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Abstract: Despite major advances in the diagnosis and treatment of cancer, there remains a paucity of biomarkers for early detection (poor selectivity and specificity). Legumain [asparaginyl endopeptidase (AEP); EC 3.4.22.34] is a potential cancer biomarker and molecular target for imaging and therapy. Legumain is a lysosomal protease, active at acidic pH (4.0 - 6.5) with a remarkably restricted substrate specificity, uniquely cleaving an asparagine (Asn) at the P1 position, and is overexpressed in various solid tumours. A novel legumain-targeted first generation fluorogenic rhodamine-B based peptide substrate Rho-Pro-Ala-Asn~PEG-AQ (SM9) has been developed for diagnostic application in the early detection of tumours, which exploits the enzyme’s proteolytic specificity.  The fluorogenic probe SM9 is an efficient FRET substrate, in which an aminoanthraquinone acts as a ‘black hole’ quencher of rhodamine fluorescence that is restored on incubation with recombinant (rh)-legumain. Importantly, confocal microscopy studies have revealed localization of SM9 in the lysosomes of PC3 prostate cancer cells. The design principles have been extended to a second generation orthogonally functionalised, legumain-activated dual fluorogenic gadolinium-based magnetic resonance imaging (MRI) contrast agent Rho-Pro-Ala-Asn~Lys-[DOTA-(Gd3+)]-PEG-AQ (SM32). Furthermore, towards the development of selective and targeted theranostic (therapeutic and diagnostic) anticancer agents, a novel third generation fluorogenic legumain substrate prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ (ALS5) that incorporates a cytotoxic, lysosomotropic anthracenedione ALS1, has been designed. Activation of prodrug ALS5 by rh-legumain in vitro directly afforded the cleavage product and active drug ALS1. Confocal microscopy studies have shown that ALS5 and active ALS1 (at 1 μM) were also localized in the lysosomes of PC-3 cells. Furthermore, ALS1 induced morphological changes and apoptosis in PC-3 cells, as measured by fluorescence microscopy, and staining with Annexin V and DAPI using flow cytometry. All novel legumain-activated oligopeptide substrates and intermediate compounds have been fully characterised by high resolution mass spectrometry and NMR spectroscopy. Selected compounds have been further characterised by HPLC. The molecular probes and prodrugs have the potential to be used as diagnostic tools to define the legumain expression in tumour biopsies and provide prognostic information of value in determining patient-focussed treatment options, with extension to therapeutic strategies to improve tumour targeting.
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This thesis presents and discusses results from a research programme based in medicinal chemistry at the interface with tumour biology. The research programme was concerned with the design, synthesis and evaluation of legumain activated probes, MRI contrast agents and prodrugs. All chemical syntheses and biochemical evaluations of the novel agents synthesised during this study were carried out by the author ‘in house’. 

Chapter 1 explains the importance of the protease legumain in cancer. Furthermore, key examples of legumain activated fluorogenic probes are reviewed. The motivation for the rational design and synthesis of the first generation of legumain substrate based probes prepared in this study is explained. Results of the chemical syntheses of targeted first-generation probes and intermediate molecules derived in this research together with their chemical characterisation data are discussed fully. Selected biological data (notably, in vitro chemosensitivity assays, cellular uptake and localisation in cancer cells) is also presented.
 
Chapter 2 explains the design principles, and the synthesis and characterization of unique second generation orthogonally functionalised dual-modal fluorogenic and MRI contrast agent legumain-activatable substrate probes. Furthermore, key examples of protease-mediated dual MRI contrast agents are reviewed.

Chapter 3 presents the rational design and results of the chemical synthesis of a third generation legumain-activatable novel theranostic prodrug and intermediate compounds together with a discussion of their full chemical characterisation data. Moreover, key examples of protease-mediated prodrugs are reviewed. Selected biological data (notably, in vitro chemosensitivity assay; cellular uptake and localization of the novel prodrug and its legumain mediated cleavage fragments in prostate cancer cells; and apoptosis detection using flow cytometry) are also discussed.
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[bookmark: _Toc494786749]Chapter 1:  First generation legumain targeted fluorogenic substrate probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9): design strategy 

Legumain is frequently overexpressed in cancer and is therefore a potential biomarker and molecular target for imaging and drug targeting. The aim of this project is to exploit the proteolytic activity of legumain in cancer by developing unique fluorogenic FRET probes for its sensitive detection (based on rhodamine fluorescence). The first-generation peptide substrate based probe (SM9) consists of an aminoanthraquinone quencher at the carboxyl terminal and rhodamine-B as the fluorophore at the amino terminal of the probe. Figure P1 shows the representation of the prototype rhodamine-based probe in its simplest form. After cleavage by legumain at the carboxyl end of asparagine, separation of the aminoanthraquinone quencher and the fluorophore results in strong restoration of rhodamine fluorescence. 

[image: ]
Figure P1. Schematic design of fluorogenic-based probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) in which a rhodamine based fluorophore (light bulb) and aminoanthraquinone quencher (purple oval) flank the substrate region; A. Fluorescence quenched; B. Fluorescence released and C. Possible detection methods.


[bookmark: _Toc494786750]Chapter 2: Second generation legumain targeted dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32): design strategy

The design of first-generation molecular probe (SM9) has been extended to a second generation (novel) gadolinium-labelled model magnetic resonance imaging (MRI) probe Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32), for molecular imaging of solid tumours (Figure P2). The dual MRI contrast agent SM32 was designed as a sensitive fluorogenic FRET peptide substrate of legumain. It is hypothesised that the dual-probe (SM32) after cleavage by legumain, generates strong restoration of rhodamine fluorescence, and releases a Gd-DOTA contrast agent which should permit lesions in cancer tissues to be studied by MRI. 
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Figure P2. Schematic design of fluorogenic dual MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32), showing the legumain cleavage site and the Gd-DOTA label at the ɛ-amino group of the P1´Lys.


[bookmark: _Toc494786751]Chapter 3: Third generation legumain targeted theranostic fluorogenic dual probe-prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ (ALS5): design strategy
 
The design of first-generation molecular probe (SM9) has been extended to a third generation theranostic peptide substrate prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ(4-OH) (ALS5), wherein ~ indicates the legumain cleavage ‘hot spot’ at the C- terminal side of an asparagine residue in the P1 position (Figure P3), where rhodamine fluorescence is internally quenched by a novel aminoanthracenedione ‘black hole’ quencher, until cleaved by the proteolytic action of the legumain. The strategy exploits the stringent substrate specificity of legumain to cleave at the C-terminal of Asn residues occupying the P1 position. Prodrug ALS5 incorporates a cytotoxic, lysosomotropic anthracenedione ALS1, serving also as the fluorescence quenching chromophore, and has the potential to serve as a dual diagnostic tool and therapeutic (theranostic) agent in cancer.
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Figure P3. Schematic representation of the putative theranostic prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ(4-OH) (ALS5) design and showing the legumain-mediated activation and release of cytotoxic agent ALS1 at the target tumour site.
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During this research, three generations of large molecules have been synthesised to exploit the proteolytic activity of legumain. The structures below signify the compounds designed in this study in their simplest format (Figure N1). 





Figure N1. Structural representation of aminoanthraquinone [PEG-AQ(4-OH)] and design of first generation probe Rho-Pro-Ala-Asn-PEG-AQ.

The anthraquinones used in this research are abbreviated to AQ. To support the nmr characterization, a numbering system (blue colour) was used for the anthraquinone chromophore. The spacer group has been further abbreviated in all three generations of compound, for example, the spacer -HN-(CH2)2-O-(CH2)2-O-(CH2)2-NH- is represented as PEG. The peptide is described using conventional 3-letter codes, for example, Pro-Ala-Asn. The fluorophore [rhodamine (Rho-B)] has been further abbreviated to Rho for convenience and a numbering system (red colour) was used to support nmr spectral analysis.





xx

1 [bookmark: _Toc494786753]Chapter 1

1.1 [bookmark: _Toc494786754]Aim and Hypothesis

Aim

The principal aim of this project is to develop new chemical probes for early cancer detection (diagnosis), patient monitoring and treatment planning. The probes are targeted to the putative cancer biomarker legumain. The initial aim is to exploit the proteolytic activity of legumain overexpressed in cancer by developing unique fluorogenic probes for its sensitive detection (based on rhodamine fluorescence). 

Hypothesis

Legumain is an important molecular target in cancer research and its unique specificity for asparagine can be exploited to activate fluorogenic probes and prodrugs in cancer. It is proposed that legumain-activated probes can be utilised for fluorescence imaging studies. Furthermore, legumain-activated probes can be used in theranostic studies for real-time monitoring of drug release.
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[bookmark: _Toc494786756]Proteases

Proteases or peptidases, which are expressed intracellularly and extracellularly, are found in all organisms in the animal kingdom. Proteases are catalytically active enzymes that cleave peptide bonds in proteins by hydrolysis. Peptidases have evolved to execute numerous other important roles inside and outside of the cells (Rawlings and Barrett, 2014). Figure 1.1 shows the four major categories of proteases from the MEROPS database: serine, cysteine, metalloproteases, aspartate and further divisions into clans and families (Rawlings et al., 2016). For the serine and cysteine proteases a separate amino acid serves as the nucleophile (hydroxyl group of serine and the thiol group of cysteine, respectively), whereas for the proteolysis of aspartate and metalloproteases a carboxyl group and water; and a zinc atom and water, respectively are responsible. To perform proteolysis, serine, cysteine and metalloproteases require a second amino residue, a proton donor (the imidazole nitrogen of histidine and the carboxyl group of glutamate, respectively) (Rawlings and Barrett, 2014). For the first time in 1993, Rawlings and Barrett organised the proteases as clans and families. A protease clan was organised as a group of families with different priority to the specificity of substrate sequence. The first letter of the clan represents the catalytic type and the second letter characterises the clans by alphabetic order such as clan CA and CD. Clan CA includes two different protease families such as cathepsin (family C1) and calpains (family C2). Similarly, Clan CD differentiate into legumain (family C13) and caspases (family C14). Again, the letter signifies the catalytic type of the protease, whereas the number characterises the families in a numbered order such as C13, C14. (Figure 1.1) (Rawlings et al., 2012). 
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[bookmark: _Toc494786867]Figure 1.1. Diagram of protease classification as per the MEROPS database.

[bookmark: _Toc494786757]Proteases as therapeutic targets

Proteases may be favourable targets for developing probes and prodrugs. Proteases induce the breakdown of proteins by nucleophilic attack (irreversible hydrolysis) on the carbonyl bond of the peptide chain (Lah et al., 2006). Figure 1.2 shows the positional specificity of peptidase activity.  Endoproteases cleave peptide substrates in the middle of the polypeptide chain, however exoproteases cleave at the C- or N-terminal end (carboxypeptidases and aminopeptidases respectively) of a polypeptide chain (Dickinson, 2002). Other exopeptidases are dipeptidyl peptidase, peptidyl dipeptidase, tripeptidyl peptidase, dipeptidase and omega peptidase (Figure 1.2). Both exopeptidases and endopeptidases show amino acid sequence specificity for the particular amino acid close to the cleavage hot spot peptide bond. Proteases are involved in various physiological and pathological processes. Proteases play a vital role in the cell differentiation and proliferation, invasion and metastasis of tumour cells, wound healing, DNA replication, tissue remodelling, immune response, signal transduction, immunity, angiogenesis, blood coagulation, cell-cell adhesion and extracellular matrix maintenance (Gocheva and Joyce 2007; López-Otín and Bond, 2008). Proteases are one of the main targets for drug development as many strategies have been designed to inhibit proteases especially for tumour suppression.

[image: ../Screen%20Shot%202017-01-24%20at%2016.21.26.png]
[bookmark: _Toc494786868]Figure 1.2. Different types of peptidase with their cleavage specificity.
Red brackets attached to arrow: substrate; Circle: amino acid residues and down-arrows: cleavage hot spot (Rawlings and Barrett, 2014).
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Legumain is a unique lysosomal cysteine protease member belonging to the clan CD protease family (C13) (Chen et al., 1997; Dall and Brandstetter, 2013). Legumain or asparaginyl endopeptidase (AEP) is an enzyme, proteolytically active at acidic pH (4.5 – 5.0) and has a substrate specificity towards peptide bonds restricted to the C-termini of asparagine at the P1 position of peptide substrates (Kembhavi et al., 1993; Halfon et al., 1998). The catalytic activity of legumain is optimum at acidic pH and is completely unstable at pH 6 or above (Chen et al., 1998). Previously, legumain was described to have absolute substrate specificity towards Asn, however, at lower pH (<3) legumain has similar properties to caspases and substrates can be cleaved after aspartate (Asp) residues (Chen et al., 1997; Halfon et al., 1998). The first mammalian legumain was characterized (purified from pig kidney) by Chen and colleagues (1997). Legumain overexpression in cancer was first reported in 2003 (Liu et al., 2003). Legumain was originally acknowledged by Kembhavi and colleagues in endopeptidase from moth bean (Vigna aconitifolia) with a restricted specificity cleavage site at the C-termini of an asparagine residue at the P1 position (Kembhavi et al., 1993). Legumain is present in plants (as a vacuole processing enzyme), and later also known in parasites (blood fluke Schistosoma mansoni) and mammals (Chen et al., 1997). 

Legumain is not universally expressed in human tissues, but it has been reported that it is present in various tissues including testis, liver, spleen, placenta and heart, but its activity is more abundant in kidney tissue which helps in normal protein catabolism, also extracellular matrix (ECM) remodelling through degradation of fibronectin and renal homeostasis (Chen et al., 1997; Yamane et al., 2002; Liu et al., 2003).  Chen and colleagues (1998) were able to visualise the legumain, subcellularly in the lysosome of mouse tissues (Chen et al., 1998). Legumain is associated with intracellular protein degradation as it is present intracellularly in the lysosomal system, but also overexpressed in various solid tumours (Chen et al., 1997) and associated with atherosclerosis and with various pathological conditions (e.g. parasitic infection) (Chen et al., 2001; Manoury et al., 1998). Although primarily in lysosomes, legumain has also been stated to appear extracellularly in the acidic tumour microenvironment, and furthermore in the cytoplasm and the nucleus which seems incompatible with its pH stability requirements (Wu et al., 2006; Haugen et al., 2013; Li et al., 2013). Lysosomal legumain plays an important role in MHC class II-mediated antigen presentation and regulation of the activity of cathepsin B, H and L (Manoury et al., 1998; Shirahama-Noda et al., 2003). Furthermore, legumain has been reported in the activation and conversion of pro-MMP2 into the active enzyme MMP2, which explained the link between legumain expression and metastatic potential (Chen et al., 2001). Furthermore, Chen and Shirahama-Noda have shown that legumain is clearly capable of processing cathepsins B, H and L and activating pro-MMP2 to the active enzyme MMP2 in vitro and in cultured cells (Chen et al., 2001; Shirahama-Noda et al., 2003).

Legumain is highly expressed by tumour associated macrophages (TAMs), promotes cell migration and is also associated with tissue invasion and metastasis (Lewis and Murdoch, 2005; Shih et al., 2006; Wu et al., 2006; Luo et al., 2006) by secreting growth factors (VEGF, bFGF, EGF & TGF-α), cytokines (IL-8, IL-6, IL-10 and NF-α) and metalloproteinases (MMP-2, MMP-7, MMP-9 and MMP-12) (Sunderkötter et al., 1991; Lee et al., 2006). The tumour microenvironment is rich in proteolytic activity in the insufficient presence of oxygen and nutrition, which leads to the hypoxic condition (a common feature of solid tumours) (Muz et al., 2015). Legumain overexpression promotes tumourigenesis and correlates with poor prognosis in various cancer types (Liu et al., 2003; Luo et al., 2006; Edgington et al., 2013; Lin et al., 2014), including gastric cancer (Li et al., 2013), breast cancer (Lewen et al., 2008), ovarian cancer (Wang et al., 2012), colorectal cancer (Haugen et al., 2013) and prostate cancer (Ohno et al., 2013). Recently, several publications have highlighted the use of legumain as a potential cancer biomarker and a potential molecular target for imaging and drug targeting (Lewen et al., 2008; Ohno et al., 2013). The overexpression of legumain in cancer combined with its unique substrate specificity makes legumain a smart candidate for tumour-specific targeting and has afforded the motivation to exploit the legumain-specific molecules in various diagnostic and therapeutic approaches.  

