qT)	the	separation	of	LHCII	from	PSII,	reducing	the	

routes	 for	 fluorescence,	 relaxes	over	 tens	of	minutes;	 and	photo-inhibitory	quenching	

(qI),	relaxation	over	hours.	However	this	is	no	longer	the	accepted	as	the	case	as	qT	does	

not	necessarily	quench	fluorescence	as	it	is	a	change in antenna size and this has not been 

shown to affect the rate of de-excitation or to occur at high irradiance (Horton et al., 1996; 

Ying Zhong Ma, Holt, Li, Niyogi, & Fleming, 2003; Nilkens et al., 2010; Krishna K. Niyogi, 

1999). State transitions can possibly be considered as changing the absorbance ratio between 

PSII and PSI rather than NPQ.	

 
Figure 4-5: Chlorophyll fluorescence measurement from an Arabidopsis leaf indicating the 

components of NPQ. Taken from (Muller, 2001). Initially the sample is illuminated with an 

actinic light and NPQ can be seen as the sum of qE and qI. When the actinic light is turned off 

NPQ can be observed to reduce over time: initially qE over the initial minutes and qI is 

observed to relax over hours. qT is included in this original figure, possibly incorrectly (as 

discussed earlier.) 
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It is now common to discuss qE, qI and qZ. qZ corresponds to the NPQ caused by zeaxanthin. 

qZ is dependent on the synthesis of zeaxanthin (increase in qZ) and epoxidation of zeaxanthin 

to violaxanthin (decrease in qZ). Both of these processes take tens of minutes (Nilkens et al., 

2010).  

 
Figure 4-6: A model of qE. Taken from (Stirbet et al., 2014). 

Photo-inhibitory quenching (qI) is a key component of NPQ that is dependent on the irradiance. 

In low irradiance qI is a small component of NPQ as the other routes of photo-protection and 

dissipation of excess energy are sufficient to prevent photo-damage or inhibition. However, 

under high irradiance photo-damage and photo-inhibition occur and qI plays a significant role 

in NPQ. qI is usually determined as the component of NPQ that cannot be rapidly recovered in 

the dark and therefore can be referred to as either high-energy quenching or sustained 

quenching.  

The mechanism for qI is believed to be the photo-oxidation of PSII where the D1 or D2 

proteins are damaged. This can be repaired over the course of hours and qI has also been shown 

to be connected to the accumulation of zeaxanthin as part of the zeaxanthin cycle (Barbara 

Demmig-Adams, 1990; Barbara Demmig-Adams & Adams III, 2006). 

4.3.1.4 Imaging PAM 

With the development of cheap, high intensity blue LEDs it is now reasonably simple to image 

chlorophyll fluorescence and therefore obtain images of the previously discussed derived 
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parameters from PAM. This can be powerful and is often necessary with plants and macro-

algae as their efficiency is rarely homogenous across the sample or one might wish to only 

measure chloroplasts in a small region of the sample. Figure 4-7 shows examples of both of 

these cases. 

 
Figure 4-7: Images of Fq’/Fm’ at different scales. (A) Image showing the heterogeneity of fqp 

across a maize leaf,(taken from (Baker et al., 2001); (B) Image of iridoplasts in the epidermis 

of begonia where it was essential to separate mesophyll chloroplasts and epidermal 

iridoplasts, taken from (Jacobs et al., 2016)); (C) Image of the chloroplasts within guard cells, 

taken from (Murchie & Lawson, 2013).  

4.3.1.5 Kinetics 

To quantify the components of NPQ its induction in constant high irradiance and relaxation in 

the dark can be observed. This has previously been approached by Stephen Long where the 

relaxation of NPQ has been fitted with a bi-exponential model to provide lifetimes for rapidly-

recovered and sustained quenching (Kromdijk et al., 2016). These two lifetimes intuitively 

could be assigned to qE and qI respectively however there is yet to be clear evidence linking 

each lifetime to each molecular process. Whilst this approach appears to agree with the data, 

others have suggested that a significantly more complex model of NPQ may be necessary to 

accurately measure the system (Stirbet et al., 2014; Zaks, Amarnath, Kramer, Niyogi, & 

Fleming, 2012) and as a consequence I have avoided referring to each lifetime as representing 

qE and qI. 
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4.3.2 Infrared gas analysis (IRGA) 

Infrared gas analysis (IRGA) is one of the most powerful methods of directly measuring the 

rate of photosynthesis in plants and it has applications in a broad range of study. At its most 

simple IRGA uses infrared spectroscopy to measure the effect a biological system has on the 

gasses being flowed over or through it. This can be used to study how controlled conditions 

such as temperature,  light or the contents of the air can affect key biological process including: 

respiration, by monitoring oxygen assimilation or carbon evolution; photosynthesis, by 

monitoring oxygen evolution or carbon assimilation; and stomatal opening by monitoring the 

conductance of water vapour (Bekku, Koizumi, Nakadai, & Iwaki, 1995; Matthews, Vialet-

Chabrand, & Lawson, 2017; von Caemmerer & Farquhar, 1981). This has allowed the 

measurement of the photosynthetic performance of plants to predict the yield of crops, notably 

when subject to influences such as stresses or genetic modification (Centritto, Loreto, & 

Chartzoulakis, 2003; Diaz-Espejo et al., 2006; Lefebvre et al., 2005; S P Long, Baker, & 

Raines, 1993; Sampol, Bota, Riera, Medrano, & Flexas, 2003; Simkin, Lopez-Calcagno, et al., 

2017; Warren, 2004; Wilson, Baldocchi, & Hanson, 2000). 

 

Parameter Name Description Unit 

nç Flow Molar flow rate at the inlet of the cuvette n65=. 8,c 

éW H2O(outlet) 
The mole fraction of water vapour at the outlet of 

the cuvette 
ppm 

éç H2O(inlet) 
The mole fraction of water at the inlet of the 

cuvette 
ppm 

ãE Leaf Area The area of the leaf in the cuvette 6# 

H 
Leaf 

Temperature 
- ℃ 

& 
Pressure in the 

Cuvette 

The difference in pressure between the cuvette 

and its surroundings is assumed to be negligible 
9&> 

éê H2O(cuvette) The mole fraction of water vapour in the cuvette ppm 

Aë CO2(inlet) 
The mole fraction of CO2 at the inlet of the 

cuvette 
ppm 

Aí CO2(outlet) 
The mole fraction of CO2 at the outlet of the 

cuvette 
ppm 

PPFD - Photosynthetic photon flux density n65=	6,c	8,c 

Table 4-2: The values that can be measured using gas exchange. 
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From these measured values, several parameters of interest can be calculated. These values 
were derived in 1981 by von Caemmerer and Farquhar and are shown in Table 4-2 (von 
Caemmerer & Farquhar, 1981). 