Subcellular localization of legumain

Legumain is proposed to have various functions in the subcellular compartments. To cleave the substrates, legumain must be in its active form or transported in its active form to the substrate interaction site. The subcellular localization of legumain has recently been observed in the nucleus and is suggested to contribute to histone degradation (Haugen et al., 2013). The subcellular localization of cysteine proteases like legumain seems to be changed in cancer.  As shown in Figure 1.3 prolegumain is transported via the endoplasmic reticulum (ER) and Golgi to the acidic organelle – the endosome. Through the endosome, it is targeted to the acidic lysosomes where it is activated to the active form of legumain at low pH. Furthermore, it can be secreted to the extracellular environment via Golgi or endosomes, where it can interact with the αvβ integrin receptor and possibly cleave extracellular substrates such as proMMP-2. Similarly, extracellularly present legumain may return into the cell through endocytosis or directly via translocation to the cytoplasm. As soon as it is exposed to the cytoplasm, legumain may then enter the nucleus (Dall and Brandstetter, 2015). ATPase is responsible to maintain the acidic pH of lysosomes via transporting protons into the lumen. The acidic pH of early and late endosomes are in-between 6.5 and 5.4, respectively (Saftig and Klumperman, 2009). However, lysosomes reach a value of pH 3.8 when they become more mature/acidic (Turk et al., 2000). 
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[bookmark: _Toc494786869]Figure 1.3. Cellular localization of legumain.

Recent studies show that legumain is present in tumour-associated endothelial cells, stromal cells and tumour-associated macrophages (Stern et al., 2009). During the translocation from the extracellular space into the cytoplasm, legumain must be post-translationally altered, probably but not essentially including autocatalytic activation (Smith et al., 2012). 

Structural characteristics of legumain 

The acidic environment of the lysosome makes the inactive legumain proform (zymogen; molecular weight of 56 kDa at physiological pH) into the proteolytic active intermediate (legumain; molecular weight of 46-47 kDa) and then to the mature active form (36 kDa) by undergoing the autocatalytic process. Chen and colleagues (1997) showed that legumain is synthesised as the inactive form (zymogen) which consists of a signal peptide (Met1-Ala17), N-terminal propeptide (Val18-Asp25), the legumain (cysteine protease) domain (Gly26-Asn323) and a C-terminal prodomain (Asp324-Tyr433) (Chen et al., 1997) (Figure 1.4.A). N-terminal processing is not essential for prolegumain activation as the 46 kDa form is catalytically active. The sequence of the 56, 47 and 46 kDa legumain forms are the same and the activation of pro-legumain into the active 46 kDa legumain results from a single cleavage after Asn323 at the C-terminal (Chen et al., 2000). The authors also claimed that at basic pH conditions, the legumain proform (56 kDa) remains inactive, but after incubation at pH 5.5 the inactive full-length 56 kDa glycoprotein would be converted into the 47 kDa intermediate through an autocatalytic deletion of the C-terminal pro-domain. Incubation of the intermediate (47 kDa) between pH 4.5 - 5.0 undergoes an autocatalytic removal of the N-terminal propeptide resulting in a more active form (46 kDa) (Figure 1.4.B), furthermore, autocatalysis produces the mature legumain (36 kDa) (Chen et al., 2000; Li et al., 2003). The conversion from 46 kDa (active form) to 36 kDa (mature form) is inhibited by an epoxide (E-64) and leupeptin (Chen et al., 2000; Dall and Brandstetter, 2012). 
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[bookmark: _Toc494786870]Figure 1.4. Legumain domain and its activation
A) Structure of Pro-legumain domain; B) Schematic cellular processing of legumain.

Legumain has a strict specificity for cleavage at the C terminal of Asn residue at pH 5 and, to a minor extent, aspartyl peptide bonds below pH 4.5 (Chen et al., 1997). Chen and colleagues (2000) revealed that Asn323 is a vital cleavage site for the prolegumain activation from inactive to the active legumain form (Chen et al., 2000). According to Dall and Brandstetter (2012), legumain activity reached 50% after its incubation at pH 4.0 or lower, indicating the involvement of each of the aspartic acid/asparagine at the P1 position but at pH 5.5 (37oC) legumain favours asparagine at the P1 position with maximum activity. At acidic pH, legumain undergoes maturation for catalytic activation. Maturation of Legumain is pH dependent (reversible) with the exclusion of a cap that shields the active site. During the reversible phase, the cleaved peptide bonds undergo a healing process under basic crystallization conditions and results in the conversion of active legumain into its prolegumain form (biomodular) (Zhao et al., 2014). At acidic pH, autoproteolytic cleavage of legumain divorced the C-terminal domain from the core domain and access to protonated active site whereas under neutral pH conditions, the positive charge of the cap domain neutralized the negative charged of the active site (Dall and Brandstetter, 2015). Zhao and colleagues (2014) proved the presence of the cap domains in the structure of inactive pro-AEP form, whereas, active and mature legumain or asparaginyl endopeptidase (AEP) only contained the core domain (Zhao et al., 2014).

Legumain substrate specificity (P1, Asn/Asp)

In 1967, Schechter and Berger for the first time proposed the specificity model for protein. According to the Schechter and Berger nomenclature, the substrate amino acid residues are called P (for peptide), and the subsites on the protease are called S (for subsites). The protease subsites were accommodated as S1-S2 towards the N-termini and S1’-S2’ towards the C- termini with respect to the cleavage site. Whereas, the substrate amino acids were accommodated as P1-P2 (non-primed sites) and P1’-P2’ (prime sites) (Schechter and Berger, 1967). Figure 1.5 shows the relationship between the substrate residues and protein pockets. 
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[bookmark: _Toc494786871]Figure 1.5. Representation of protease active site and complementary substrate by Schechter and Berger. 

The specificity of legumain for asparagine (Asn) or aspartic acid at the P1 site was understood by the zwitterionic structure and the steric hindrance implemented in the specificity pocket (S1 site).  At pH 5.5, the negative charge caused the electrostatic repulsion of a charged aspartate, but it stabilizes the amide group of an Asn side chain. However, at pH below 5.5 the side chain of the aspartic acid becomes protonated and shows similarity to an asparagine both in charge and in size (Halfon et al., 1998). Besides its unique specificity for Asn at the P1 position, legumain is less selective to the P1 primed position and P2-P3 (non-primed position). Substrate specificity differs with different species for example plant legumain shows a preference for bulky groups at P3 position (Rotari et al., 2001), Schistosoma legumain shows a favourable cleavage sequence of Thr-Ala-Asn, whereas the human legumain enzyme favours Pro-Thr-Asn at P3, P2 and P1 position (Mathieu et al., 2002). Substrate sequences containing glycine, cysteine, asparagine, serine and alanine at the P1 prime position was well tolerated whereas with proline at the P1 position, the substrate was less liable to legumain cleavage (Schwarz et al., 2002). The catalytic Cys189 must be present in a nucleophilic thiolate form for catalysis, making it susceptible for oxidation; for that reason, a reducing environment is good for activity. At the acidic pH of the lysosomes, the deprotonation of the catalytic (Cys189) motif becomes the rate limiting step for its substrate specificity. Also, Glu190 exploits the pH dependency of human legumain which implements the catalytic driven mechanism to improve its substrate specificity (Li et al., 2003).  

Similar to legumain, specific cathepsins like B and L are regularly upregulated in cancer cells. Research also showed that cathepsins can be expressed at the cell surface and secreted into the extracellular space, where they can degrade the extracellular matrix (Jedeszko and Sloane 2004; Strojnik et al., 2005; Mohamed and Sloane 2006; Gocheva and Joyce 2007). Cathepsin B is a carboxydipeptidase whereas cathepsin L is an endopeptidase (Cygler et al., 1996; Turk and Gunčar, 2003). Cathepsin B prefers a negatively charged C-terminal carboxylate of the substrate at the P2 position (Musil et al., 1991).  The most important binding site of cathepsins are S2, S1 and S1 for substrate and enzyme activity (Turk and Gunčar, 2003) The S1 pocket of cathepsin B is deep and well defined in comparison to cathepsin L (Turk et al., 1996; Gunčar et al., 2000). Cathepsin L not only favours small amino residues (e.g., Ala, Ser) at S1’ subsite but also long non-branched side chains residues (e.g., Asn, Gln, Lys) (Menard et al., 1993). Cathepsin L possesses a deep S2 binding pocket, whereas cathepsin B carries a shallow S2 subsite (Coulombe et al., 1996; Cygler et al., 1996). Most cathepsin L favours a positively charged amino acid (such as lysine) at the P1 position and a hydrophobic amino residue at the P2 position, whereas cathepsin B can also accept a positively charged amino residue at the P2 position, which is at the top of its S2 pocket (Choe et al., 2006). Recently, Lęgowska and colleagues (2014) showed that arginine and glycine are equally preferred by cathepsin L at P1 position. The enzyme site S2 forms a pocket which determines the enzyme specificity by incorporating a hydrophilic amino residue such phenylalanine (Lęgowska et al., 2014). Cathepsins may potentially be activators of legumain targeted probes, but the well-known substrate specificity of legumain argues against this. Furthermore, it is not mandatory to have amino residues at the primed positions (P1 and P2) for the catalytic activity of legumain. 

Legumain Inhibitors

Legumain crystal structure shows that Asn39 is situated on a reactive centre loop between helix α1 and β2 and plays an important role for legumain inhibition (Alvarez-Fernandez et al., 1999). Cysteine protease (cystatins M/E and C) inhibitors are the most effective endogenous inhibitors of legumain (Alvarez-Fernandez et al., 1999; Chen, Fortunato and Barrett, 2000; Vigneswaran et al., 2006), whereas inhibitors of serine (phenylmethanesulfonyl fluoride), aspartic and metalloproteases (1,10-phenanthroline) have no effect on legumain activity.  Legumain inhibitors like cystatin E/M bind in a substrate like manner to the active site (Asn39) of legumain at P1 residue. Therefore, they stabilised the AEP domain by blocking the access to the substrate sites. The cleavage products stay attached to the enzyme as the enzyme- product complex become stable via cystatin's legumain loop interactions. Cystatin C forms a stable complex with legumain between pH 5.5-6.5, however, at pH 4.0 it releases the active enzyme. At extracellular pH conditions (pH 7.4) cystatin C acts as an agonist by protecting the legumain-cystatin complex (Dall and Brandstetter, 2015). The enzyme activity of the clan CA enzymes (calpains, papain and cathepsins) is suppressed by the epoxide inhibitor E-64, however clan CD cysteine proteases (legumains, caspases, gingipains, separase and clostipains) are resistant to inhibition by E-64 inhibitor (Chen et al., 1997). Furthermore, by using iodoacetate the legumain activity is lost by blocking the thiol group, which ratifis that legumain is a cysteine protease (Csoma and Polgar, 1984). The restricted substrate specificity towards asparagine at the P1 position, makes it different from the other cysteine proteases. Michael acceptors [ CMK: chloromethylketone; acylmethylketone (2, 6-dimethylbenzoic acid 3 benzyloxycarbonylamino-4-carbamoyl-2-oxo-butyl ester] and Aza-peptide epoxides were shown to be the most potent inhibitor of Schistosoma manosi and pig legumain however these were ineffective against other class of clan CA and CD proteases (James et al., 2003; Loak et al., 2003; Niestroj et al., 2002). Studies show that p-chloromercuribenzoate, iodoacetamide, N-ethylmaleimide and ovocystatin (from chicken egg-white) were also effective legumain inhibitors (Chen et al., 1997).

[bookmark: _Toc494786759]Diagnostic probes 

The past decade has seen a massive improvement in new technologies available for tumour imaging and disease monitoring. The dramatic increase in fluorescence imaging has opened new doors in the area of molecular imaging that may soon have significant clinical value. At the heart of all new imaging approaches is the need for smart fluorogenic probes, imaging probes and/or dual fluorogenic MRI contrast agents that give a more accurate representation of individual molecular events as they occur in vivo. It is well known that an increase in protease activity has been proved to be linked with various human pathological conditions such as cancer, atherosclerosis and neurodegenerative diseases (Baruch et al., 2004; Blum, 2008). So far, substrate based probes and activity based probes have been built, which are cleaved by specific proteases, to produce fluorescent signals, whereas affinity probes require no cleavage but are intrinsically fluorescent when bound. Substrate based probes are based on the design of a tag/molecule built around the reporter substrate, which shows release of fluorescence upon cleavage by a protease, whereas an activity based probe forms an irreversible covalent bond with a protease upon cleavage (Blum et al., 2005). Legumain is overexpressed in the tumour microenvironment generally bound to the surface of the tumour associated macrophages (Liu et al., 2003). By targeting tumour associated macrophages (TAM), legumain becomes a very important target for delivering the anticancer drug (Luo et al., 2006). In spite of current evidence of legumain as a smart diagnostic and therapeutic target, exclusively in tumour invasion and metastasis, current techniques to study legumain function mainly rely on antibodies and genetic modification, making it hard to study legumain in its native state (Lee and Bogyo, 2010). Small peptide based molecules such as FRET (fluorescence resonance energy transfer) based probes and activity based probes give a highly flexible means to monitor legumain function and regulation in a broad range of biological systems. So far, there are only a few legumain based substrate and activity based probes available, which are outlined below.

Substrate based probes

Commonly, legumain based probes are intrinsically quenched and become fluorescent only after cleavage by an active protease. Fluorogenic substrate based probes include primary sequences of amino acids with a scissile peptide bond (only where Asn is attached to the quencher via its carboxylic acid) at one end and a fluorophore at the other end. Spectral properties are changed after the cleavage by active legumain at the carboxylic acid terminus of Asn. Use of the right peptide sequences is very important for the fluorogenic substrate based probe to be cleaved at a specific site. Currently, there are two different types of substrate based probes available (Figure 1.6).

I. Fluorogenic substrate-based probe: Here, the fluorophore is attached to the short peptide via C terminus (e.g. 7-Amino-4-methylcoumarin (AMC) based probe) (Edgington et al., 2011) (Figure 1.6.A).
II. FRET-based probe: A linker and a peptide sequence are attached between the fluorophore and quencher. The fluorophore remains dark until it is released by protease action (e.g. TL11 FRET based Substrate) (Ding, 2014) (Figure 1.6.B).
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[bookmark: _Toc494786872]Figure 1.6. Substrate based probes.
A) Fluorogenic probes e.g. AMC; B) FRET based probe e.g. TL11. Yellow colour: peptide chain; red colour: active protease; light blue colour and brown circle: aminoanthraquinone; blue colour: quenched fluorophore; pink colour: released fluorophore after cleavage.

AMC is a coumarin based fluorescent dye which contains a primary amino group. Coupling of this primary amine with a carboxylic acid results in the formation of an amide, which modifies the electronic structure of coumarin resulting in a non-fluorescent form. Substrate based probes normally consist of a small peptide or small molecule such as carbobenzyloxyalanine-alanine-asparagine-aminomethylcoumarin (CBZ-Ala-Ala-Asn-AMC). For example, CBZ-Ala-Ala-Asn-AMC (Figure 1.7) was synthesised and designed as a legumain substrate by coupling of CBZ-Ala-Ala-Asn to the amino group of aminomethyl coumarin through a peptide bond at the C-terminus of Asn (Kembhavi et al., 1993). The most widely used, commercially available, fluorogenic (non-FRET-based) substrate probe consists of a fluorogenic chromophore 7-amino-4-methylcoumarin (AMC), cleavage by the protease results in an increase in fluorescence intensity (Edgington et al., 2011). 



[bookmark: _Toc494786873]Figure 1.7. Structure of CBZ-Ala-Ala-Asn-AMC.
(Carbobenzyloxy-Ala-Ala-Asn-aminomethylcoumarin).
	
Substrate-fluorophore probes are generally dependent on the direct linkage between a protease recognition site and a fluorescent reporter. Steric hindrance may result at the protease cleavage site due to the absence of a linker between a bulky fluorophore and the cleavable site, which prevents binding of the substrate to the active site of the protease (Chen et al., 2014).  However, using a linker to connect the fluorophore and substrate prevents steric hindrance near the cleavage site. Upon hydrolysis of the amide bond between the peptide~linker, the bond between fluorophore and linker could break under physiological conditions to release the fluorophore (Chen et al., 2014). Alternatively, it is also plausible to make substrate based probes containing a fluorophore and acceptor (fluorescent/non-fluorescent) at opposite end of the probe (Edgington et al., 2011).  These substrate based probes are often so called FRET probes (Chen et al, 2014). In FRET based probes, an acceptor acts as a quencher which absorbs the light emitted by the donor in the exited state due to the FRET effect. After the cleavage of the probe by a peptidase, the FRET effect will vanish, and the donor will regain the fluorescence (Birch and Rolinski, 2001). Substrate-based probes have several advantages such as ease of modification of the design of the probe due to substrate scaffold simplicity (Sanman and Bogyo, 2014). In the past, our lab has developed a FRET based probe TL11 (FAM-Pro-Ala-Asn-Leu-PEG-AQ) (Figure 1.8), and proof of principle has been established by use of recombinant human legumain which cleaves fluorogenic probe TL11 and has shown a good release of fluorescence (Ding, 2014). 
 


[bookmark: _Toc494786874]Figure 1.8. Structure of FAM-Pro-Ala-Asn-Leu-PEG-AQ
(Fluorescein-Pro-Ala-Asn-Leu-aminoanthraquinone). 

Activity based probes (ABP)

Activity based probes differ from substrate based probes in terms of their mechanism of action. Instead of acting as a substrate which is cleaved by a protease, activity based probes act as covalent inhibitors of the active protease. In contrast to substrate based probes, activity based probes are a great area of interest in terms of optimal imaging application (Blum et al., 2007). Figure 1.9 shows the schematic design of an activity based probe which forms a covalent bond with the active legumain. Upon binding of an electrophile (acyloxymethyl ketone) reactive group to the active site of legumain, the O-acyl group is released. The acidic pH in the lysosomes helps in the protonation of the side chain, thereby permitting binding in the S1 pocket of legumain (Edgington and Bogyo, 2013).

[image: Picture4.png]
[bookmark: _Toc494786875]Figure 1.9. Schematic of activity based probes binding to a protease.
Red pie: active protease; brown circle: an electrophile (e.g. acyloxymethyl ketone); blue sun: quenched fluorophore; pink sun: released fluorophore after cleavage.

Activity-based probes (covalently attached to the active site of proteases) are used for the studies of drug binding and cellular imaging due to a high degree of selectivity for a target protein (Sanman and Bogyo, 2014). Activity based probes have the potential advantage over substrate probes as they form a covalent bond with the active protease, allowing direct biochemical analysis of the target after in vivo imaging has been completed (Blum et al., 2009). The binding of the ABP to a target depends on the mechanism which involves enzyme activity. ABPs consist of three different groups: a reactive group or warhead as an electrophile, such as epoxides, activated ketones – an acyloxymethylketone to deliver the covalent modification to the enzyme without reacting to non-specific enzymes inside the cell (Kato et al., 2005); a linker such as alkyl, PEG or peptide to regulate the selectivity of the ABP for a particular target, also as a connector between the reactive group and tag to prevent steric hindrance, and a fluorescent tag or biotin or radioisotopes which depend on the imaging application of the probe (Edgington et al., 2011). Fluorescent tags can be identified by various techniques like fluorescence microscopy, SDS-PAGE, mass spectrometry and in vivo imaging (Sanman and Bogyo, 2014). Activity-based probes containing an AOMK (acyloxymethyl ketone) reactive group are used to target different enzyme categories (legumain, cathepsins and caspases) which liberates a carboxylate leaving group during the change of the enzyme target. After connecting the quencher to the leaving group, it becomes a smart probe, which only produces fluorescence once it has connected (covalently bound) to the target enzyme. These smart molecules play a vital role in real time imaging applications where the bound probe cannot be washed away prior to tumour imaging (Edgington et al., 2011). Activity based probes exploit irreversible inhibitors which can covalently change the target active site of a protease in an activity-dependent fashion. However, only a few legumain-specific inhibitors are known so far (Lee and Bogyo, 2010), which are constructed with Cbz-Ala-Ala-Asn peptide scaffold and others are based on aza-Asn epoxides (James et al., 2003), aza-Asn halomethylketones and aza-Asn Michael acceptors to build irreversible legumain inhibitors (Niestroj et al., 2002). 

Although legumain inhibitors are highly potent in vitro, their potency and selectivity have never been tested in vivo. Lee and Bogyo (2010), developed a new class of legumain activity based inhibitor Cy5-Pro-Asn-Aza-epoxide [LP-1; near-infrared fluorophore (NIRF) legumain probe] (Figure 1.10), which binds irreversibly to the catalytic thiol group of the active legumain. It also has improved kinetic properties and increased selectivity for legumain for application during in vivo imaging. Cy5 was used as a fluorophore to label the Pro-Aza-Asn epoxide electrophile scaffold in the near-infrared fluorophore (NIRF) legumain probe to monitor the legumain activity both in healthy tissues and solid tumours (non-invasive imaging) (Lee and Bogyo, 2010).  As it has been shown in the literature that LP-1 is not quenched, the free floating unbound probe must clear just before the signal is detected during the in vivo imaging. To by-pass this drawback, Edgington and colleagues (2013) had developed a new activity based probe Cy5-Glu-Pro-Asp-dimethylbutylamine-propyl-QSY21 (LE-28) (Figure 1.10). This new smart activity based probe is naturally quenched and becomes fluorescent only upon covalently binding with the active legumain. LE-28 shows more potency towards legumain during cell lysates studies and, increased labelling of legumain in intact cells, tumours and organs in comparison to LP-1 (Lee and Bogyo, 2010; Edgington et al., 2012). These characteristics of ABPs make them exceptionally valuable components for identification of novel targets and use in the drug discovery process to measure the overall selectivity, pharmacodynamics properties and efficiency of the drug compounds (Edgington et al., 2011; Edgington et al., 2012).
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[bookmark: _Toc494786876]Figure 1.10. Structure of LP-1 and LE-28.
[Cy5-Pro-Asn-Aza-epoxide (LP-1) and Cy5-Glu-Pro-Asp-dimethylbutylamine-propyl-QSY21 (LE-28)] (Lee and Bogyo, 2010; Edgington et al., 2012)

[bookmark: _Toc494786760]Fluorescence overview

The revolution in fluorescence and its applications has changed the world of microscopy and cell biology. New fluorescent tools united with microscopes such as the confocal microscope have shown how cells are structured (Amos and White, 2003). The research has progressed so much that, researchers are easily able to study the localisation of molecules within the cell, including specific genes inside a chromosome (Pinkel et al., 1988), and also quantify specific molecules inside a cell (George et al., 2006), assess cell viability (Suzuki et al., 1997), determine enzyme kinetics (Koltermann et al., 1998), and detect changes in the concentration of ions and pH of the cells and organelles (Tsien et al., 1982; Schäferling, 2012). 

The term fluorescence was for the first time introduced by George Gabriel Stokes (Stokes, 1852). Emission of light from substances after the absorption of light is known as a photoluminescence process. Photoluminescence can be divided into two categories depending on the nature of the excited states of the substance: fluorescence and phosphorescence (Valeur and Berberan-Santos, 2011). The boom in the fluorescence area has been used in the development of the various fluorogenic probes with high target specificity and low background fluorescence. van-Dam and colleagues (2011) exploited fluorescence microscopy in studies of ovarian cancer, which overexpress folate receptors. They introduced fluorescein tagged folate agents, causing ovarian cancer cells to fluoresce green while healthy cells remained uncoloured (van-Dam et al., 2011).

Phenomena of Fluorescence 

Fluorescence is the phenomenon of an emission of light from a molecule or a substance which is in an excited state on relaxation to the ground state (Lakowicz, 2007).  The excitation of a fluorophore is due to the absorption of light from the ground state to the excited state. Planck’s Law (E = hѵ = hc/λ) is used to measure the energy during the emission of a photon through fluorescence or phosphorescence, where E is the energy, h is Planck's constant, ѵ is the frequency of the incoming photon, c is the speed of light and λ is the wavelength of the incoming photon. Fluorescence phenomenon are based on the three- state process: ground (S0), first (S1) and second electronic state (S2) (Haugland et al., 2005; Lakowicz, 2006; Lavis and Raines, 2008) (Figure 1.11). During the first stage, excitation is occurring, where the energy of a photon is excited to the higher vibrational levels (S1 or S2). Due to the loss of energy in the absence of light emission or internal conversion in the second stage, the photon released from the molecules quickly relaxes to the lowest excited state (S1).  The third stage is known as fluorescence, where a photon of energy is emitted, returning the fluorophore to its lower electronic level/ground state (S0).  During the third stage, the decay of the excited state can happen in a non-radiative manner.  The excited state can also undergo forbidden intersystem crossing to the triplet excited state (T1) where relaxation of photon emission is known as phosphorescence or quenching (Jablonski, 1933; Lavis and Raines, 2008). Another most important decay pathway of an exited state is known as FRET, which is a distance-dependent process and can be used to measure the close proximity of the labelled entities. During this process, the difference between the energy of excitation and emission of photons is known as Stokes shift (hνex - hνem) (Haugland et al., 2005). The molar absorptivity and the quantum yield of a fluorophore help to describe the fluorescent properties of the molecule. According to the Beer-Lambert law (A = ε c l), the molar absorption coefficient or the molar molar absorptivity (ε) denotes the absorptivity of a fluorophore at the maximum absorption wavelength (λmax), where ‘A’ is actual absorbance of the sample, ‘l’ is the path length and ‘c’ is the concentration of the molecule.  Quantum yield is another most important property of a fluorophore which is described as the ratio of photons emitted to those absorbed (Lakowicz, 2006). The power of a fluorophore to lose its ability to fluoresce is known as photo-bleaching. The repetition cycles of a photochemical reaction during the absorption of light results in the decrease of fluorescence. This process is usually dependent on the composition and structure of a fluorophore which occurs after many excitation and emission cycles. 
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[bookmark: _Toc494786877]Figure 1.11. Jablonski diagram.
A: Excitation of the fluorophore via photon absorption, F: transition to ground state due to the emission of visible light via fluorescence, Q: transition to ground state without emission of light due to quenching, NR: non-radiative relaxation; IC: intersystem crossing, P: phosphorescence, S: singlet state, T: triplet sate (Jablonski, 1933).

FRET 

In 1948, Forster described the mechanism of Forster or fluorescence resonance energy transfer (FRET) (Förster, 1948). FRET is a technique in which energy is shifted non-radiatively from a donor (excited state) to the acceptor (ground state) through dipole-dipole interactions. The principle of FRET is based on the distance (Forster distance, less than 10 nm) between the donor and acceptor which are usually bound to the ends of the substrate (Kim and Kim, 2012) (Figure 1.12). The FRET technique is based on the excitation (of fluorophore) and the emission of the fluorescence at different wavelengths. Energy released from a donor is usually in the form of light.  The quencher plays an important role as an energy acceptor in a FRET pair system (Sapsford et al., 2006). When the donor and acceptor are close to each other with minimal distance, the acceptor quenches the fluorophore which results in no fluorescence. After the cleavage of the probe by the enzyme, the energy transfer is interrupted, which results in an increase in fluorescence intensity. The fluorophore to quencher fluorescence emission varies when both chromophores are fluorescent. FRET is an important technique used in cell imaging because of the real time monitoring, good reproducibility and high sensitivity (Kim and Kim, 2012). Fluorescence resonance imaging has developed as a dominant technique for monitoring biomolecules inside the framework of living systems with high resolution (Kobayashi et al., 2010). Fluorogenic substrates are vital molecular tools for cell biology, bioimaging and drug targeting (Demchenko et al., 2010; Ueno and Nagano, 2011). 
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[bookmark: _Toc494786878]Figure 1.12. Schematic diagram of Fluorescence Resonance Energy Transfer (FRET) concept.

Quenchers and Fluorophores used in FRET

Quenchers (acceptors) play an important role in FRET pair systems. Quenchers (FRET acceptors) are chemically linked to fluorophores and generate fluorescence, however, sometimes instead of releasing light (fluorescence), they dissociate their absorbed fluorescence resonance energy as heat. Non-fluorescent complex formation between the fluorophore and non-fluorescent molecule leads to quenching of a fluorophore (Marras, 2006). Some of the most commonly used non-fluorescent acceptors are Dabcyl (4-(4’-dimethylaminophenylazo) benzoic acid) and Dabsyl (4 dimethylaminoazobenzene-4’-sulfonyl) with λmax 485 nm and 466 nm, respectively. Other quencher categories include QSY (λmax 475 nm), QXL (λmax 488 nm), Black Hole quenchers (λmax 534 nm) and BlackBerry (λmax 650 nm) (Figure 1.13).



[bookmark: _Toc494786879]Figure 1.13. Chemical structures of quenchers.

The fluorophore-quencher dual-labelled probe can simplify several fluorescence assays and has become a standard in kinetic (real-time) PCR, fluorogenic probes, genotyping using molecular beacons and biossays (Le et al., 2012). Probe technology has been revolutionized by using xanthene dyes such as rhodamine-B (λex 552 nm and λem 590 nm) and fluorescein (λex 495 nm and λem 515 nm), on activity and substrate based probes (Figure 1.14).



[bookmark: _Toc494786880]Figure 1.14. Structure of rhodamine-B and fluorescein.

Xanthene dyes

The most common xanthene fluorophores are fluorescein and rhodamine. 7-Amino-4-methylcoumarin is a derivative of the coumarin chromophore, which is structurally related to the rhodol fluorophore, the hybrid structure of rhodamine and fluorescein (Figure 1.15). These fluorescent dyes are hydrophobic in nature and freely enter cell membranes. These attributes of fluorophores are very important in biochemical profile studies and different imaging applications. By using these fluorophore tags in molecular probes, it is possible to monitor variations in protease activity and is also important for direct biochemical profiling studies (Edgington et al., 2011). Many commonly used organic fluorophores have some drawbacks like photo-bleaching or difficulty in multiplexed examination by exact pairing between donor and acceptor. But these problems can be resolved by using a suitable conjunction of fluorophore or quencher with quantum dots (nanocrystals used for bio-sensing because of their advanced photo-physical properties over organic fluorophores) (Medintz et al., 2006; Shi et al., 2006). 



[bookmark: _Toc494786881]Figure 1.15. Structure of xanthene dye and other common fluorophores.

Fluorescein

Fluorescein-based dyes are pH dependent xanthene dyes, which are capable of existing in cationic, neutral, anionic and di-anionic forms. The equilibrium between the “closed” lactone and “open” quinoid forms of fluorescein exist and have multiple ionization equilibria (Sun et al., 1997; Slyusareva et al., 2009). Fluorescein-based dyes are pH dependent, which leads to good absorption and fluorescence emission between the pH range 5 and 9, however, under acidic conditions (below pH 4) the fluorescein leads to no emission due to its “closed” lactone form. Between pH 5 and 7, the xanthene moiety of fluorescein is still in the protonated (non-fluorescent form) and monoanionic form (less fluorescent form). At physiological pH 7.4, fluorescein exists as the fluorescent dianion and behaves as a highly hydrophilic moiety (Sjoback et al., 1995). (Figure 1.16).



[bookmark: _Toc494786882]Figure 1.16. Chemical structures of fluorescein.