Parameter Name Formula Unit 

ì Transpiration Rate  
nç. (éí − éç)
ãE. (1 − éí)

 n65=.6,#. 8,c 

Ñr&(H) Saturation Vapour Pressure  
Calculated using the 

Goff-Gratch formula  
9&> 

éë 
Intercellular Water Vapour Mole 

Fraction  
Ñr&(H)

&
 ppm 

r&F Air-to-Leaf Vapour Pressure Deficit 
(éë − éê)

1 − (éë + éí)2

 Pa/kPa 

A Carbon Assimilation Rate nç. (Aë − Aí)
ãE

− ì. Aí n65=.6,#. 8,c 

îï Conductance of Water Vapour ì
r&F

 665=.6,#. 8,c 

îñ Conductance of Carbon Dioxide 
îï
1.56

 n65=.6,#. 8,c 

Table 4-3:The values that can be calculated using gas exchange (von Caemmerer & Farquhar, 

1981). 

Although my studies focus on measuring photosynthesis and it may seem intuitive to only 

measure the carbon assimilation rate, it is also important to measure the stomatal conductance 

of the leaf. Stomatal conductance (gs) gives insight into the operating efficiency as it dictates 

the availability of CO2 in the mesophyll and the plant’s ability to respond to changes in 

irradiance or environmental CO2. As a consequence, correlations between A and gs are often 

observed (Buckley & Mott, 2013; Farquhar & Sharkey, 1982) however there are conditions 

where this is not true (Lawson & Morison, 2004).  

 It is possible to fit an exponential to the induction of A with increasing PPFD or ci to 

obtain the maximum values for each induction curve, ASAT and AMAX for the PPFD and ci curves 

respectively and these are defined as:  

 E = E{óò	 1 − +,ô	ööáõ + ú  [24] 

 E = Eùóû	 1 − +,ü	ñ† + °  [25] 

where b and g are the induction constants and c and r are the values of A at PPFD = 0 and ci = 

0 respectively.  
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4.3.2.1 Kinetics 

The kinetics of stomatal opening can be probed by observing the induction and relaxation of 

stomatal conductance (gs) to changes between high and low illuminations. This has been 

studied in depth by Tracy Lawson (McAusland et al., 2016; Vialet-Chabrand, Dreyer, & 

Brendel, 2013) which has resulted in the modelling of the response of gs to instantaneous 

changes in illuminating as the following: 

 
îï = ¢ïùóû − 2W . +,ç

£§•
¶ ß®

 
[26] 

where ¢ïùóû, 2W, © and k correspond to the predicted steady-state gs under high irradiance, the 

minimum gs of the sigmoidal response to a step increase in irradiance, the initial delay in the 

response to a step increase in irradiance and the time taken to achieve steady state gs 

respectively. The key parameter that can be obtained from this model is the maximum rate of 

induction of gs (SlMAX) which is a key indicator of a plant’s ability for its stomata to respond to 

changes in irradiance and is defined as:  

 
Ñ=ùóû = 	

k	(¢ − 2W)
+

 
[27] 

where G is the target value of gs and is calculated as: 

 
¢ = ¢ïù™´ +

¨≠	&&?F	(¢ïùóû − ¢ïù™´)

¢ïùóû − ¢ïù™´ # + ¨≠	&&?F #
 

[28] 

where ¢ïù™´	and ¨≠  correspond to the predicted steady-state gs under high irradiance and the 

slope of the relation between irradiance and steady-state gs. 

4.3.3 Analytical HPLC of pigments 
The methods used for analytical-HPLC of the plant pigments are the same as those outlined in 

Section 3.3.1 with the following exceptions. 0.1g sections of leaf were taken at the middle of 

the photoperiod on the same day for each sample. The samples were flash frozen in liquid N2, 

homogenized then suspended in 20ml of 95% acetone, 5% H2O mix spiked with vitamin E at 

25ng.ml-1 as an internal standard. A stationary phase 3.5 µm spherical silica particle with an 

80Å pore size was used (Agilent, Eclipse XDB C8, 4.6mmx150mm). The column was heated 

to 60°C. The two solvents were: 70% methanol and 30% water spiked with 28mM tert-butyl 

acetoacetate at pH 6.4; and 100% methanol. 

For each detected pigment, it was identified by its absorbance spectrum and then the 

relevant band of the chromatogram was integrated and normalised against a known 

concentration vitamin E internal standard. The concentration of the pigment was then 
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determined using concentration calibrations from external standards, chlorophylls, b-carotene 

and vitamin E which were purchased (Sigma) and the neoxanthin, violaxanthin and zeaxanthin 

were also purchased (DHI, Denmark.) Calibration curves for the external standards are given 

in Section 7.11.1. 430nm, 470nm and 450nm were used to detect the absorbance of 

chlorophyll-a, chlorophyll-b and the carotenoids respectively.  

4.4 Results 

4.4.1 Growth conditions 

From three weeks post-germination, the Triticum aestivum was treated with glucose, core-CDs 

or glucose-CDs, three times a week by adding 3.3mg per plant to their feed solution. A glucose 

treatment was included to differentiate between effects caused by the carbohydrate and those 

caused by the CDs. The plants were grown in compost (Levington, F2) in a greenhouse at a 

constant 20 °C with natural lighting, supplemented with LED lighting (PhytoLux, Attis-7) to 

provide a 16-hour photoperiod. All plants were randomly placed within the greenhouse and 

moved every three days. 

4.4.2 Fluorescence microscopy  
Fluorescence microscopy was used to identify if the CDs have been taken up from the soil, and 

transported into mesophyll cells and therefore visualise and compare their bio-availability. 

Samples were imaged in three modes: bright-field white-light transmission, chlorophyll 

fluorescence and CD fluorescence with a Leica DM200 and Leica MC120HD detector. 

Chlorophyll fluorescence was imaged using a 470nm excitation and 650nm-700nm emission, 

the CDs were imaged with a 365nm excitation and a 430nm-470nm emission. The leaf tissue 

was imaged 7 weeks post-germination and after 4 weeks of treatment, example images from 

this are shown in Figure 4-8 and each is accompanied by a schematic of the structure of the 

treatment. From this fluorescence microscopy, one can see that the CDs are transported through 

the xylem, along the leaf veins and into the mesophyll tissue for both CD treatments. The CD-

fluorescence observed for both CDs treatments is notably heterogeneous across the mesophyll 

tissue and for both the CDs are internalised into both the mesophyll and guard cells. The 

glucose-CD treatment appears to increase the bio-availability of the CDs, resulting in increased 

uptake and therefore fluorescence in the leaves, as well as the rate of their internalisation into 

mesophyll cells.  The CDs are distributed across the leaf and no consistent patterns were 

observed. From the microscopy, no morphological differences were observed on a cellular 
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level between the treatments. Additional images that support these conclusions are given in 

Section 7.8. 

 

Figure 4-8: Fluorescence microscopy of CD fluorescence in Triticum aestivum mesophyll. 

Images are shown in false colour and otherwise unedited. All images are the same scale, scale 

bar shown is 100µm, the colour scale is given. The schematics of the structure of the treatments 

are simplified and not to scale. 

Naturally occurring sources of fluorescence are observed for all treatments which is due to the 

large irradiance needed to observe the CDs because of their low quantum yield as discovered 

by others (Hill et al., 2016) and found for these CDs in Section 2.4.11. To demonstrate the CD 

fluorescence each treatment was imaged using the same excitation, microscope and detector 

settings. Histograms of the fluorescence observed across three images for each treatment are 

given in Figure 4-9 and additional images are given in Section 7.8.  
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Figure 4-9: Histograms of the fluorescence observed for each treatment. N=7,485,696 pixels 

across three images, the mean is quoted on each histogram.  

Figure 4-9 also supports the conclusion that the glucose-functionalisation enhances the bio-

availability of the CDs in the soil and their rate transport into the mesophyll.  

4.4.3 Chlorophyll fluorescence 

Chlorophyll fluorescence measurements were made 7-weeks post-germination at Zadoks stage 

7.3-7.7 on the centre of fully expanded flag leaves using a chlorophyll fluorescence imaging 

system (Waltz, MAXI Imaging-PAM). Plants were dark adapted for 40 minutes before light 

curve measurements and the average across 10 equally sized areas evenly distributed across 

the leaf was recorded for each value. For the light curve the actinic light step length was 30 

seconds. 
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Figure 4-10: Light curves of chlorophyll fluorescence measurements of CD-treated Triticum 

aestivum. (A) Fq’/Fm’  light curve. (B) The NPQ light curve. N=10, 1or 2 asterisks are used to 

indicate a significant increase above the standard control of p≤0.05 or p≤0.01 respectively, 

the colour is used to indicate the treatment being compared to the control. 

 
Figure 4-11: Kinetics of chlorophyll fluorescence measurements of CD-treated Triticum 

aestivum. High-light corresponds to a PPFD of 1000 μmol m-2 s-1 and low-light corresponds to 

a PPFD of 0 μmol m-2 s-1. The periods of dark and light are indicated with black and white 

boxes respectively. (A) Fq’/Fm’ kinetics. (B) NPQ kinetics. The relaxation of NPQ was fitted 

with a bi-exponential (Kromdijk et al., 2016). The NPQ relaxation coefficients are given in 

Table 4-4. N=11,9,7 and 9 for the control, glucose-control, core-CD and glucose-CD 

treatments respectively, 	7# ≥	0.9977 for calculation of fitting for all treatments. 
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Treatment NPQ1 t1 (s) NPQ2 t2 (´103s) 

Control 0.574±0.008 85±3 0.42±0.04 7±2 

Glucose Control 0.60±0.01 87±3 0.40±0.07 5±1 

Core-CD 0.50±0.01 72±5 0.502±0.004 10.3±0.4 

Glucose-CD 0.71±0.01 94±3 0.29±0.03 3.0±0.6 

Table 4-4: Values obtained from chlorophyll fluorescence measurement of NPQ relaxation. 

NPQ1 and	ycrefer to rapidly recoverable NPQ and NPQ2 and	y#refer to slowly recoverable 

NPQ. Errors given are the 95% confidence bounds of fitting, 7# ≥	0.9945 for all data. 

4.4.4 Infrared gas analysis (IRGA) 

Measurements were performed 7 weeks post-germination at Zadoks stage 7.3-7.7 on fully 

expanded flag leaves. The net carbon assimilation (A) and the transpiration rate of H2O (gs) 

were measured using a portable gas exchange system (Waltz, GFS-3000) and illuminated with 

an integral red-blue LED light source (Waltz, 3040-L). The following conditions were 

maintained for all measurements: Leaf temperature of 22 °C, vapour pressure deficit (VPD) of 

1±0.2 kPa, H2O concentration of 17000 µmol/mol, atmospheric O2 and for the light curves a 

CO2 concentration of 400µmol mol-1. Leaves were dark adapted for 40 minutes prior to 

measurement. For the light curves both A and gs were recorded as an average over 5 minutes 

after the leaf was given 5 minutes to reach a new steady state, for kinetics measurements the 

sample was constantly measured.  
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Figure 4-12: Light curves of IRGA measurements of CD treatments. (A) A light curve. The 

light curve was fitted with an exponential mode. 7# ≥	0.9945 for all fits. (B) gs light curve. 

N=5, 1or 2 asterisks are used to indicate a significant increase above the standard control of 

p≤0.05 or p≤0.01 respectively, the colour is used to indicate the treatment being compared to 

the control.  

 
Figure 4-13: Kinetics of IRGA measurements of CD-treated Triticum aestivum. High-light 

corresponds to a PPFD of 1000 μmol m-2 s-1 and low-light corresponds to a PPFD of 100 μmol 

m-2 s-1. The periods of dark and light are indicated with black and white boxes respectively. (A) 

A kinetics. (B) gs kinetics. N=5 for all treatments. 7# ≥	0.9977 for calculation of fitting for all 

treatments. 
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Figure 4-14: IRGA measurements A as a function of environmental CO2 concentration of CD-

treated Triticum aestivum, N=5.  

The calculated values of ASAT,  AMAX and SlMAX for each treatment are given in Table 4-5. 

Treatment 
ASAT 

(μmol m-2 s-1) 
AMAX 

(μmol m-2 s-1) 
SlMAX 

(μmol m-2s-2) 

Control 22.0±0.8 31±2 222±6 

Glucose Control 21±1 30±2 222±8 

Core-CD 24.0±0.9 31±1 336 ±4 

Glucose-CD 24.0±0.9 30±1 244±7 

Table 4-5: Values obtained from IRGA and chlorophyll fluorescence measurement. Errors 

given are the 95% confidence bounds of fitting, 7# ≥	0.9945 for all fits.  

4.4.5 Pigment analysis by HPLC 
Due to the dark adaption of the leaves no zeaxanthin or antheraxanthin were observed 

in the samples, separation between zeaxanthin and violaxanthin was however observed in the 

standards. It was not possible to separate a-carotene and b-carotene, so the peak is simply 

labelled carotene however the observed peak would be expected to be predominantly b-

carotene.  
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Figure 4-15: Extracted pigment profile of the CD-treated Triticum aestivum analysed by 

HPLC. Chlorophylls were termed as photosynthetic and all the identified carotenoids were 

termed as photo-protective. No zeaxanthin or antheraxanthin was found as the plants were 

dark adapted before extraction. N=5. 1or 2 asterisks are used to indicate p≤0.05 or p≤0.01 

respectively. 

 
Figure 4-16: Extracted pigment ratios of the CD-treated Triticum aestivum analysed by HPLC. 

N=5, 1, 2 or 3 asterisks are used to indicate p≤0.05, p≤0.01 or p≤0.001 respectively. 

  



 126 

4.4.6 Physiology 

Physiology measurements were made 10 weeks post-germination at Zadoks stage 9.0-9.2  and 

after 7 weeks of treatment. All the results are shown in Figure 4-17 and Table 4-6. 