Rhodamine-B

In cell biology research, the xanthene derivative rhodamine-B is widely used as a fluorophore because of its excellent photophysical properties and the structural change between closed ring (non-fluorescent) and opened ring (fluorescent) forms in response to pH and high molar absorpitivity. Also, rhodamine-B is a relatively inexpensive dye with high quantum yield. It is mostly used in fluorescent probes to label peptides and proteins, cell imaging and in microscopy (Birtalan et al., 2011). Rhodamine-B (Rho-B) can exist as both ring-opened and ring-closed (spirolactam) forms with separate absorption profiles. Ring-opened Rho-B shows strong absorption between 540-555 nm and emission between 560-585 nm, however, there is no absorption for the ring-closed form in the visible region. The unique properties of ring-opened Rho-B has been exploited in the design and evaluation of molecular probes for various arrays of analyses (Beija et al., 2009; Kim et al., 2008). In acidic solutions, Rho-B is present in the cationic form due to protonation of the carboxyl group, however, in a basic solution, cyclization occurs and Rho-B is found in its ‘‘closed’’ (spirolactam/nonfluorescent) form (Birtalan et al., 2011) (Figure 1.17).
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[bookmark: _Toc494786883][bookmark: _Toc387927176]Figure 1.17. Chemical structures of Rho-B.

Both cationic and zwitterionic forms share the same xanthene chromophore which leads to a hypsochromic shift of both absorption and fluorescence maxima (Beija et al., 2009). In non-polar organic solvents, interruption of π–conjugation of the xanthene ring occurs and the zwitterionic form converts into the colourless lactone (absorbs in the UV region), which leads to low fluorescence quantum yield in comparison to cationic and zwitterion forms (Beija et al., 2009). Beija and colleagues (2011) proposed three types of modification of rhodamine derivatives: carboxyphenyl ring amendment at position 4’ or 5’, alteration of the amino group of xanthene at position 3 and 6 (leading to a change in photophysical properties, even to loss of fluorescence), and carboxylic acid group modification at position 2’ (Beija et al., 2009). Modification of the carboxylic acid of the carbophenyl ring (position 2’) will result in the formation of a secondary amine, however it can only become fluorescent in acidic conditions or in the presence of metal cations. The modification of the amino group of the xanthene ring at positions 3 and 6, increases the nucleophilicity of the phenolic oxygen and forms the spirolactam (nonfluorescent) form (Birtalan et al., 2011).
[bookmark: _Toc494786761]
Overview of the project

Based on all these studies, in this work, we have decided to design the first generation molecular fluorogenic probe Rho-Pro-Ala-Asn~PEG-AQ(4-OH) (SM9) (Chapter 1), a second generation dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) (Chapter 2) and a third generation theranostic fluorogenic dual probe-prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ(4-OH) (ALS5) (Chapter 3) to exploit the proteolytic activity of overexpressed legumain. SM9, SM32 and ALS5 were synthesised and characterized to exploit the unique proteolytic activity of overexpressed legumain, wherein ~ indicates the legumain cleavage ‘hot spot’ at the C- terminal side of an asparagine residue in the P1 position. The main purpose of this study is to exploit the well-known fluorescence properties of ring-opened rhodamine-B to create a new type of FRET pair in conjunction with novel aminoanthraquinone quencher molecules. Legumain is an important molecular target in cancer research and its unique specificity for asparagine can be exploited.  Probes and prodrugs made in this work are designed to target legumain which is mainly overexpressed in the lysosomes, but, also found on the surface of tumour cells and tumour associated macrophages. In the tumour microenvironment, the conditions are both hypoxic and acidic, under which legumain can be fully activated to cleave the probe and prodrugs at the carboxyl end of asparagine.






Chapter 1
Results and discussion


[bookmark: _Toc494786762]Results and Discussion

This chapter describes the design, synthesis and evaluation of a first generation legumain substrate-based FRET probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and a control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25); the latter being specifically designed not to be cleaved by legumain. An outline of the two probes, SM9 and SM25 is given in Figure 1.18, showing the fluorophore and aminoanthraquinone quencher, common to both probes and the two different tripeptide sequences. The following sections in this chapter explain the rational design, synthetic strategy (solution, solid phase peptide and convergent synthesis methods) and synthesis purification and characterization of, SM9, and its legumain mediated cleaved fragments [PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10)], and SM25. The biological evaluation of both probes is then presented; incubation of SM9 and SM25 with recombinant human legumain, physicochemical properties (partition coefficient), fluorescence studies, cell viability (MTT) assay, and cellular uptake and localization of intact probes and cleavage product SM1.
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[bookmark: _Toc494786884]Figure 1.18. Structural representation of fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25).

[bookmark: _Toc494786763]Rational design of a novel fluorogenic probe SM9 and a control probe SM25

This section describes the design of first-generation probes and is shown in Figure 1.19. The legumain targeted fluorogenic probe SM9 employs a three-component design consisting of a polyethylene glycol spacer aminoanthraquinone [PEG-AQ(4-OH)], a tripeptide (Pro-Ala-Asn) and a fluorophore (rhodamine B). Substrate cleavage by legumain depends on the primary amino acid sequence at the scissile amide bond. Legumain has a substrate specificity towards peptide bonds restricted to the C-termini of asparagine at the P1 position of peptide substrates (Kembhavi et al., 1993; Halfon et al., 1998). Legumain is an important molecular target in cancer research and its unique specificity for asparagine can be exploited (Chen et al., 1997;  Dall and Brandstetter, 2015) Figure 1.19 shows the design of fluorogenic prototype probe SM9 for legumain which has the potential to be cleaved efficiently at the acidic pH of most solid tumours.
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[bookmark: _Toc494786885]Figure 1.19. Schematic concept of probe design and activation.
A) Schematic representation of legumain-mediated probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) design and activation; B). Schematic representation of control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25); fluorophore (rhodamine B), P1: Asn; P2: Ala; P3: Pro, aminoanthraquinone quencher [PEG-AQ(4-OH)].

In the design of the substrate-based FRET probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), an aminoanthraquinone [quencher; PEG-AQ(4-OH)] was selected that absorbed energy over a wide range of absorbance wavelength (λabs 570-650 nm).  Kodama and colleagues (2006), designed a fluorescent probe bearing an aminoanthraquinone quencher and a fluorophore. They have shown that the fluorescence generated by the excitation of the fluorophore was efficiently quenched in a single strand form in the oligoDNA probes, however significant recovery of the fluorescence was detected when the probes produced duplexes with the fully complementary strand. The emission of the fluorophore (λem 520 nm) overlapped the absorption spectrum of aminoanthraquinone (λmax 520 nm).  (Kodama et al., 2006). Because of this, the PEG-AQ(4-OH) quencher should be useful in our study as an energy acceptor in FRET pairs. 

The most important step in the design of fluorogenic probe SM9 was the selection of amino acid residues at the C- and N- terminal of the scissile bond. Schechter and Berger (1967) suggested for the first time, the nomenclature system which labels the residues at N-terminal to the cleavage site as a non-prime site (P) and C-terminal residues as prime-site (P). In the design of SM9, asparagine was used at the P1 position, as based on what is known from the literature, this is essential for recognition by legumain (Chen et al., 1997; Edgington et al., 2013). We used alanine and proline at the P2 and P3 positions, respectively. Alanine and proline are both non-polar and hydrophobic in nature, according to the literature proline was the best fit at position P3 of an activity-based probe (Sexton et al., 2007). Furthermore, to potentially maintain constant strong fluorescence release upon cleavage by legumain, proline was chosen for the P3 position. Due to the presence of a secondary amine in proline, conjugation to proline should ‘lock’ rhodamine B in a ring-opened form when linked to rhodamine B through a tertiary amide bond and additionally legumain has selectivity for large hydrophobic residues in this position (Choe et al., 2006). Therefore, to make an effective fit into the active site of the legumain, it was decided to introduce alanine and proline at P2 and P3 position into the legumain substrate SM9. 

The amino acids in the P2 and P1 positions, Ala-Asn, in SM9 are the same as those used in these positions in the only commercially available legumain probe Cbz-Ala-Ala-Asn-AMC, where 7-amino-4-methylcoumarin (AMC) is used as a fluorophore (Stern et al., 2009; R&D systems, 2012). This commercial probe is not a FRET substrate because the fluorescence silenced in Cbz-Ala-Ala-Asn-AMC is due to the amide bond formation between the amino group of AMC when capped with a peptide, not because the absorption spectrum of the Z-group can overlap the emission spectrum of AMC. Whereas, we hypothesize that our SM9 probe will be a substrate-based FRET probe and has the potential to exploit the proteolytic activity of legumain.

The main purpose of the fluorogenic probe SM9 is to exploit the well-known fluorescence properties of ring-opened rhodamine-B to create a new type of FRET pair in conjunction with novel aminoanthraquinone quencher molecules. Ring-opened rhodamine B shows strong absorption between 540-555 nm and emission between 560-585 nm, however, there is no absorption of the ring-closed form in the visible region (Beija et al., 2009; Kim et al., 2008). The emission between 560-585 nm of ring opened rho-B can overlap the absorption spectrum of aminoanthraquinone (λabs 570-650 nm). That shows that ring-opened rho-B and aminoanthraquinone are the best fit for the design of FRET-based substrates. Analogous to SM9 probe, the control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25), was specifically designed not to be a substrate for legumain, as Asn was replaced by Ala at the P1 position in order to lose the specificity and selectivity for legumain cleavage (Chen et al., 1997; Edgington et al., 2013).

Due to their high selectivity and sensitivity, fluorescent molecular probes have been widely implemented in the areas of drug targeting and tumour imaging (Bu et al., 2014). SM9 probe has the potential to be used as a diagnostic tool to define the legumain expression in tumour biopsies, the extent of activation of the fluorogenic probe-mediated by overexpressed legumain may offer diagnostic and prognostic information of potential value in determining patient-focussed treatment. The following section explains the synthetic strategy adopted for the preparation of rhodamine-B based fluorogenic peptide substrates of legumain.

[bookmark: _Toc494786764]Synthetic Strategy

Aminoanthraquinone quenchers

The synthesis of the aminoanthraquinone chromophore, intended for use as quencher of rhodamine fluorescence, was conducted by the amination of leucoquinizarin with 2,2’-(ethylenedioxy)bis(ethylamine) in DCM, introducing  a PEG-like spacer, to afford the spacer-linked anthraquinone SM1 (Section 1.2.4.1.1). The aminoanthraquinone spacer compound was additionally designed and characterised in this research programme as a platform for amino acid coupling to construct short oligopeptide substrate sequences containing a legumain cleavable bond. 

According to Kikuchi and colleagues, leucoquinizarin undergoes an addition-elimination reaction where leucoquinizarin was proposed to be aminated by the addition of the amino group to the electrophilic ketone group in the 1-(or 4-position) of the leuco forms to give an intermediate that dehydrates (elimination of water) (Kikuchi et at., 1982). When the leuco from undergoes nucleophilic substitution (addition-elimination) with amines the process can result in two derivatives; the mono-amino and diaminoanthraquinone derivatives. The percentage of these amination derivatives are condition dependent (Kikuchi et at, 1981). The authors showed the formation of five possible products [Figure 1.20 (a-e)] of leuco-monoaminated product upon monoamination of leucoquinizarin with butylamine (Kikuchi et at., 1982). Controlled extreme conditions (like addition of 5x leucoquinizarin to amine and the reaction was carried out only in UV cuvettes without product isolation) were used to get significant monoamination with little bis-substitution. Condensation of leucoquinizarin with an excess amount of an amine, followed by oxidation resulted in 1,4-bis-substituted anthracene-9,10-dione compound (Simon, 1963). Here, Scheme 1.1 shows the strategy adopted for the synthesis of monoamino derivatives, including SM9 (Section 1.2.3). This reaction is based on the controlled mono-amination of leuco form with primary amine for an appropriate reaction time. Furthermore, Kikuchi and colleagues showed that on reduction, quinizarin is converted to the leuco (2,3-dihydro) form which has been characterised by NMR and is accepted to have the 1,4-dione-9,10-dihydroxy configuration (Kikuchi et at., 1981). 



[bookmark: _Toc494786886]Figure 1.20. Structures of five leuco compounds (a-e).

In 1983, Gorden and Gregory described the reaction of leucoquinizarin with alkylamines that achieved 1, 4-diamino derivatives which are then by aeration (oxidation) converted to 1,4-diaminoanthraquinones. However, the reaction of leucoquinizarin with less nucleophilic amines like arylamines, do not give any mono or di- leuco forms unless boric acid is present as catalyst (Figure 1.21). Boric acid forms the complex with the leucoquinizarin, which greatly accelerates nucleophilic attack by the arylamines (Gorden and Gregory, 1983).



[bookmark: _Toc494786887]Figure 1.21. Reaction scheme showing the synthesis of 1,4-bis-substituted arylamines from quinizarin via leucoquinizarin, a reduced form of quinizarin. 


Coupling of Peptides to the Aminoanthraquinone quencher

The earlier section outlined the synthetic method used to prepare nuclear substituted monoamino anthraquinone spacer compound possessing a free primary amino group which can be used as a point of attachment of N-α protected amino acids. The following sections describe the selection of common α-amino protecting groups employed during peptide synthesis as well as their removal conditions. 

Amino acid coupling, protection and deprotection

In this research programme, to construct the desired intact peptide chain, solution and solid phase peptide methods (SPPS) have been implemented.  The formation of a peptide bond between amino acid is the crucial step in peptide synthesis. In general, C-to-N terminal peptide synthesis usually involves different organic solvents such as methanol, N,N-dimethylformamide, ethyl acetate, chloroform, dichloromethane (Kent, 2008). In the solution phase peptide method, the amino acids are fully protected except at the reacting terminus (Figure 1.22) (Kent, 2008). When an α-carboxyl-protected amino acid with a free amino group reacts with an N-protected, C-activated amino acid peptide bond formation results. To increase the length of the peptide, the α-amino protecting group can be easily removed and the next N-protected, C-activated amino is then coupled to lengthening the peptide. This process is continued until the goal of the desired peptide chain has been achieved. At the end, all the protecting groups are removed to afford the final peptide (Kent, 2008). The most accessible controlled α-amino protecting groups used during peptide synthesis are Triphenylmethyl (Trityl, Trt) (Barlos et al., 1998), 9-Fluorenylmethoxycarbonyl (Fmoc) (Carpino and Han, 1972), tert-Butyloxycarbonyl (Boc) (Lundt et al., 1978) and for α-carboxyl, the protecting group tert-Butyl (OtBu) (Lundt et al., 1978).



[bookmark: _Toc494786888]Figure 1.22. Schematic representation of solution phase peptide method.
 ‘PG’ signifies protecting group and ‘L’ is a leaving group.

The solid phase peptide synthesis was first introduced by Merrifield in 1963 (Figure 1.23). As shown in Figure 1.23, during SPPS, the preferred peptide chain is built first by add-on of an amino acid to a resin followed by continuous addition of the side chain protected α amino acid residues.  In general, due to the chemical stability of the Fmoc and N-Boc protecting groups in acidic and basic environments, respectively, they are the preferred choice to protect the amino functional group of the amino acid in the methodologies used in SPPS. 



[bookmark: _Toc494786889]Figure 1.23. Schematic representation of solid phase peptide synthesis. 
‘PG’ signifies protecting group and ‘L’ is a leaving group.

Here, we have used Fmoc-SPPS for the peptide sequence in the fluorogenic substrate. The main reason for using Fmoc-amino acids is the availability of commercially available, high-quality Fmoc-building blocks with minimum cost and ease to build up synthetic peptides (Behrendt et al., 2016). Fmoc deprotection releases a fluorene (UV properties) which is an important indicator for successful synthetic reaction (Sheppard, 2003). However, Boc-SPPS requires the use of anhydrous hydrogen fluoride (HF). The use of HF needs specialist training and apparatus handling, which has limited the use of Boc-SPPS (Raz et al., 2016). Furthermore, Boc deprotection could cleave any side chain protecting group (here, an orthogonally trityl protected asparagine) during each treatment with TFA and cause progressive loss of peptide from the resin. In contrast, Fmoc SPPS afforded an orthogonal mixture of permanent and temporary protecting groups (Behrendt et al., 2016). 