 
Figure 4-17: Physiology measurements for each of the treatments. N=35,36,32 and 35 for the 

control, glucose control, core-CD and glucose-CD treatments respectively. For each box the 

red central line indicates the median, the blue top edges indicate the 25th percentile, the blue 

bottom edge indicates the 75th percentile, the whiskers indicate the range excluding outliers, 

red plus symbols indicate outliers. 1, 2 or 3 asterisks are used to indicate p≤0.05, p≤0.01 or 

p≤0.001 respectively. 
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Treatment Control 
Glucose 
Control 

Core-CD Glucose-CD 

Dry shoot 

biomass per 
plant (g) 

0.83±0.04 0.79±0.04 0.86±0.04 0.97±0.05 

Total ear 

weight per 
plant (g) 

3.9±0.2 3.7±0.2 4.0±0.2 4.6±0.2 

Seed number 

per plant 
55±2 49±2 58±3 61±2 

Ear number 

per plant 
2.33±0.08 2.3±0.1 2.4±0.1 2.6±0.1 

Ear weight 
(g) 

1.73±0.09 1.6±0.1 1.68±0.09 1.87±0.07 

Seed weight 

(mg) 
73±3 76±3 69±2 76±2 

Height (cm) 39.6±0.6 38.6±0.7 37.6±0.8 40.5±0.8 

Table 4-6: Physiological values of wheat yield for each treatment. Values that are significantly 

different (p≤0.05) from control are shown in red. Errors quoted are the standard error on the 

mean. N=35,36,32 and 35 for the control, glucose control, core-CD and glucose-CD 

treatments respectively. 
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Figure 4-18: Image of four plants from each of the treatments 9 weeks post germination. 

 
Figure 4-19: Image of the dried and threshed yield from each of the treatments 9 weeks post 

germination. N=32.  

4.4.6.1 Soil pH  

To measure the pH of the soil 5g of soil was mixed with 25ml of water (MilliQ double distilled, 

adjusted to pH=7). This mixture was left to stand for 30 minutes then re-mixed.  The pH was 

then recorded using a pH probe (Mettler Toledo, SevenEasy), the pH probe was washed 

thoroughly between measurements. The results of this are given in Figure 4-20. 

 
Figure 4-20: Soil pH for each treatment, N=9. The mean values and errors on the means are 

6.3±0.2, 6.3±0.1, 5.7±0.2 and 5.86±0.05 for the control, glucose control, core-CD and glucose-

CD treatments respectively. The red central line indicates the median, the blue top edges 
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indicate the 25th percentile, the blue bottom edge indicates the 75th percentile, the whiskers 

indicate the range. 1 or 2 asterisks are used to indicate p≤0.05 or p≤0.01 respectively.  

4.5 Discussion 
The data in this chapter presents the first evidence of the use of functional nanomaterials to 

realise an increase in crop yield by augmenting photosynthesis. Treatment with glucose 

functionalised CDs was demonstrated to significantly enhance the total yield, seed number, 

biomass and height however this was not observed for the unfunctionalised CDs. 

The effects of core-CDs and glucose functionalised CDs on Triticum aestivum were 

investigated using an array of techniques. This chapter began by demonstrating that the CDs 

are taken up from soil and transported into the mesophyll cells using fluorescence microscopy. 

This showed that the CDs watered onto the soil are bio-available and are actively transported 

by the plants through the xylem into the mesophyll tissue. From there the CDs are internalised 

into both mesophyll cells and guard cells. It was also observed that glucose-functionalisation 

increases the availability of the CDs in the soil and their transport into the mesophyll, resulting 

in an observed increase in fluorescence over the core-CD treatment. This provides a significant 

advantage over most NP systems.  

 The impact on photosynthesis was detected using chlorophyll fluorescence and IRGA. 

For the light curves both the core-CD and glucose-functionalised CD treatments were observed 

to significantly increase A and gs and much smaller enhancement was detected for the Fq’/Fm’ 

and NPQ light curves. Augmentation of the maximum rate of stomatal opening (SlMAX) and the 

light-saturated maximum A (ASAT) are observed for both the CD-treatments without a 

corresponding increase in high-CO2 maximum A (AMAX) which demonstrate augmented 

operational efficiency whilst not enhancing maximum capacity of the stomata. 

 The relaxation of NPQ was measured using chlorophyll fluorescence and was affected 

by the CD treatments. Fast-recovering relaxation was shown to be delayed and sustained NPQ 

was accelerated for the core-CD treatment. This could be interpreted as a deceleration of the 

relaxation of xanthophyll cycle component of NPQ (Kromdijk et al., 2016) which suggests 

reduction or inhibition of the xanthophyll cycle enzymes or a reduction of the available 

xanthophyll pool for the core-CD treatment. The pigment production was measured using 

analytical-HPLC and supports this hypothesis by demonstrating a significant decrease in 

violaxanthin that is associated with fast-recovering NPQ, although there are other processes 

that are associated with it (Barbara Demmig-Adams, Gyözö, Adams III, & Govindjee, 2014; 

Leuenberger et al., 2017; Nilkens et al., 2010). 
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 The glucose-CD treatment resulted in increased production of all measured pigments 

as well as a greater ratio of chlorophylls to carotenoids. This suggests that the glucose-CD 

treatment triggers the plants to produce more light-harvesting complexes, which absorb more 

light without the extra photo-protection or photo-damage.  
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5 General discussion and future directions 
This chapter shares many of its ideas and concepts with, and as a result has similar content to, 

the following papers which I am the first author on: 

• Swift, T. A., Duchi, M., Hill, S. A., Benito-Alifonso, D., Harniman, R. L., Sheikh, S., 

Davis, S. A., Seddon, A. M., Whitney, H. M., Galan, M. C. and Oliver, T. A. A. 

(2018) ‘Surface functionalisation significantly changes the physical and electronic 

properties of carbon nano-dots’, Nanoscale. 10(29), pp. 13908–13912. doi: 

10.1039/C8NR03430C 

• Swift, T. A., Oliver, T. A. A., Galan, M. C. and Whitney, H. M. (2018) ‘Functional 

nanomaterials to augment photosynthesis: evidence and considerations for their 

responsible use in agricultural applications’, Interface Focus. In Press	

• Swift, T. A., Benito-Alifonso, D., Hill, S. A., Yallop, M. L., Lawson, T., Galan, M. C. 

and Whitney, H. M. (2018) ‘Glycan-functionalised carbon dots enhance 

photosynthesis and crop productivity’. Under Review	

5.1 Summary 
If we are to meet global needs from crop productivity in the future (Kromdijk & Long, 2016; 

Ray et al., 2013; Tilman & Clark, 2015; X. G. Zhu et al., 2010) we may need to use the 

emerging radical technologies, such as designer nanomaterials, to enhance yields. This thesis 

has outlined the possibility of a renewable, low-cost route to increased crop productivity 

utilising functional nanomaterials.  This is achieved by a boost in Triticum aestivum grain yield 

of 18% using glycan-functionalised CDs.  

 In this thesis CDs are put forward as a suitable candidate for applications in crops. 

Firstly  CDs with an sp3 carbon core surrounded with an aromatic carbon shell and an amine 

linker for simple conjugations were synthesised using a domestic microwave on a gram scale 

and functionalised with a range of 1-amino glycosides, building on and developing previous 

synthetic routes (Hill et al., 2016). These CD species were then characterised using a wide 

array of techniques providing new insight into their physical and electronic structure: 

specifically, that glycan-functionalisation does not provide a predictable outer-corona and also 

has an impact on the electronic structure and spectral features. The observed electronic 

structure agrees with previous hypotheses that the fluorescence originates from the trapping of 

weakly bound excitons in the poly-aromatic surface domains of the CD (Goryacheva et al., 

2017; Righetto et al., 2017; Strauss et al., 2016). Even though similar CDs have been 
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demonstrated to have low toxicity to human cell cultures (Hill et al., 2016) initially glycan 

functionalisation of the dots was undertaken to facilitate uptake and reduce any potential 

negative interactions in planta, inspired by previous work with lactose-functionalised CdSe 

QDs in human cells (Benito-Alifonso et al., 2014).  

 To investigate if there is potential for the CDs to interact with the components of 

photosynthesis key pigments were either extracted from leaves and separated by HPLC or 

purchased. The interactions between these pigments and the CDs were then observed by their 

ability to quench the CD fluorescence and analysed using Stern-Volmer kinetics. From these 

experiments, it is clear that the CDs are able to interact with pigments and in the case of 

chlorophylls a and b, to weakly bind to them. Despite this binding and appropriate spectral 

overlap, no energy transfer resulting in chlorophyll fluorescence was observed which is most 

likely due to the distance between the fluorophores being too large. The interactions can also 

be modulated by the glycoside: suggesting possible applications in sensing.  

 Finally, the interactions between the CDs, plants, photosynthesis and productivity were 

investigated in Triticum aestivum “Apogee”. Both the core (unfunctionalised) CDs and the 

glucose-functionalised CDs, when watered on soil, were observed to be taken up from the soil 

by the plants, transported through the xylem and internalised into the mesophyll cells. This 

active transport of the CDs into the desired tissue by the plants both enables the CDs to interact 

with the components of photosynthesis and greatly enhances their relevance to agriculture as 

they do not require injection or infiltration into the cells like many other NP species, such as 

CNTs (Giraldo et al., 2014). Both species of CDs increased the operating efficiency of PSII, 

carbon assimilation and stomatal conductance across a range of field-relevant light conditions. 

The CDs also increased the rate of the stomatal response to changes in irradiance as well as 

affecting the relaxation of NPQ. The CDs were shown to impact the physiology and 

importantly it is clear that glycan-functionalisation is essential to realising increased yield. This 

may be explained by this combining the positive impact on photosynthesis produced by both 

the CD species without possible negative processes associated with amines. This agrees with 

previous observations of CDs increasing oxygen evolution, ATP and  ETR in isolated 

chloroplasts (Chandra et al., 2014) yet not reporting increased productivity.  

 This thesis presents a significant development in the field of plant nanobionics and 

gives the first evidence that NPs can be designed and implemented to help meet the demands 

on food production whilst also highlighting the importance of the surface of NPs, their ability 

to affect biological interactions and importance when designing nanomaterials. 
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5.2 Future work 

5.2.1 Carbon dot characterisation 

Although TA provides significant information about the electronic structure of the CDs and 

their ultrafast dynamics, much more could be gained by combining TA with time-correlated 

single-photon counting (TCSPC). This would give a more accurate measure of the lifetime of 

fluorescence. One could also measure the dependence of the lifetime of fluorescence on 

excitation wavelength which would show the possible internal conversions between excited 

states and determine which have overlaps.  

 Although SAXS provides useful information about the physical structure of CDs it may 

be possible to obtain further insights using small angle neutron scattering (SANS). This is 

because of the contrast provided by deuterated regions of a sample in SANS. One could 

selectively deuterate different starting materials for the synthesis of the core-CDs and glycan 

functionalisation whilst using either conventional or deuterated solvent. Given that SANS 

measurements are performed in solution this can be used to probe the interactions between the 

outermost corona of the CDs and the solvent.  

 With the development of high-resolution x-ray tomography techniques, it may also 

become possible to directly image CDs and their functionalisations. This may provide insights 

into the sub-structure although most current x-ray tomography setups cannot provide sufficient 

resolution.   

 The functionalisation of CDs produces interactions with the surrounding solvent. 

Although this has already been measured using TA earlier in this thesis, this can also be imaged 

using AFM. The formations and structures that the CDs form when drying from different 

solvents provide information about their interactions, an example of this is shown in Figure 

5-1.  
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Figure 5-1: Height map overlaid with adhesion colour map of ordered CD. Adhesion colour 

scale is given to the right of the image. Maltose CDs were used. The low adhesion domain 

within the ring of CDs is postulated to by water.  

5.2.2 Carbon dot – pigment interactions 
It is possible to build on the interaction studies in Chapter 3 in predominantly two ways: using 

more complex systems to interact with the CDs such as a photosystem or using additional 

techniques to provide more information about the fluorescence quenching such as TCSPC.  

 Firstly, one can extract PSII and PSI or chloroplasts from leaves and perform 

spectroscopic measurements to quantify their interactions with CDs which may provide more 

insight into the in vivo interactions than the chlorophylls. The interactions could also be studied 

using techniques such as AFM by functionalising the tip of the probe and measuring the force 

of the interaction directly.  

 Finally, it may even be possible to perform measurements or mapping of these 

interactions in vivo using fluorescence lifetime imaging microscopy (FLIM) which was not 

available during this thesis as predominantly FLIM setups use a supercontinuum source that 

does not extend into the UV and is therefore unable to efficiently excite the CD fluorescence. 

This could be approached in the future by combining a multi-photon source with TCSPC within 

a confocal microscope. Whilst this is a complex and expensive approach, I believe it would 

provide new insights into the CD-photosystem interactions.  

5.2.3 Effect of carbon dots on photosynthesis  

It is possible to use dyes to image the pH of a chloroplast, ROS production, and ATP production 

using fluorescence microscopy. The current limiting factor in these measurements is the control 

over the illumination of the sample. One could build a setup similar to that used for chlorophyll 
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fluorescence for these fluorescence measurements with dyes. If this was built it would be 

possible to measure light curves and light-dependent kinetics of ATP and ROS production as 

well as lumenal pH. This would enable the measurement of the effect of CDs on each of these 

processes.  