During the Fmoc/Boc SPPS method, the protecting groups (e.g. base‐labile Fmoc and acid‐labile Boc) were preferred so that they are removed in different chemical conditions. The C-terminus of the desired amino acid (here, Asn) was attached to the resin. During the deprotection step, the side chain of the Asn that could possibly undergo reaction under the chemical condition used during the methodology was protected by protecting group (here, Trt). The N-terminal protecting group (e.g Fmoc) was used to protect the α‐amino group, which is easily removable by conditions that should not affect the “orthogonal” protecting groups on the side chains. During the coupling step, an excess amount of amino acid in the desired peptide carrier was added. The carboxyl group of this amino acid was activated by using PyBOP/HOBt/DIPEA or HATU or TBTU/ HOBt/DIPEA via the formation of an activated ester to catalyse the formation of the amide bond. Removal of the base‐labile Fmoc protecting group was done by treating the intact peptide resin with 20% piperidine (v/v) in DMF (Carpino, 1987).  When the desired intact peptide chain was constructed, the final step of peptide chain cleavage from the resin was carried out by using 0.5% TFA in DCM. However, SPPS methods resulted in low yield at most coupling stages, but, it had a few advantages:

I. Due to attachment of the desired amino acid to the resin, not only the physical losses of the product remain slightly less but also SPPS avoid oxazolone formation and hence racemisation (Jones, 2002).

II. Also, due to the attachment of the desired amino acid to the resin, which makes the separation of the product from by-product and soluble reagents by washing and filtration. Furthermore, for the same synthetic peptide, the SPPS method has been estimated to be approximately fifty times less laborious than the conventional solution phase peptide method (Kent, 2008).

Fluorenylmethoxycarbonyl (Fmoc) protection



[bookmark: _Toc494786890]Figure 1.24. Structure of fluorenylmethoxycarbonyl (Fmoc). 

The Fmoc protecting group belongs to a set of urethane protecting groups. The Fmoc (Figure 1.24) protecting group has been used for α-amino protection of amino acids such as asparagine where side chain protection is with N-β-trityl protection. The Fmoc protecting group was removed using 20% piperidine (v/v) in DMF (30 minutes at RT) (Carpino, 1987). Piperidine (secondary amine, nucleophilic base) helps in deprotonation which results in the formation of Fmoc-piperidine adduct (detected at 312 nm), releasing CO2 during the process and liberate the free amine (aminoanthraquinone conjugate), followed by removing the Fmoc-piperidine adduct or any impurities from the desired product at any time.

N-tertiarybutoxycarbonyl (Boc) protection



[bookmark: _Toc494786891]Figure 1.25. Structure of N-tertiarybutoxycarbonyl (Boc).

The Boc protected α-amino acids used in this research programme were used to form the desired peptide target conjugates. After amino acid coupling, the Boc group (Figure 1.25) was removed by adding trifluoroacetic acid (TFA) into the protected compound for 30 minutes at RT (Isidro-Llobet et al., 2009), followed by the treatment with cold diethyl ether to afford trifluoroacetate salts of the target conjugates.

Trityl (Trt) protection



[bookmark: _Toc494786892]Figure 1.26. Structure of trityl (Trt).

The trityl (triphenylmethyl, or Trt) group (Figure 1.26) has been widely utilized in synthetic organic chemistry reactions such as side chain protection of asparagine (amide nitrogen) or protection of the primary hydroxyl group in nucleosides. The Trt group can be easily removed by dissolving the protected compounds in trifluoroacetic acid for longer periods than those required to remove Boc groups (1-2 hours at RT) (Isidro-Llobet et al., 2009).

O-tertiarybutyl (OtBu) protection

[image: ]
[bookmark: _Toc494786893]Figure 1.27. Structure of O-tertiarybutyl (OtBu).

Tertiary butyl (Figure 1.27) esters are regularly used as protecting groups in combinatorial non-peptide and peptide chemistry, for example, the hydroxy groups of 4-hydroxyproline are constantly protected in peptide synthesis as the O-tertiarybutyl (OtBu) ethers. O-tertiarybutyl (OtBu) groups can be easily removed by dissolving the protected compound in trifluoroacetic acid (1-2 hours at RT) (Isidro-Llobet et al., 2009).

[bookmark: _Toc494786765]Methods used for the design of fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)

Solution and convergent methods have been used for the design and evolution of fluorogenic probe SM9. Method I, consisted of semi-linear synthesis of SM9 via solution phase peptide methods whereas, Method II, consisted of both solution and solid phase peptide methods (convergent method) (Scheme 1.1).



[bookmark: _Toc494787036]Scheme 1.1. Schematic representation of methods I and II for the design and synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9).

[bookmark: _Toc494786766]Synthetic strategy of rhodamine-based fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) by using Method I and Method II

Design of rhodamine-based fluorogenic probe (SM9) using Method I

As mentioned above, a semi-linear solution phase peptide method (Method I) was used to synthesise fluorogenic probe SM9. The complex synthesis of SM9 probe can be divided into the following steps as shown in Scheme 1.2. 

I. Synthesis of PEG-AQ(4-OH) (aminoanthraquinone spacer-SM1 compound) by nucleophilic reaction of 9,10-dihydroxy-2,3-dihydro-1,4-anthracenedione (leucoquinizarin) with an amine.  
II. N-α-Fmoc protected amino acid activation in situ with PyBOP or HOBt with consequent coupling to the N terminus of the SM1 compound to form the N-Fmoc-Asn(Trt)-anthraquinone spacer conjugate (SM2).  
III. Deprotection of N-α-Fmoc (protecting group) SM2 with 20% (v/v) piperidine in DMF to produce free amine H-Asn(Trt)-aminoanthraquinone conjugate (SM3). 
IV. The consecutive addition of the N-α-Fmoc amino acid by repeated conjugation reaction to give N-Fmoc-Ala-Asn (Trt)-aminoanthraquinone conjugate (SM4) followed by the deprotection reaction to form free amine H-Ala-Asn(Trt)-aminoanthraquinone conjugate (SM7).  
V. Synthesis of Rho-Pro-OtBu (SM5) by reacting rhodamine-B with H-Pro-OtBu.HCl by using a simple peptide coupling reaction followed by the deprotection reaction (using trifluoroacetic acid) to give the trifluoroacetate salt of the intermediate compound Rho-Pro-OH (SM6).  
VI. Sequential coupling of Rho-Pro-OH (SM6) to H-Ala-Asn(Trt)-aminoanthraquinone conjugate (SM7) by repeated coupling to result in formation of Rho-Pro-Ala-Asn(Trt)-aminoanthraquinone conjugate (SM8) and deprotection reaction (using trifluoroacetic acid) to give the trifluoroacetate salt to form the legumain substrate Rho-Pro-Ala-Asn-PEG-AQ(4-OH) TFA (SM9).  



[bookmark: _Toc494787037]Scheme 1.2. Synthesis of rhodamine-B based fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9). 
Reagents and conditions: (i) 2,2’-(ethylenedioxy)bis(ethylamine), DCM, 95°C, 1 h (ii) Fmoc-Asn(Trt)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iii) 20% piperidine in DMF, RT, 30 min. (iv) Fmoc-Ala-OH, HCTU, DIPEA, DMF, RT, 2 h. (v) 20% piperidine in DMF, RT, 30 min. (vi) H-Pro-OtBu.HCl, HATU, triethylamine, DMF, RT, 3 h. (vii) TFA, RT, 1 h. (viii) SM6, SM7, PyBOP, HOBt, DIPEA, DMF, RT, 24 h. (ix) TFA, RT, 2 h.

Synthesis of PEG-AQ(4-OH) TFA (SM1)

It has been well established in the literature that when leucoquinizarin is reacted with primary amines, this results inevitably in both monoamination and 1,4-bis-substitution of leucoquinizarin. In 1982, Kikuchi and colleagues, described the monoamination of lecuoquinzarin with butylamine, which results in five possible tautomers of the product (the structure is discussed in Section 1.2.2.1).



[bookmark: _Toc494786894]Figure 1.28. Synthesis of H-PEG-AQ(4-OH) (SM1) from leucoquinizarin.
Reagents and conditions: (i) 2,2’-(ethylenedioxy)bis(ethylamine), DCM, 95°C, 1 h.

The PEG-AQ(4-OH) TFA, SM1, was synthesised by dissolving leucoquinizarin (9,10-dihydroxy-2,3-dihydro-1,4-anthracenedione) in dichloromethane, followed by the addition of 2,2’-(ethylendioxy)bis(ethylamine), and then the reaction mixture was refluxed for 1 hour at 95°C (Figure 1.28, Scheme 1.2). It had been observed that within the first 20 minutes, the colour of the reaction mixture changed to greenish-blue. Once the reaction was completed, followed by aeration (oxidation), the greenish blue colour of the aminoanthraquinone conjugate changed to a typical purple colour which provided evidence of the nucleophilic substitution of the side-chain containing di-amine (and polyethylene glycol) group to leucoquinizarin, confirmed by TLC. The formation of 4-hydroxylated aminoanthraquinone conjugate (purple compound) was typically based on the controlled monoamination of leucoquinizarin with PEG spacer diamine at an appropriate reaction condition (1 hour at 95°C), with a diaminoanthraquinone blue by-product (Figure 1.29). 



[bookmark: _Toc494786895]Figure 1.29. Reaction scheme showing the synthesis of SM1
(PEG-AQ(4-OH) (monoaminoanthraquinone) and diaminoanthraquinone (1,4-bis-substituted) from leucoquinizarin.

The crude product was purified by column chromatography, firstly chloroform and methanol (19:1) was used as eluent to remove impurities (polar) existing in a blue coloured band (unreacted starting amine). The eluent was swapped to chloroform and methanol (15:1) to elute the main purple coloured band. The eluted fractions containing the chromatographically pure (by TLC) aminoanthraquionone spacer compound were filtered to remove silica and evaporated to low volume followed by addition of TFA. Finally, diethyl ether was added into the reaction mixture in order to let the PEG-AQ(4-OH) trifluoroacetate salt (SM1) precipitate from solution. The purified compound SM1 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 371.1598 Da for the species [M-C2O2F3]+; the cation which corresponded to the trifluoroacetate salt, M, 484.15 Da. 

Synthesis of H-Asn(Trt)-PEG-AQ(4-OH) (SM3)

To synthesise H-Asn(Trt)-PEG-AQ(4-OH) (SM3), Fmoc-Asn(Trt)-OH was conjugated with the amino group of the aminoanthraquinone (SM1) following standard peptide coupling methods in DMF where the carboxyl group of the protected Asn was activated via an esterification reaction with PyBOP, HOBt and DIPEA as base to give the N-Fmoc protected Fmoc-Asn(Trt)-PEG-AQ(4-OH) compound SM2 (Figure 1.30, Scheme 1.2). 



[bookmark: _Toc494786896]Figure 1.30. Synthesis of H-Asn(Trt)-PEG-AQ(4-OH) (SM3) from SM1.
Reagents and conditions: (i) Fmoc-Asn(Trt)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ii) 20% piperidine in DMF, RT, 30 min.

The progress of the reaction was monitored through TLC. Once the reaction was completed, the excess amount of DMF was removed via solvent extraction (water-chloroform), followed by addition of aqueous sodium bicarbonate which helps to remove any acidic impurities. The purification of crude product was achieved by silica gel column chromatography [chloroform:ethyl acetate (4:1) with an increasing gradient of methanol (1-6%)] which gave the title N-protected intermediate SM2. Subsequent, N-deprotection was carried out by using a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to form the final product H-Asn(Trt)-PEG-AQ(4-OH) (SM3) (Figure 1.30, Scheme 1.2). The purification of crude product was related in same manner as mentioned above to get the analytically pure compound SM3. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM3 as a solid precipitate. The purified compound SM3 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 727.3125 Da [M+H]+ corresponding to the relative molecular mass of 726.31 Da for SM3.

Synthesis of Rho-Pro-OH (SM6)

It has been reported previously in the literature that the ring-open rhodamine-B (adjacent to a tertiary amide bond) produced fluorescence (Chapter 1; Section 1.1.5.2; Birtalan et al., 2011) and conjugation to proline locks the rhodamine-B in the ring-opened form. The Rho-Pro-OH (SM6) was synthesised by coupling Rho-B with H.Pro-OtBu.HCl by following a simple peptide coupling reaction (PyBOP, HATU, Et3N) in DMF to give a ring-opened rhodamine–proline conjugate  Rho-Pro-OtBu (SM5) compound (Figure 1.31, Scheme 1.2). 



[bookmark: _Toc494786897]Figure 1.31. Synthesis of Rho-Pro-OH (SM6) from rhodamine B.
Reagents and conditions: (i) H-Pro-OtBu.HCl, HATU, triethylamine, DMF, RT, 3 h. (ii) TFA, RT, 1 h.

The progress of the reaction was monitored through TLC. Once the reaction was completed, the crude product was purified by silica gel column chromatography [chloroform and ethyl acetate (4:1) with methanol (1-6%)], followed by removal of OtBu by using trifluoroacetic acid to yield the corresponding salt (SM6) (Figure 1.31, Scheme 1.2). The resultant product was evaporated in vacuo to dryness and triturated with ether to give SM6 as a solid precipitate. The crude SM6 compound was characterised by HRMS (ESI) mass spectrometry which displayed a signal at m/z 540.2848 Da for the species [M-C2O2F3]+; the cation which corresponded to the trifluoroacetate salt, M, 653.28 Da.

The structure of the compound was confirmed by its 1H nmr spectrum.  Multiplets at 1.73 ppm and 2.10 ppm were assigned to the β- and γ- protons of proline and a two-proton multiplet at 3.53 ppm was assigned to the δ-methylene protons. The chiral methine proton gave a one proton multiplet at 3.95 ppm. The methyl and methylene protons of rhodamine were assigned to a twelve-proton triplet at 1.22 ppm and an eight-proton quartet at 3.62 ppm, respectively. The aromatic protons were all successfully assigned; the aryl protons at positions -4 and -5 were assigned to a two-proton doublet at 6.93 ppm and a four-proton multiplet at 7.13 ppm was assigned to the aryl protons at positions -1, 2, 7 and 8. The H-6’ proton gave a one-proton multiplet at 7.52 ppm and the H-3’, 4’, 5’ protons were assigned to a multiplet at 7.76 ppm.

Additionally, the proton-decoupled, 13C nmr showed signals for all carbon environment. A DEPT experiment clearly distinguished the 4 methyl CH3 carbon signals, 7 methylene CH2 carbon signals and 11 methine CH carbon signals with the remaining 11 quaternary carbon signals being accounted for by difference. A signal at 12.42 ppm was assigned to the 4 equivalent methyl carbons of the rhodamine ring. The two methylene carbon signals of the  and -proline residue were assigned at 24.95 and 28.77 ppm, respectively. A signal at 45.31 ppm was assigned to the 4 equivalent methylene carbons of the rhodamine ring. The remaining methylene carbon signal from proline residue (-methylene carbon) was assigned at 49.36 ppm. The chiral -carbon of the proline residue was found at 58.30 ppm. The methine carbon signals of the rhodamine ring were assigned at 95.79, 113.98, 114.21, 127.12, 129.82, 130.32 and 131.77 ppm. The quaternary carbon signals of the rhodamine ring were assigned at 112.96, 113.52, 130.57, 136.31, 154.94, 155.16, 155.89, 156.98 and 157.24 ppm. The downfield quaternary carbonyl carbon signals were assigned at 165.83 ppm and 172.49 ppm. 

 Synthesis of H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7)

To synthesise H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7), Fmoc-Ala-OH was conjugated with the unprotected -amino group of the aminoanthraquinone H-Asn(Trt)-PEG-AQ(4-OH) (SM3) following standard peptide coupling methods in DMF to give the N-Fmoc protected Fmoc-Ala-Asn(Trt)-PEG-AQ(4-OH) compound SM4 (Figure 1.32, Scheme 1.2). 