 Although it is possible to determine both qE and qI using conventional chlorophyll 

fluorescence measurements there may well be processes occurring at a much shorter timescale 

than qI. Sunbeams under a canopy may only last seconds or less and plants may well have 

adapted NPQ mechanisms to deal with it. This is significant because for many plant species a 

proportion of their leaves exist under dense canopy and these sunbeams may provide a 

significant fraction of photosynthetic light for these environments. TCSPC may allow the 

measurement of chlorophyll fluorescence with much finer time resolution than conventional 

means. Comparisons between conventional chlorophyll fluorescence and TCSPC have already 

been made by Graham Flemming’s group (Sylak-Glassman, Zaks, Amarnath, Leuenberger, & 

Fleming, 2016).  

 One of the most obvious questions about chlorophyll fluorescence is: why do we not 

measure PSI (effectively p700) as well? Given that p680 and p700 each absorb and fluoresce 

at different wavelengths intuitively this appears to be simple progression. This is not the case 

because PSI does not exhibit the same variable fluorescence as PSII. This is probably because 

p700+ is significantly more stable than p680+. p700+ is also believed to quench the antennas as 

well as p700 by forming a short lived excited state p700+* however these mechanisms have not 

been definitively shown (Blankenship, 2002). This means the fluorescence does not probe the 

redox state of PSI. The absorbance of PSI however can provide information about its redox 

state. Upon excitation in the far-red and the formation of p700+ there is a change in the 

absorption of PSI. p700+ absorbs strongly between 800nm and 840nm and because it is 

significantly more stable than p680+ measuring this change in absorbance maxima and 

therefore the change in the redox state of p700 is relatively simple (Klughammer & Schreiber, 

1994). It is possible to perform simultaneous measurements using fluorescence for PSII and 

absorbance for PSI. Many of the same analysis techniques as used with PSII fluorescence can 

be used to calculate the maximum efficiency of PSI and then compare this to the performance 

of PSII. This twin approach can be used to probe the electron transport of both photosystems 

and cyclic electron transfer (Johnson, 2011; Murchie & Lawson, 2013). This could provide 

significant insight into how CDs interact as ETR, especially if used in conjunction with HPLC 

measurements of pigment production to identify the ratio between PSII and PSI.  
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 It is possible to measure the rate of oxygen evolution by IRGA much in the same way 

as carbon assimilation. As oxygen evolution occurs on PSII and carbon assimilation takes place 

in the lumen simultaneous measurements of both these processes would give information on 

the limiting factors of photosynthesis.  

5.2.4 Effect of carbon dots on agriculture 

It is possible, although it was not hypothesised nor is there an obvious mechanism by which it 

may happen, that the CDs affect WUE. In HSP plants, such as the Triticum aestivum where the 

effect on productivity has been studied in this thesis, the CDs may interact with how CO2 is 

transported between the mesophyll and bundle sheath cells. It is also reasonable to suggest that 

the enhancement of transpiration that CD treatment causes has a detrimental effect on water 

use, however this may not result in changed WUE.  

 To investigate the impact CDs have on respiration conventional oxygen evolution and 

carbon assimilation measurements can be made in the absence of illumination or in low 

environmental CO2 concentrations to measure the rates of oxygen assimilation and carbon 

evolution respectively. In this case the combination of these two measurements may not 

provide more information than they do individually. In this study, no significant difference in 

carbon evolution was observed at low irradiance or low environmental CO2 concentration 

between the control and CD treatments. Still, it is possible that CDs affect respiration and this 

may be further investigated using dyes, PCR techniques and western-blots.  

 To further explore the ways by which CDs affect any plant species RNA sequencing 

and metabolomics may be informative. Much information about the known interactions 

between plants and CDs could be obtained as well as possibly identifying new effects. This 

would not only give information about the expression of key components of photosynthesis 

such as the CBBC enzymes, pigments and transmembrane proteins such as PSII and PSI but 

would also inform on other effects on phenotype like elongation factors and seed production.  

5.2.5 Ecotoxicology of Carbon dots in the environment 

Even though the CDs used have been shown to have low toxicity to human cell cultures 

(Hill et al., 2016) further studies are needed to fully evaluate the environmental toxicity of CDs 

and their long-term impact. Before CDs can be used in agriculture, it is essential that there is 

field testing of CDs. 

5.2.6 Naturally occurring carbon dots 

CDs can be synthesised from an exceptional assortment of naturally available starting materials 

under a wide range of conditions (Hill & Galan, 2017; Lim, Shen, & Gao, 2015) and therefore 
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it is possible the environment already contains CDs in a range of forms. Possibly the most 

obvious populations of NPs are those found in the atmosphere. These are predominantly 

amorphous carbon based, although they can contain metals. NPs are expelled by high energy 

events such as volcanic eruptions and forest fires. Examples of these high energy events where 

the NPs have been investigated include the 2010 eruption of Eyjafjallajökull (Gislason et al., 

2011; Tepe & Bau, 2014) and forest fires in North America and Africa (Bisiaux et al., 2011; 

Jia Li et al., 2003; Sapkota et al., 2005). These may well contain CDs, yet this is so far 

unstudied. CDs have however already been identified in humic substances as well as being 

produced by microbial fermentation or simple processing of honey (Dong et al., 2015; Fang et 

al., 2018; X. Yang et al., 2014). 

 It is also possible that CDs are produced by the burning, or pyrolysis, of plant biomass 

to produce charcoals for agriculture known as biochar. Biochar has been shown to increase 

crop yields by affecting soil biota and acting as a sorbent however the mechanisms of action 

are still unclear (Ahmad et al., 2014; Atkinson, Fitzgerald, & Hipps, 2010; Das, Avasthe, 

Singh, & Babu, 2014; Lehmann et al., 2011; Sohi, Krull, Lopez-Capel, & Bol, 2010). Currently 

there have not been published attempts to isolate CDs from biochar, and if CDs are present in 

biochar in a range of forms this may explain the varied positive effects of biochar on 

agriculture.  

 Given the previously discussed wide range of synthetic routes to produce CDs from an 

array of readily available carbon sources, it may be possible to devise syntheses where 

agricultural by-products are used as a carbon source to produce the CDs to augment crops on 

a large scale in a sustainable manner. 

5.3 Conclusions 
In this thesis, I have successfully designed and synthesised glycan-functionalised CDs and 

characterised them to provide new insights into their physical and electronic structure. I have 

then demonstrated that these CDs interact with the key pigments in photosynthesis including 

chlorophylls a and b. I have demonstrated CDs augment photosynthesis and glycan-

functionalisation is essential to achieve increased yields from the improved photosynthesis. 

This represents a significant step towards the use of designer nanomaterials to tackle problems 

with food security.  
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7 Appendix 

7.1 Associated publications 
This chapter shares much of its result with the following papers which I am the first 

author on: 

• Swift, T. A., Duchi, M., Hill, S. A., Benito-Alifonso, D., Harniman, R. L., 

Sheikh, S., Davis, S. A., Seddon, A. M., Whitney, H. M., Galan, M. C. and 

Oliver, T. A. A. (2018) ‘Surface functionalisation significantly changes the 

physical and electronic properties of carbon nano-dots’, Nanoscale. 10(29), 

pp. 13908–13912. doi: 10.1039/C8NR03430C 

• Swift, T. A., Oliver, T. A. A., Galan, M. C. and Whitney, H. M. (2018) 

‘Functional nanomaterials to augment photosynthesis: evidence for future 

applications in food security’, Interface Focus. Under Review	

• Swift, T. A., Benito-Alifonso, D., Hill, S. A., Yallop, M. L., Lawson, T., 

Galan, M. C. and Whitney, H. M. (2018) ‘Glycan-functionalised carbon dots 

enhance photosynthesis and crop productivity’. Under Review	

7.2 Fitting and statistics 
NMR figures were made using MestReNova, all other plots were produced using 

MatLab. Schemes, chemical structures and synthesis were produced in ChemDraw. 

Analysis of microscopy was performed using ImageJ. All quoted values are means. For 

scatter or column plots error bars shown correspond to the standard error. Errors quoted 

from fitting are the 95% confidence intervals. When comparing the glucose treatment 

to the control 2-tailed tests were used. When comparing the CD treatments to the 

control 1-tailed tests were used. When comparing the core-CD and glucose-CD 

treatments 2-tailed tests were used. For all measurements either N<15 or distributions 

were observed to be near Gaussian therefore unpaired t-tests were used to calculate p-

values. The adjusted R-squared statistic (7# ) was used to determine the quality of 

fitting. For all fitting, the non-linear least squares method was used with a trust-region 

algorithm. When fitting, all treatments were given the same start points and boundaries. 

1, 2 or 3 asterisks are used to indicate a significant increase above the standard control 

of p≤0.05, p≤0.01 or p≤0.001 respectively, the colour is used to indicate the treatment 

being compared to the control. 
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7.3 Raw SAXS data 

 
Figure 7-1: SAXS data for the different CDs. 
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7.4  TEM lattice spacings 

 
Figure 7-2: TEM profile plots for the (110) plane of the crystalline sp3 carbon. Taken 

from images of the core-CDs. The peaks are highlighted using blue diamonds, the 

unused peaks are circled in black. The mean lattice spacing is given for each plot with 

the error on the mean. 
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Figure 7-3:TEM profile plots for the (111) plane of the crystalline sp3 carbon. Taken 

from images of the core-CDs. The peaks are highlighted using blue diamonds, the 

unused peaks are circled in black. The mean peak spacing is given for each plot with 

the error on the mean. 
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7.5 Fluorescence spectrometer calibration 

 
Figure 7-4: Calibration data for the fluorescence spectrometer comparing the observed 

and calculated Raman scattering for water. 
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7.6  TA 

7.6.1 Experimental setup 

7.6.1.1 Pump Source 

To produce the 340 nm ultrafast pump-pulses (~100 fs) a Ti:Sapphire oscillator (Vitara-

S, Coherent) was used. These pulses were then used to seed a regenerative amplifier 

(Legend Elite HE+, Coherent, ~40 fs, 800 nm) which provided the pump for an optical 

parametric amplifier (OperA Solo, Coherent). At the sample, the pump fluence was 600 

nJ when focused to a focal spot of ~250 µm. 

7.6.1.2 Probe Source 

To generate the white light probe-pulses (spectrally flat from 350–630 nm) a small 

portion of 800 nm source was focused into a CaF2 plate (3 mm thick). The white light 

probe was focussed at the sample, overlapping with the pump. This generated transient 

absorption signals that are emitted collinearly to the probe. CuSO4 solution was used to 

remove any residual 800 nm from the pump from the white light. 

7.6.1.3 Detector and time delay 

The transmitted white light was collimated and imaged with a spectrograph (Shamrock 

163, Andor) coupled to a 1024 element CCD array (Entwicklungsbüro Stresing). The 

pump-probe time delay was modulated with a mechanical delay stage (DDS220/M, 

Thorlabs). For all measurements, the relative orientation of pump and probe pulses was 

set to magic angle. The data acquisition and control of the experiment was achieved 

using Labview.  

7.6.2 Global analysis  
Global analysis was approached using the Glotaran software package developed by 

others (Snellenburg, Laptenok, Seger, Mullen, & Stokkum, 2012). The advantage of 

global analysis over conventional fitting techniques is that it prevents the problems 

caused by overlapping transient features and fits to data acquired at single wavelengths. 

To give the fit most appropriate to for the proposed electronic structure a three-lifetime 

sequential kinetic scheme was used (A ® B ® C). Global analyse decomposes the 

transient absorption spectra into evolution assisted decay spectra (EADS) with 

associated concentration profiles. The EADS are composed of the spectral components 
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decay that decay at the same rate, with an associated concentration profile. The results 

from global analyses are given in Figure 7-5 to Figure 7-10. 580nm was used as the 

probe wavelength for all the global analysis. 
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Figure 7-5: Global analysis of the core-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 
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Figure 7-6: Global analysis of the glucose-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 
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Figure 7-7: Global analysis of the mannose-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 
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Figure 7-8: Global analysis of the galactose-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 
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Figure 7-9: Global analysis of the maltose-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 
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Figure 7-10: Global analysis of the lactose-CD TA spectrum.	 (A) color-coded 

concentration profiles associated with EADS spectra (B). Raw data (dots) and global 

analysis (red line) fit. 

7.7 Stern-Volmer plots 

 

Figure 7-11: Chlorophyll-a CDs mixes Stern-Volmer plots. Quenching range 425nm-

435nm. 

 



178 

 

Figure 7-12: Chlorophyll-b core-CD mix Stern-Volmer plot. Quenching range 465nm-

475nm. (Core-CD) Points at 0.9 and 1mM have been excluded from fitting and 

highlighted on the plot. The cause of these is probably due to degradation of 

chlorophyll-b in the spectrometer. 
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Figure 7-13: Lutein core-CD mix Stern-Volmer plot. Quenching range 460nm-470nm. 

 



180 

 

Figure 7-14: Protoporphyrin-IX core-CD mix Stern-Volmer plot. Quenching range 

450nm-460nm. 
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Figure 7-15: Hemin core-CD mix Stern-Volmer plot. Quenching range 445nm-455nm. 
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7.8 Fluorescence microscopy 

 
Figure 7-16: Bright field and fluorescence microscopy of treated Triticum aestivum 

tissue. BF is used to indicate bright-field white-light transmission microscopy, 

chlorophyll and CD refer to chlorophyll and CD fluorescence microscopy respectively.  

 

Figure 7-17: Microscopy of the control treatment. (A) Bright-field white-light 

transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence.  
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Figure 7-18: Microscopy of the glucose control treatment. (A) Bright-field white-light 

transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence. 
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Figure 7-19: Microscopy of the core-CD treatment. (A) Bright-field white-light 

transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence. 
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Figure 7-20: Microscopy of the glucose-CD treatment. (A) Bright-field white-light 

transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence.  