[bookmark: _Toc494786898]Figure 1.32. Synthesis of H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7) from SM3.
Reagents and conditions: (i) Fmoc-Ala-OH, HCTU, DIPEA, DMF, RT, 2 h. (ii) 20% piperidine in DMF, RT, 30 min.

Once the reaction was completed, the excess amount of DMF was removed via solvent extraction (water-chloroform) followed by the standard purification method to remove impurities, to give the title N-protected intermediate SM4. Subsequently, N-deprotection was carried out by using a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to form the final product H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7) (Figure 1.32, Scheme 1.2). The progress of the reaction was monitored through TLC. The purification of crude product was analogous to the manner described above to get the analytically pure compound SM7. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM7 as a solid precipitate. The purified compound SM7 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 798.3502 Da [M+H]+ corresponding to the relative molecular mass of 797.35 Da for SM7.

Synthesis of Rho-Pro-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM8)

This rhodamine based tripeptide aminoanthraquinone conjugate, Rho-Pro-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM8) was synthesised by coupling SM6 (Rho-Pro-OH) onto the unprotected -amino group of H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7) by following a simple peptide coupling procedure (PyBOP, HOBt, DIPEA) in DMF. Once the reaction was completed the pink colour of the peptide substrate changed to a typical purple colour, monitored by TLC, followed by the solvent extraction with chloroform and water, and then purified via column chromatography. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM8 (Figure 1.33, Scheme 1.2) as a solid precipitate. 


[bookmark: _Toc494786899]Figure 1.33. Synthesis of Rho-Pro-Ala-Asn (Trt)-PEG-AQ(4-OH) (SM8) from SM7. 
Reagents and conditions: (i) SM6 (Rho-Pro-OH), PyBOP, HOBt, DIPEA, DMF, RT, 24 h

The purified compound SM8 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1319.6141 Da for the species [M-Cl]+; the cation which corresponded corresponding to the relative molecular mass of 1354.62 Da.

Synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)

Legumain-targeted fluorogenic substrate (SM9), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) was synthesised by removing the protecting group Trt (trityl or triphenylmethyl) from the asparagine side chain. Rho-Pro-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM8) was treated with TFA for 1 h. The progress of the reaction was monitored through TLC. After completion of the reaction, the compound was evaporated to dryness and followed by the purification via column chromatography. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM9 as a solid precipitate (Figure 1.34, Scheme 1.2). The purified compound SM9 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1077.5065 Da for the species [M-C2O2F3]+; the cation which corresponded to the trifluoroacetate salt, M, 1190.50 Da.



[bookmark: _Toc494786900]Figure 1.34. Synthesis of Rho-Pro-Ala-Asn-PEG-AQ (SM9) from SM8.
Reagents and conditions: (i) TFA, RT, 2 h.

The structure of the compound was also confirmed by its 1H nmr spectrum. The three-proton doublet was assigned to the methyl proton of alanine at 1.07 ppm. The β-methine and γ-methylene protons of proline were assigned to a one-proton multiplet at 1.55 ppm and a two-proton multiplet at 1.95 ppm, respectively. Furthermore, a δ-methylene and β-methine protons of proline were assigned to a two proton multiplet at 1.65 ppm and a one-proton multiplet at 1.95 ppm. A β-methylene proton of asparagine was assigned to a two-proton doublet at 2.41 ppm. A two-proton quartet to the methylene was found at 3.12 ppm. A twenty-proton unresolved multiplet was assigned to the δ-methylene protons of proline, methylene proton adjacent to oxygen, methylene protons of rhodamine and methylene proton adjacent to N-Aromatic (anthraquinone) between 3.32– 3.75 ppm. A two-proton unresolved multiplet was assigned to the chiral methine proton of proline and asparagine between 3.80-3.99 ppm. The chiral methine proton of alanine was assigned as a one proton multiplet at 4.05 ppm. The methyl protons of rhodamine were assigned to a twelve-proton triplet at 1.20 ppm. The aromatic protons were all successfully assigned; the rhodamine protons at positions -4 and -5 were assigned to a two-proton doublet at 6.87 ppm and a four-proton multiplet at 7.08 ppm was assigned to the rhodamine protons at positions -1, 2, 7 and 8. The H-3’, 4’, 5’ protons were assigned as a three-proton multiplet at 7.76 ppm.  The rhodamine protons at position H-6’ and the anthraquinone proton at position-3 gave a two-proton doublet at 7.51 ppm. A single-proton doublet was assigned to the anthraquinone position -2 at 7.32 ppm. The anthraquinone protons at position -6 and -7 were assigned to a multiplet at 7.86 ppm and a two-proton multiplet at 8.22 ppm was assigned to the anthraquinone protons at positions -5 and -8. A one-proton doublet at 8.19 ppm was assigned to the secondary amino group. The anthraquinone amino proton was assigned as a single-proton triplet at 10.35 ppm. The proton of the aryl hydroxyl group was assigned as a singlet at 13.57 ppm. 

Additionally, the proton-decoupled, 13C nmr spectrum showed signals for all carbon environments. A DEPT experiment clearly distinguished the methylene CH2 carbon signals, methine CH carbon signals with the remaining quaternary carbon signals being accounted for by difference. A signal at 17.25 ppm was assigned to the methyl carbons of the alanine. The two methylene carbon signals of the  and -proline residue were assigned at 25.10 and 29.03 ppm, respectively. A signal at 2.49 ppm was assigned to the β-methylene of the asparagine. The remaining methylene carbon signal (adjacent to N and O) were assigned at 40.32, 42.06, 45.28, 49.79, 68.76, 68.04, 69.62 and 69.69 ppm. The chiral -carbon signals for proline, alanine and asparagine were assigned at 48.73, 49.50 and 58.93 ppm. A signal at 12.37 ppm was assigned to the 4 equivalent methyl carbons of the rhodamine ring. The methine carbon signals of the rhodamine position -4 and 5 were assigned at 95.69 ppm. The two separate methine carbon signals of the rhodamine position-2 and 7 were assigned at 113.79 and 114.16 ppm. The remaining methine carbon signals of the rhodamine and anthraquinone were assigned at 113.79, 114.16, 125.67, 125.92, 126.32, 127.28, 128.63, 129.83, 130.21, 130.99, 131.81, 132.90 and 134.66 ppm. The quaternary carbon signal of the rhodamine and anthraquinone were attributed to 107.30, 112.63, 112.75, 113.33, 136.48, 147.29, 154.90, 155.04, 155.91, 156.13, 156.97, 157.18 and 165.95 ppm. The quaternary peptide carbonyl carbon signals were assigned to 170.60, 170.69, 171.37, 171.60 and 171.72 ppm. The downfield quaternary carbon carbonyl signals were assigned at 180.56 ppm and 181.51 ppm.

Design of rhodamine-based fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4OH) (SM9) by using Method II

A convergent method (Method II) was used to synthesise fluorogenic probe SM9. Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn(Trt)-NovaSyn®TGT resin using SPPS Fmoc strategy, however, solution synthesis method was used to design H-PEG-AQ(4-OH) TFA (SM1). 

The synthesis of SM9 probe can be divided into the following steps as shown in Scheme 1.3.

I. The synthesis of PEG-AQ(4-OH) (SM1) began by the coupling of 1-{2-[2-(2-aminoethoxy)-ethoxy]ethylamino}-4-hydroxy-anthracene-9,10-dione with Boc2O using MeOH to produce Boc-PEG-AQ(4-OH) (SM1-Boc). 
II. Subsequent deprotection of the Boc group from compound SM1-Boc proceeded smoothly in 100% TFA to yield compound PEG-AQ(4-OH) TFA (SM1). 
III. Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn(Trt)-NovaSyn®TGT resin using Fmoc strategy. After cleavage from the resin with 0.5% TFA in DCM, Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was obtained.
IV. Finally, coupling of PEG-AQ(4-OH) (SM1) in DMF with Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt), followed by the deprotection of the Trt group, gave the final fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9). The effective conjugation reaction depends on the reactivity of the reactive nucleophile (a primary or secondary amine) and the carboxyl group of the N-protected amino acid (carboxyl group activation is prerequisite for the synthesis of the peptide substrate). 



[bookmark: _Toc494787038]Scheme 1.3. Synthesis of rhodamine-B based fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9). 
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Fmoc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iii) 20% piperidine in DMF, RT, 30 min. (iv) Fmoc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (v) 20% piperidine in DMF, RT, 30 min. (vi) Rho-B, PyBOP, HOBt, DIPEA, DMF, RT, 4 h. (vii) 0.5% TFA in DCM, RT, 10 min. (a) 2,2’-(ethylenedioxy)bis(ethylamine), DCM, 95°C, 1 h; Boc2O 20%, MeOH, 0°C 2 h. (b) TFA, RT, 2 h. (viii) SM1, Rho-Pro-Ala-Asn(Trt)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ix) TFA, RT, 2 h. 


Re-synthesis of PEG-AQ(4-OH) TFA (SM1)

Due to the polarity of PEG-AQ(4-OH) (SM1), was difficult to remove the impurities. Here, we re-synthesised SM1 by temporarily adding the Boc group to the crude SM1 product which eases the process of purification of the crude product (chromatographically) in the organic solvent.



[bookmark: _Toc494786901]Figure 1.35. Synthesis of H-PEG-AQ(4-OH) TFA (SM1) from leucoquinizarin. 
Reagents and conditions: (i) 2,2’-(ethylenedioxy)bis(ethylamine), DCM, 95°C, 1 h; Boc2O 20%, MeOH, 0°C 2 h. (ii) TFA, RT, 2 h.

As discussed in Section 1.2.4.1.1, the PEG-AQ(4-OH) trifluoroacetate salt, SM1, was synthesised by dissolving (9,10-dihydroxy-2,3-dihydro-1,4-anthracenedione) in dichloromethane, followed by the addition of 2,2’-(ethylendioxy) bis (ethylamine), and then the reaction mixture was heated over a water bath at 95°C for 1 hour. It had been observed that within the first 20 minutes, the colour of the reaction mixture changed to greenish-blue. Once the reaction was completed, followed by aeration (oxidation), the greenish blue colour of aminoanthraquinone conjugate changed to the typical purple colour and provided evidence of the nucleophilic substitution of the side-chain containing di-amine (polyethylene glycol) group to leucoquinizarin, confirmed via TLC. The crude product was not purified at this stage due to poor solubility, however, purification was later performed upon its Boc-protected form (SM1-Boc; Figure 1.35, Scheme 1.3), providing a compound easier to purify with standard silica gel column chromatography (chloroform and methanol; 15:1). The eluted fractions containing the chromatographically pure aminoanthraquinone spacer compound were filtered to remove silica. Subsequent deprotection of the Boc group from compound SM1-Boc proceeded smoothly in 100% TFA to yield compound SM1 (Figure 1.35, Scheme 1.3). Finally, diethyl ether was added into the reaction mixture to let the PEG-AQ(4-OH) trifluoroacetate salt (SM1) precipitate from solution. The purified compound SM1 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 371.1598 Da for the species [M-C2O2F3]+; the cation which corresponded to the trifluoroacetate salt, M, 484.15 Da. 

SM1 structure was further confirmed by its 1H nmr spectrum that showed, for example, the four methylene protons were assigned to a triplet at 3.02 ppm (adjacent to N) and a multiplet at 3.52 ppm (adjacent to N-Aromatic), respectively. The remaining eight methylene protons (adjacent to O) were assigned to a multiplet at 3.68 ppm. The aromatic protons were all successfully assigned; the aryl protons at position-2 and -3 were assigned as two separate proton doublets at 7.21 ppm and 7.37 ppm, respectively. The aryl protons at position -6 and -7 were assigned to a multiplet at 7.81 ppm and a two proton multiplet at 8.11 ppm was assigned to the aryl protons at positions -5 and -8. A broad singlet centred at 8.00 ppm was assigned to the NH3+ group. The arylamino proton was assigned as a triplet at 10.21 ppm. The proton of the aryl hydroxyl group was assigned as a singlet at 13.54 ppm.

Additionally, the proton-decoupled, 13C nmr spectrum showed signals for all carbon environments. A DEPT experiment clearly distinguished the 6 methylene CH2 carbon signals, 6 methine CH carbon signals with the remaining 9 quaternary carbon signals being accounted for by difference. The two methylene carbon signals of the PEG spacer (adjacent to N) were found at 38.91 ppm and 41.97 ppm. The remaining four methylene carbon signals of the PEG spacer were found at 66.73, 68.92, 69.59 and 69.64 ppm (adjacent to O). The four quaternary carbon signals of the anthraquinone skeleton were assigned between 107.25 and 119.17 ppm. The six methine carbons of the anthraquinone skeleton were accounted for between 125.28 – 134.45 ppm. The remaining two quaternary carbon signals of the anthraquinone skeleton were assigned at 147.05 and 156.05 ppm. The quaternary carbon signal of the trifluoroacetate salt gave a quartet between 156.05 and 158.53 ppm (split by F). The downfield quaternary carbonyl carbon signals were assigned at 180.56 and 181.51 ppm.

Synthesis of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt)

NovaSyn®TGT resin, preloaded with Fmoc-Asn(Trt), was reacted in cycles of coupling and deprotection with commercially existing N-Fmoc-protected amino acids (Scheme 1.3):
Stage I: Fmoc removal by 20% piperidine (v/v) in DMF.
1st cycle: N-Fmoc-L-alanine
Stage II: Fmoc removal by 20% piperidine (v/v) in DMF.
2nd cycle: N-Fmoc-L-proline
Stage III: Fmoc removal by 20% piperidine (v/v) in DMF.
2nd cycle: Rhodamine B
Stage IV: Peptide chain cleavage from the resin was carried out by using 0.5% TFA in DCM.

The crude product was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 967.4753 Da corresponding to the molecular mass of 967.4747 Da (Figure 1.36).



[bookmark: _Toc494786902]Figure 1.36. Chemical structure of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt).

The structure of the compound was confirmed by its 1H nmr spectrum. The three-proton doublet was assigned to the methyl protons of alanine at 1.06 ppm. A single β-methine proton and γ-methylene protons of proline were assigned to a one-proton multiplet at 1.52 ppm and a two proton multiplet at 1.72 ppm, respectively. Furthermore, a second β-methine and δ-methylene protons of proline were assigned to a one-proton multiplet at 1.97 ppm and a two proton multiplet at 3.47 ppm, respectively. A two-proton signal of the β-methylene of asparagine was obscured by solvent at 2.49 ppm. The chiral methine protons of proline, asparagine and alanine were assigned as one proton triplet and two separate proton multiplets at 4.09, 4.28 and 4.45 ppm, respectively. The methyl and methylene protons of rhodamine were assigned to a twelve-proton triplet at 1.14 ppm and an eight-proton quartet at 2.99 ppm, respectively. The rhodamine aryl protons at positions -4 and -5 were assigned to a two-proton doublet at 6.94 ppm and a nineteen-proton unresolved multiplet between 7.09 ppm - 7.32 ppm were assigned to the aryl protons at positions -1, 2, 7,8 and trityl group. The H-6’ proton gave a one-proton multiplet at 7.53 ppm and the H-3’, 4’, 5’ protons were assigned to a multiplet at 7.77 ppm. The amide protons of the peptide were assigned to two separate single-proton signals at 7.75 ppm and 7.85 ppm, and a one-proton doublet at 7.91 ppm.

Synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) (method II)

The fluorogenic probe SM9, Rho-Pro-Ala-Asn-PEG-AQ(4-OH) was synthesised by coupling Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) on the free amine end of H-PEG-AQ(4-OH) (SM1) by following a simple peptide coupling procedure (PyBOP, HOBt, DIPEA) in DMF. Once the reaction was completed the pink colour of the peptide substrate changed to typical purple colour, monitored by TLC, followed by the solvent extraction with chloroform and water, and then purified via column chromatography. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness, followed by subsequent deprotection of the Trt group from crude product by using 100% TFA to yield compound SM9 (Figure 1.37, Scheme 1.3). The resultant compound SM9 was triturated with ether to give SM9 as a solid precipitate. The purified compound SM9 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 1077.5065 Da for the species [M]+; the cation which corresponded to the trifluoroacetate salt, M, 1190.50 Da and also the observed data matched with a theoretical isotope pattern which verified that SM9 had the correct structure.


[bookmark: _Toc494786903]Figure 1.37. Synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9).
Reagents and conditions: (i) PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ii) TFA, RT, 2 h.

Here, we have successfully used solution and convergent phase peptide methods for the design of fluorogenic probe SM9. Both methods have a unique niche in the field of peptide synthesis. The solution phase peptide method is known for its versatility, particularly getting synthetic intermediates during the preparation of peptide conjugates.  However, this method might be time consuming and laborious because the conjugates must be purified after each cycle. In contrast, the convergent method is more popular as the complex synthesis can be achieved by rapidly preparing the peptide sequence via SPPS and conjugate to the desired compound, in our case coupling of SM10-Trt with aminoanthraquinone (SM1). Furthermore, SPPS of peptide synthesis removes most of the product losses connected with solution phase peptide methodologies for example, extraction, filtration and recrystallization. With shorter coupling reaction time by using better coupling reagents, improved yields, the convergent method is the most convenient method for the rapid synthesis of SM9.

[bookmark: _Toc494786767]Synthesis of Rho-Pro-Ala-Asn-OH (SM10)

To synthesise Rho-Pro-Ala-Asn-OH (SM10), Trt-protected compound Rho-Pro-Ala-Asn(Trt)-OH was evaporated in vacuo to dryness, followed by subsequent deprotection of the Trt group from crude product by using 100% TFA to yield compound SM10. The resultant residue was triturated with ether to give SM10 (Figure 1.38) as a pink solid precipitate. 


[bookmark: _Toc494786904]Figure 1.38. Synthesis of Rho-Pro-Ala-Asn-OH (SM10). 
Reagents and conditions: (i) TFA, RT, 2 h.

The structure of the compound was confirmed by its HRMS (ESI) mass spectrum and its 1H nmr spectrum. In the latter, the three-proton doublet was assigned to the methyl proton of alanine at 1.05 ppm. The β-methine and γ-methylene protons of proline were assigned to a one-proton multiplet at 1.57 ppm and a two proton multiplet at 1.80 ppm, respectively. Furthermore, a second β-methine and δ-methylene protons of proline were assigned to a one-proton multiplet at 1.96 ppm and a two proton multiplet at 3.55 ppm, respectively. A two-proton signal to the β-methylene of asparagine was obscured by solvent at 2.42 ppm. The chiral methine proton of proline, asparagine and alanine were assigned as one proton separate multiplet at 4.05, 4.23 and 4.38 ppm, respectively. The methyl and methylene protons of rhodamine were assigned to a twelve-proton triplet at 1.22 ppm and an eight-proton quartet at 3.66 ppm, respectively. The aromatic protons were all successfully assigned; the aryl protons at positions -4 and -5 were assigned to a two-proton doublet at 6.94 ppm and a four-proton multiplet at 7.14 ppm was assigned to the aryl protons at positions -1, 2, 7 and 8. The H-6’ proton gave a one-proton multiplet at 7.52 ppm and the H-3’, 4’, 5’ protons were assigned as a three-proton multiplet at 7.77 ppm. The amino protons of the peptide were assigned to a single proton singlet at 7.75 ppm and a single proton doublet at 7.90 ppm.

[bookmark: _Toc494786768]Synthesis of Rho--Ala-Ala-Asn-OH (SM10-A)

NovaSyn®TGT resin, preloaded with Fmoc-Asn(Trt), was reacted in cycles of coupling and deprotection with commercially existing N-Fmoc-protected amino acids:

Stage I: Fmoc removal by 20% piperidine (v/v) in DMF.
1st cycle: N-Fmoc-L-alanine
Stage II: Fmoc removal by 20% piperidine (v/v) in DMF.
2nd cycle: N-Fmoc-L-alanine
Stage III: Fmoc removal by 20% piperidine (v/v) in DMF.
2nd cycle: Rhodamine B
Stage IV: Peptide chain cleavage from the resin was carried out by using 0.5% TFA in DCM.

To synthesise Rho--Ala-Ala-Asn-OH (SM10-A), Rho--Ala-Ala-Asn(Trt)-OH was evaporated in vacuo to dryness, followed by subsequent deprotection of the Trt group from crude product by using 100% TFA to yield compound SM10-A. The resultant SM10-A was triturated with ether to give a pink solid precipitate (Figure 1.39). 
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[bookmark: _Toc494786905]Figure 1.39. Chemical structure of Rho--Ala-Ala-Asn-OH (SM10-A).

The structure of the compound was confirmed by its HRMS (ESI) mass spectrum and 1H nmr spectrum. In the nmr spectrum, a fifteen-proton unresolved multiplet was assigned to the methyl protons of alanine and methyl protons of rhodamine between 1.08 – 1.21 ppm. The methylene protons of β-alanine were assigned as a two-proton multiplet at 2.10 ppm and two-proton triplet at 3.18 ppm. The β-methylene protons of asparagine were assigned at 2.49 ppm. The chiral methine proton of asparagine and alanine were assigned as one-proton separate multiplet at 4.16 and 4.45 ppm, respectively. The methylene protons of rhodamine were assigned to an eight-proton quartet at 3.37 ppm. A five-proton unresolved multiplet between 6.29 – 6.45 ppm were assigned to the aryl protons at positions -2, 4, 5, 7 and the amino group. The H-6’ proton gave a one-proton multiplet at 6.90 ppm. A two-proton multiplet at 7.49 ppm was assigned to the aryl protons at positions -1 and 8. A single-proton at 7.78 ppm was assigned to the position H-4’ and a two-proton triplet was assigned to the position -3’ and 5’ at 8.02 ppm. The amino protons of the peptide were assigned to a two-separate proton singlet at 6.87 ppm and 7.34 ppm, respectively.

[bookmark: _Toc494786769]Synthetic strategy of rhodamine-based control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25) by using linear solution phase peptide method

To synthesise a fluorogenic probe SM9, a semi-linear solution phase peptide method (Method I) was used. The complex synthesis of SM9 probe can be divided into the following steps as shown in Scheme 1.4. 

I. Synthesis of Boc-Ala-PEG-AQ(4-OH) (SM21-Boc) began by coupling of PEG-AQ(4-OH) TFA (SM1) with Boc-Ala-OH to yield SM21-Boc.  
II. Subsequent deprotection of the Boc group from compound SM21-Boc with 100% TFA to yield compound Ala-PEG-AQ(4-OH) TFA (SM21-A). 
III. N-α-Boc protected amino acid activation in situ with PyBOP or HOBt with consequent coupling to the N terminus of the SM21-Boc compound to form N-Boc-Ala-Ala-PEG-AQ(4-OH) (SM21). 
IV. Similar to step II, deprotection of the Boc group from compound SM21 yield compound free amine Ala-Ala-PEG-AQ(4-OH) TFA (SM22). 
V. The consecutive addition of the N-α-Boc-Pro-OH amino acid by repeated conjugation reaction to give Boc-Pro-Ala-Ala-PEG-AQ(4-OH) (SM23) followed by the deprotection reaction to form free amine Pro-Ala-Ala-PEG-AQ(4-OH) (SM24). 
VI. Sequential coupling of rhodamine B to Pro-Ala-Ala-PEG-AQ(4-OH) (SM24) by repeated coupling to result in formation of Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25). 



[bookmark: _Toc494787039]Scheme 1.4. Synthesis of rhodamine-B based control probe Rho-Pro-Ala-Ala-PEG-OH (SM25). 
Reagents and conditions: (i) Boc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ii) TFA, RT, 1 h. (iii) Boc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iv) TFA, RT, 1 h. (v) Boc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 3 h. (vi) TFA, RT, 1 h. (vii) Rhodamine B, PyBOP, HOBt, DIPEA, DMF, RT, 24 h. 

Synthesis of H-Ala-PEG-AQ(4-OH) (SM21-A)

To synthesise H-Ala-PEG-AQ(4-OH) (SM21-A), Boc-Ala-OH was conjugated with the amino group of the aminoanthraquinone (SM1) following standard peptide coupling methods in DMF where the carboxyl group of the protected Ala was activated via esterification reaction with PyBOP, HOBt and DIPEA as base to give the N-Boc protected Boc-Ala-PEG-AQ(4-OH) compound SM21-Boc (Figure 1.40, Scheme 1.4). Once the reaction was completed, the excess amount of DMF was removed via solvent extraction (water-chloroform), followed by addition of aqueous sodium bicarbonate which helps to remove any acidic impurities. The purification of crude product was achieved by silica gel column chromatography [chloroform:ethyl acetate (4:1) with an increasing gradient of methanol (1-8%)] which gave the title N-protected intermediate SM21-A. Subsequent, N-deprotection was carried out by using a TFA to remove Boc protecting group to form the final product H-Ala-PEG-AQ(4-OH) (SM21-A) (Figure 1.40, Scheme 1.4). The progress of the reaction was monitored through TLC. The resultant product was evaporated in vacuo to dryness and triturated with ether to give SM21-A as a solid precipitate. 



[bookmark: _Toc494786906]Figure 1.40. Synthesis of H-Ala-PEG-AQ(4-OH) (SM21-A). 
Reagents and conditions: (i) Boc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 1 h. (ii) TFA, RT, 1 h. 

The structure of the compound was confirmed by its 1H nmr spectrum. In the nmr spectrum, a three-proton multiplet was assigned to the alanine at 1.30 ppm. The twelve-proton multiplet (adjacent to N and O) were assigned at 3.05, 3.30, 3.50 and 3.70 ppm. The chiral methine proton of alanine was assigned as one-proton multiplet at 3.80 ppm. The aromatic protons were all successfully assigned; the aryl protons at position -2 and -3 were assigned as two separate proton doublets at 7.34 and 7.52 ppm, respectively. The aryl protons at position -6 and -7 were assigned to a multiplet between 7.95 – 7.83 ppm and a two proton multiplet at 8.20 ppm was assigned to the aryl protons at positions -5 and -8. A broad singlet centred at 8.10 ppm was assigned to the NH3+ group. The arylamino proton was assigned as a triplet at 10.34 ppm. The proton of the aryl hydroxyl group was assigned as a singlet at 13.64 ppm.

Synthesis of H-Ala-Ala-PEG-AQ(4-OH) (SM22)

To synthesise H-Ala-Ala-PEG-AQ(4-OH) (SM22), Boc-Ala-OH was conjugated with the amino group of the H-Ala-PEG-AQ(4-OH) (SM21-A) following a standard peptide coupling method discussed above to form the intermediate Boc-Ala-Ala-PEG-AQ(4-OH) (SM21). Subsequent deprotection of the Boc group from compound SM21 proceeded smoothly in 100% TFA to yield compound H-Ala-Ala-PEG-AQ(4-OH) TFA (SM22) (Figure 1.41, Scheme 1.4). The progress of the reaction was monitored through TLC. The resultant product was evaporated in vacuo to dryness and triturated with ether to give SM22 as a solid precipitate.



[bookmark: _Toc494786907]Figure 1.41. Synthesis of H-Ala-Ala-PEG-AQ(4-OH) (SM22). 
Reagents and conditions: (i) Boc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ii) TFA, RT, 1 h. 

The compound SM22 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 613.2868 Da [M]+ corresponding to the relative molecular mass of 613.28 Da for SM22. The structure of the compound was confirmed by its 1H nmr spectrum. In the nmr spectrum, a three-proton multiplet were assigned to the alanine at 1.20 ppm and 1.30 ppm. The twelve-proton multiplet (adjacent to N and O) were assigned at 3.01, 3.24, 3.44 and 3.59 ppm. The chiral methine protons of alanine were assigned as a multiplet at 3.86 ppm and 4.33 ppm. The aromatic protons were all successfully assigned; the aryl protons at position -2 and -3 were assigned as two separate proton doublets at 7.35 and 7.52 ppm, respectively. The aryl protons at position -6 and -7 were assigned to a multiplet at 7.89 ppm and a two proton multiplet at 8.25 ppm was assigned to the aryl protons at positions -5 and -8.  The four-proton unresolved multiplet at 8.03 ppm was assigned to the NH3+ and the amide group. A doublet at 8.50 ppm was assigned to the second-amide group. The arylamino proton was assigned as a singlet at 10.36 ppm. The proton of the aryl hydroxyl group was assigned as a singlet at 13.65 ppm.

Synthesis of H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24)

To synthesise H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24), Boc-Pro-OH was conjugated with the amino group of the H-Ala-Ala-PEG-AQ(4-OH) (SM22) following standard peptide coupling method discussed above to form the intermediate Boc-Pro-Ala-Ala-PEG-AQ(4-OH) (SM23). Subsequent deprotection of the Boc group from compound SM23 proceeded smoothly in 100% TFA to yield compound H-Pro-Ala-Ala-PEG-AQ(4-OH) TFA (SM24) (Figure 1.42, Scheme 1.4). The progress of the reaction was monitored through TLC. The resultant product was evaporated in vacuo to dryness and triturated with ether to give SM24 as a solid precipitate. 


[bookmark: _Toc494786908]Figure 1.42. Synthesis of H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24). 
Reagents and conditions: (i) Boc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 3 h. (ii) TFA, RT, 1 h.

The structure of the compound was confirmed by its 1H nmr spectrum. In the nmr spectrum, a three-proton multiplet were assigned to the alanine at 1.17 ppm and 1.24 ppm. The β-methine and γ-methylene protons of proline were assigned to a three-proton unresolved multiplet at 1.90 ppm. The Twelve-proton multiplet (adjacent to N and O) were assigned at 3.20, 3.43, 3.45 and 3.61 ppm. Furthermore, a second β-methine and δ-methylene protons of proline were assigned to a one-proton multiplet at 2.25 ppm and a two proton multiplet at 3.72 ppm, respectively. The chiral methine protons of alanine and proline were assigned as multiplet between 4.10 - 4.20 ppm. A chiral methine proton was assigned at 4.35 ppm. The aromatic protons were all successfully assigned; the aryl protons at position -2 and -3 were assigned as two separate proton doublets at 7.35 and 7.52 ppm, respectively. The aryl protons at position -6 and -7 and an amide group were assigned to unresolved multiplet at 7.89 ppm and a two proton multiplet at 8.26 ppm was assigned to the aryl protons at positions -5 and -8. A broad singlet centred at 8.03 ppm was assigned to the amide group. A doublet at 8.66 ppm was assigned to the second-amide group. The arylamino proton was assigned as a triplet at 10.36 ppm. The proton of the aryl hydroxyl group was assigned as a singlet at 13.65 ppm.

Synthesis of Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25)

The control probe SM25, Rho-Pro-Ala-Ala-PEG-AQ(4-OH) was synthesised by coupling Rho- on the free amine end of H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24) by following a simple peptide coupling procedure (PyBOP, HOBt, DIPEA) in DMF. Once the reaction was completed the pink colour of the peptide substrate changed to typical purple colour, monitored by TLC, followed by solvent extraction with chloroform and water, and then purified via column chromatography. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness to yield compound SM25 (Figure 1.43, Scheme 1.4). The resultant compound SM25 was triturated with ether to give SM25 as a solid precipitate. The purified compound SM25 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1034.5022 Da for the species [M]+; the cation which corresponded to, M, 1034.5022 Da and also the observed data matched with a theoretical isotope pattern which verified that SM25 had the correct structure.


[bookmark: _Toc494786909]Figure 1.43. Synthesis of Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM22).
Reagents and conditions: (i) Rhodamine B, PyBOP, HOBt, DIPEA, DMF, RT, 24 h. 