I have also included fluorescence microscopy of CDs in N. tabacum below: 

 

 
Figure 7-21: Microscopy of the control treatment N. tabacum vein . (A) Bright-field 

white-light transmission; (B) CD fluorescence. 
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Figure 7-22: Microscopy of the control treatment N. tabacum mesophyll. (A) Bright-

field white-light transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence. 

 
Figure 7-23: Microscopy of the core-CD treatment N. tabacum vein. (A) Bright-field 

white-light transmission; (B) CD fluorescence. 

 
Figure 7-24: Microscopy of the core-CD treatment N. tabacum mesophyll. (A) Bright-

field white-light transmission; (B) Chlorophyll fluorescence; (C) CD fluorescence. 

 
Figure 7-25: Microscopy of the glucose-CD treatment N. tabacum mesophyll. (A) 

Bright-field white-light transmission; (B) CD fluorescence. 
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Figure 7-26: Microscopy of the glucose-CD treatment N. tabacum mesophyll. (A) 

Bright-field white-light transmission; (B) Chlorophyll fluorescence; (C) CD 

fluorescence. 
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7.9 IRGA Programs 

7.9.1 Light curve program 
"Messagebox =","Store 

IRGA ZP 

Insert Leaf 

Add LED array" 

"Set Flow =","750" 

"Set CO2 =","400" 

"Set H2O(ppm) =","17000" 

"Impeller =","7" 

"Set Tleaf =","22.0" 

"Storing Interval 

=","005/010" 

"Interval =","5" 

"Remark =","Begin Light 

Curve" 

"Remark =","Step1" 

"Set PARtop =","1" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step2" 

"Set PARtop =","32" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step3" 

"Set PARtop =","72" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step4" 

"Set PARtop =","149" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step5" 

"Set PARtop =","244" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step6" 

"Set PARtop =","368" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step7" 

"Set PARtop =","518" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 
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"Store MP ZP","" 

"Remark =","Step8" 

"Set PARtop =","685" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step9" 

"Set PARtop =","904" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step10" 

"Set PARtop =","1190" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","Step11" 

"Set PARtop =","1602" 

"Interval =","300" 

"Auto ZP =","015/060" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Interval =","5" 

"Store MP ZP","" 

"Remark =","End Light 

Curve" 

"Set H2O(ppm) =","0" 

"Interval =","300" 

"H2O Control off","" 

"CO2 Control off","" 

"Set Flow =","0" 

"Light Control off","" 

"TempControl off","" 

"Impeller =","0" 

7.9.2 Kinetics program 
"Remark =","Light Curve Tom" 

"Messagebox =","Store IRGA ZP 

Insert Leaf 

Add LED array" 

"Set Flow =","750" 

"Set PARtop =","100" 

"Set CO2 =","400" 

"Set H2O(ppm) =","17000" 

"Impeller =","7" 

"Set Tleaf =","22.0" 

"Mode =","MP" 

"Storing Interval =","010/060" 

"Start storing","" 

"Interval =","600" 
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"Set PARtop =","1000" 

"Interval =","3600" 

"Set PARtop =","100" 

"Interval =","3600" 

"Stop storing","" 

"Remark =","End
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7.10  Chlorophyll fluorescence programs  

7.10.1 Light curve program 
[LightCurve] 

Intens_Step_1=0 

Length_Step_1=3 

Intens_Step_2=1 

Length_Step_2=3 

Intens_Step_3=2 

Length_Step_3=3 

Intens_Step_4=3 

Length_Step_4=3 

Intens_Step_5=4 

Length_Step_5=3 

Intens_Step_6=5 

Length_Step_6=3 

Intens_Step_7=6 

Length_Step_7=3 

Intens_Step_8=7 

Length_Step_8=3 

Intens_Step_9=8 

Length_Step_9=3 

Intens_Step_10=9 

Length_Step_10=3 

Intens_Step_11=10 

Length_Step_11=3 

Intens_Step_12=11 

Length_Step_12=3 

Intens_Step_13=12 

Length_Step_13=3 

Intens_Step_14=13 

Length_Step_14=3 

Intens_Step_15=14 

Length_Step_15=3 

Intens_Step_16=15 

Length_Step_16=3 

Intens_Step_17=16 

Length_Step_17=3 

Intens_Step_18=17 

Length_Step_18=3 

Intens_Step_19=18 

Length_Step_19=3 

Intens_Step_20=19 

Length_Step_20=3 

7.10.2 Kinetics program 
-- Program Start -- | 

Set Meas. Light = |3,0,20,3,= 

Set Meas. Freq. = |3,0,3,3 

Set Act. Light = |5,0,20,0,= 

Set Sat. Light = |10,1,10,10,= 

New Record| 

Measure|On 

FvFm| 

Begin of Repetition Block |Dark1 

Wait(s) =|10,1,32000,60 

Yield| 

End of Repetition Block; Loops = 

|2,1,32000,10 

Set Act. Light = |5,0,20,15,= 

Begin of Repetition Block |Light1 

Wait(s) =|10,1,32000,60 

Yield| 

End of Repetition Block; Loops = 

|2,1,32000,60 

Set Act. Light = |5,0,20,0,= 

Begin of Repetition Block |Dark2 

Wait(s) =|10,1,32000,60 

Yield| 

End of Repetition Block; Loops = 

|2,1,32000,60 

Export to CSV File = |Data File 
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7.11    HPLC pigment analysis 

7.11.1 Calibration plots 

 
Figure 7-27: Chlorophyll-a calibration at 430nm absorbance with known standards. 

Conversion factor=1093±28 integrated absorbance units / mg/l,  7#=0.9992. 

 

Figure 7-28: Chlorophyll-b calibration at 470nm absorbance with known standards. 

Conversion factor=5617±158 integrated absorbance units / mg/l,  7#=0.9991. 
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Figure 7-29: Neoxanthin calibration at 450nm absorbance with known standards. 

Conversion factor=2308±107 integrated absorbance units / mg/l,  7#=0.9973. 

Figure 7-30: Violaxanthin calibration at 450nm absorbance with known standards. 

Conversion factor=4573±185 integrated absorbance units / mg/l,  7#=0.9980. 
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Figure 7-31: Lutein calibration at 450nm absorbance with known standards. 

Conversion factor=4082±218 integrated absorbance units / mg/l,  7#=0.9964. 

Figure 7-32: Carotene calibration at 450nm absorbance with known standards. 

Conversion factor=5261±56 integrated absorbance units / mg/l,  7#=0.9999. 
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7.11.2 Extracted pigment chromatograms 

Figure 7-33: 430nm absorbance extracted-pigment chromatogram. 

Figure 7-34: 470nm absorbance extracted-pigment chromatogram. 
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Figure 7-35: 450nm absorbance extracted-pigment chromatogram. 

 