[bookmark: _Toc494786770]High performance liquid chromatography (HPLC) analysis 

A successful and quick analytical method was developed for the separation and quantification of the test compounds [PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH)  (SM9), Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt), Rho-Pro-Ala-Asn-OH (SM10), (Rho-β-Ala-Ala-Asn-OH) SM10-A, FAM-Pro-Ala-Asn-OH (SM10-B), Boc-Ala-Ala-PEG-AQ(4-OH)  (SM21), H-Ala-Ala-PEG-AQ(4-OH)  (SM22), Boc-Pro-Ala-Ala-PEG-AQ(4-OH)  (SM23) and H-Pro-Ala-Ala-PEG-AQ(4-OH)  (SM24)]. The chromatography conditions required to achieve good separation were 50% ACN in water at a flow rate of 2 mL min-1and a detection wavelength of 583 nm with a 15 minutes run time. The different retention time for each test compound was dependent on their polarity. Because of different polarities between all test compounds, hydrophilic compounds were eluted first from the X-bridge shield RP18 reverse-phase column. Figures 1.44 – 1.54 shows the individual chromatogram for each test compounds which shows the representative data from one experiment (n = 1) performed in triplicate. For sample preparation, compounds were diluted in filtered 50% ACN in water. A chromatogram for 50% ACN as blank control is shown in Appendix 1. The HPLC chromatogram of a mixture of SM1, SM9 and SM10 afforded good resolution, with notably different retention times on an X-bridge shield RP18 reverse-phase column (Figure 1.50). Furthermore, linearity was demonstrated by constructing an HPLC-derived calibration curve using five different concentration (1 µM, 5 µM, 10 µM, 15 µM and 20 µM) of the intact probe SM9 and its legumain mediated metabolite SM1 (free base) at retention time 9.4 minutes and 2.5 minutes, respectively (Appendix 1). The calibration curves were plotted using the area under curve on the y-axis and concentration on the x-axis (Appendix 1). The coefficient of determination (R2) was used to evaluate the linearity of the regression line. From the R2 values (R2 > 0.990), it can be concluded that the linearity was suitable for compounds at different ranges of concentration tested. 

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/SM1 SEC.pdf]
[bookmark: _Toc494786910]Figure 1.44. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 50 µM) in 50% ACN in water. Retention time (tR = 2.596 min).

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/SM9.pdf]
[bookmark: _Toc494786911]Figure 1.45. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 50 µM) in 50% ACN in water. Retention time (tR = 9.366 min).

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/RHO-PAN(Trt)-OH.pdf]
[bookmark: _Toc494786912]Figure 1.46. HPLC chromatogram of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt; 50 µM) in 50% ACN in water. Retention time (tR = 11.159 min).

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/SM10 for SM9 paper HPLC method.pdf]
[bookmark: _Toc494786913]Figure 1.47. HPLC chromatogram of Rho-Pro-Ala-Asn-OH (SM10; 50 µM) in 50% ACN in water. Retention time (tR = 4.608 min).

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/SM10-A 0h.pdf]
[bookmark: _Toc494786914]Figure 1.48. HPLC chromatogram of Rho--Ala-Ala-Asn-OH (SM10-A; 50 µM) in 50% ACN in water. Retention time (tR = 4.080 min). 
A and B peaks are the ring-opened and ring-closed form of SM10-A. 
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[bookmark: _Toc494786915]Figure 1.49. HPLC chromatogram of FAM-Pro-Ala-Asn-OH (SM10-B; 50 µM) in 50% ACN in water. Retention time (tR = 1.167 min).
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[bookmark: _Toc494786916]Figure 1.50. HPLC chromatogram of PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and Rho-Pro-Ala-Asn-OH (SM10) (50µM each) in 50% ACN in water. Retention time (SM1, tR = 2.596 min; SM10, tR = 4.663 min and SM9, tR = 9.402 min).
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[bookmark: _Toc494786917]Figure 1.51. HPLC chromatogram of Boc-Ala-Ala-PEG-AQ(4-OH) (SM21; 50 µM) in 50% ACN in water. Retention time (tR = 8.101 min).
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[bookmark: _Toc494786918]Figure 1.52. HPLC chromatogram of H-Ala-Ala-PEG-AQ(4-OH) (SM22; 50 µM) in 50% ACN in water. Retention time (tR = 8.087 min).
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[bookmark: _Toc494786919]Figure 1.53. HPLC chromatogram of Boc-Ala-Ala-PEG-AQ(4-OH) (SM23; 50 µM) in 50% ACN in water. Retention time (tR = 11.760 min).
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[bookmark: _Toc494786920]Figure 1.54. HPLC chromatogram of H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24; 50 µM) in 50% ACN in water. Retention time (tR = 3.235 min).

[bookmark: _Toc494786771]Spectroscopic properties of rhodamine B 

Relationship between rhodamine B fluorescence and pH

Rhodamine B (Rho-B) can exist in both ring-opened and ring-closed (spirolactone) forms with separate absorption and fluorescence profiles. The unique properties of ring-opened rhodamine B have been exploited in the design and evaluation of our fluorogenic probe SM9. In acidic solutions, Rho-B is present in the cationic form due to protonation of carboxyl group, however, in a basic solution, cyclization occurs and Rho-B found in its ‘‘closed’’ (spirolactone/non-fluorescent) form (Figure 1.55) (Beija et al., 2009; Kim et al., 2008). It is well known that certain Rho-B spirolactam derivatives have the potential to act as fluorescent sensors for pH sensing under acidic conditions due to the ring-opening process induced by the proton (Beija, et al., 2009; Kim et al., 2008). However, in our research, Rho-Pro-Ala-Asn-OH (SM10) displays very different spectroscopic properties under basic conditions as compared with rhodamine spirolactam compounds that have the ability to ring-close. Beija and colleagues have shown the preparation of ring opened and ring closed derivatives of rhodamine dyes. The design of tertiary amide derivatives can lock the Rho-B in ring-opened form, however, secondary amide form will result in non-fluorescent form except in the presence of metal cation or under the acidic conditions. The authors used piperazine for the design and synthesis of tertiary amide derivatives of Rho-B.  (Beija, et al., 2009).

The photophysical properties of Rho-B and its derivatives (Rho-Pro-Ala-Asn-OH) SM10 and (Rho-β-Ala-Ala-Asn-OH) SM10-A were characterized, and the chemical structures are included shown in Figure 1.55. Here, in SM10, we coupled Rho-B with proline to lock the compound in the ring-opened form by forming a tertiary amide bond formation where SM10-A forms the modification at the  2᾿ position (carboxylic acid group of the carboxyphenyl ring) via a secondary amide bond formation between Rho-B and alanine resulting in pH-dependent ring opening and closing forms.



[bookmark: _Toc494786921]Figure 1.55. Structures of Rho-B and its derivative Rho-Pro-Ala-Asn-OH (SM10) and (Rho-β-Ala-Ala-Asn-OH) SM10-A. 
A) Different forms of rhodamine B (cationic, zwitterionic and lactone); B) Rho-Pro-Ala-Asn-OH (SM10); C) pH dependent conversion of (Rho-β-Ala-Ala-Asn-OH) SM10-A in the ring opened and ring closed form.

Rho-Pro-Ala-Asn-OH (SM10) was strongly fluorescent in the acidic, basic, neutral and near-neutral range as shown in a pH titration experiment using Mcllvaine buffer. For colourimetry comparison, Mcllvaine buffers (pH = 3.00 - 8.00) were used (Mcllvaine, 1921). As shown in Figure 1.56 and Figure 1.57, the absorption and fluorescence spectrum of SM10 (10 µM) displayed almost constant absorption bands between 500 nm - 650 nm (pH 3.00 - 8.00) and maintained strong fluorescence invariant with pH (λex 562 nm, λem 583 nm). Furthermore, SM10 showed consistency in absorbance at a wavelength 562 nm (Figure 1.60).

However, the absorption spectra of (Rho-β-Ala-Ala-Asn-OH) SM10-A (40 µM) (Figure 1.58) in weak basic aqueous solution (pH 8.00) displayed almost no absorbance between 500 nm - 650 nm. In SM10-A, the changes of pH from 3 to 8 caused a gradual decrease in the absorbance and fluorescence. The inconsistency in absorbance value is due to the closed form of rhodamine B in SM10-A. For the ‘unlocked’ analogue SM10-A in which rhodamine is conjugated to β-alanine, interconversion of open forms to the N-spirolactam abolishes fluorescence with an increasing pH (Figure 1.59). The changes in pH from 3 to 8 caused a gradual decrease in the absorbance at 562 nm (Figure 1.60). Our observations established the general trend, where the dyes were become closed ring, therefore exhibited very low absorption and fluorescence. The gradual decrease in pink colour of the solutions with SM10-A compound has the potential to act as a “naked-eye” indicator for acidic to basic pH. 

Also, the fluorescein–labelled tripeptide FAM-Pro-Ala-Asn-OH (SM10-B) is pH dependent, which leads to good fluorescence emission between the pH range 6 and 8, however, under acidic conditions (below pH 5) the fluorescein leads to no emission due to its “closed” lactone form (Figure 1.61). Between pH 4 and 5, the xanthene moiety of fluorescein is still in the protonated (non-fluorescent form) and monoanionic form (less fluorescent form). But above pH 7, SM10-B exists as the fluorescent dianion and behaves as a highly hydrophilic moiety (Sjoback et al., 1995). These results showed that Rho-Pro-Ala-Asn-OH (SM10) is a pH independent rhodamine derivative and Rho-β-Ala-Ala-Asn-OH (SM10-A) and FAM-Pro-Ala-Asn-OH (SM10-B) are pH dependent sensitive and shown a decrease in fluorescence signal at spirolactone ring closed formation. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.


[bookmark: _Toc494786922]Figure 1.56. Absorption spectra of Rho-Pro-Ala-Asn-OH (SM10; 10 µM) in Mcllvaine buffer between pH 3.00- 8.00.
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[bookmark: _Toc494786923]Figure 1.57. The fluorescence spectrum of Rho-Pro-Ala-Asn-OH (SM10; 10 µM) in Mcllvaine buffer between pH 3.00- 8.00, λex 562 nm, λem 583 nm.


[bookmark: _Toc494786924]Figure 1.58. Absorption spectra of Rho-β-Ala-Ala-Asn-OH (SM10-A; 40 µM) in Mcllvaine buffer between pH 3.00- 8.00.
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[bookmark: _Toc494786925]Figure 1.59. The fluorescence spectrum of Rho-β-Ala-Ala-Asn-OH (SM10-A; 40 µM) in Mcllvaine buffer between pH 3.00- 8.00, λex 562 nm, λem 583 nm.


[bookmark: _Toc494786926]Figure 1.60. Absorbance of Rho-Pro-Ala-Asn-OH (SM10; 10 µM) and Rho-β-Ala-Ala-Asn-OH (SM10-A; 40 µM) in Mcllvaine buffer between pH 3.00- 8.00 at 562 nm; (n=3).



[bookmark: _Toc494786927]Figure 1.61. The fluorescence spectrum of FAM-Pro-Ala-Asn-OH (SM10-B;10 µM) in Mcllvaine buffer between pH 3.00- 8.00, λex 494 nm, λem 520 nm.

Fluorescent properties of rhodamine B derivatives Rho-Pro-Ala-Asn-OH (SM10) and Rho-β-Ala-Ala-Asn-OH (SM10-A)  

A more in-depth study of the photophysical properties of the Rho-Pro-Ala-Asn-OH (SM10) and Rho-β-Ala-Ala-Asn-OH (SM10-A) fluorescent tripeptides were then carried out to determine the molar absorptivity at the maximum absorption wavelength (λmax), excitation (λex), emission (λem) and quantum yield (Φ) in comparison to the reference standard Rhodamine B. 

The fluorescence quantum yield is a fundamental property of a fluorophore which is important for the account of unique fluorescent probes. Quantum yield is defined as the ratio of photons absorbed to photons emitted via fluorescence (Lakowicz, 1999).
 
Q = photonsem / photonsabs 

There are two methods to calculate fluorescence quantum yield: a single-point and a comparative method (Lakowicz, 1999). Using the single-point method the fluorescence quantum yield is analysed using the integrated fluorescence intensity of both reference standard and the single sample at identical concentration. With the advantage of being a fast and easy method, it is not very trustworthy method because of incorrect measurement of the fluorophore’s absorbance.  However, the comparative method (William et al., 1983) is the most reliable method for recording fluorescence quantum yield. This method is time-consuming but provides a very high accuracy fluorescence quantum yield. 

In order to calculate quantum yield using the second method, the following parameters are required such as quantum yield of reference standard is required in advance, absorbance at excitation wavelength, integrated fluorescence intensity (area under curve) of emission spectrum of both reference standard sample and unknown sample (under identical conditions), average refractive index value of solvent and dilution ratio is required (Williams et al., 1983). The choice of selecting the standard reference should depend on the certain absorbance at the excitation wavelength of choice for the unknown sample, and, if feasible, emit in a similar region to the unknown sample. The quantum yield is calculated using the following equation: 

ΦR = ΦU [(AR  / AU ) (n2R/n2U)]

Here, ΦR and ΦU are the fluorescence quantum yields of the selected reference standard and unknown sample respectively. AR and AU are the integrated fluorescence intensity (area under curve) of selected reference standard and unknown sample, respectively. n is the refractive index of solvent, and the subscript R refers to the reference standard of known and unknown test sample quantum yield (Williams et al., 1983).

Here, we have used rhodamine B as the reference standard (quantum yield = 0.73 ± 0.02; Rurack, 2008) The following sections show the selection of maximum absorption wavelength (λmax), molar absorptivity, and determination of fluorescent excitation (λex), emission (λem) and quantum yields.

Determination of absorption maxima and excitation coefficients of Rho-Pro-Ala-Asn-OH (SM10) and Rho-β-Ala-Ala-Asn-OH (SM10-A) in absolute ethanol (pH 5.0) 

The molar absorptivity (molar absorption coefficient) indicates how intensely a fluorescent dye of a certain concentration absorbs light at a given wavelength, which is determined at the maximum absorption wavelength (λmax). It is well established that Rho-B based dyes exist in cationic, zwitterionic and lactone forms, making them strongly pH dependent. As shown in Section 1.2.9.1, Rho-B based derivative Rho-Pro-Ala-Asn-OH (SM10) is pH independent and Rho-β-Ala-Ala-Asn-OH (SM10-A) is pH dependent. 

The excitation coefficients of Rho-B, SM10 and SM10-A were calculated from the absorption at λmax. Here, we have chosen the isosbestic point as the λmax for calculating the excitation coefficients. The isosbestic point is a wavelength at which the molar absorptivity is the same for the two absorbing fluorescent dyes which are interconvertible (McNaught and Wilkinson, 1997). In this research, the isosbestic point was used as reference points because throughout the experimental process, its position is concentration independent. Absorption spectra were measured in a quartz glass cuvette with 1 cm path length in absolute ethanol. The samples were prepared as stock solutions in ethanol (1 mg ml-1). Absorption spectra were recorded to determine the maximum absorption wavelength (λmax). Figure 1.62 shows the absorbance spectrum of Rho-B and SM10 (5 M each), plotted using the diluted solutions prepared from the stock solutions with an absolute ethanol. The absorption spectra gave the isosbestic point for both Rho-B and SM10 at ʎ 556 nm, which provides the absorbance to calculate the excitation coefficient. Similarly, Figure 1.63 shows the absorbance spectrum of Rho-B (5 M each) and SM10-A (200 M), plotted using the diluted solutions prepared from the stock solutions with an absolute ethanol. The absorption spectrum gave the isosbestic point for both Rho-B and SM10-A at wavelength 535 nm, which provides the molar absorption coefficient. The absorbance spectra were recorded between 400 to 700 nm. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.


[bookmark: _Toc494786928]Figure 1.62. Absorption spectra of rhodamine-B (reference standard; 5 M) and Rho-Pro-Ala-Asn-OH (SM10; 5 M) in absolute ethanol (pH 5).



[bookmark: _Toc494786929]Figure 1.63. Absorption spectra of rhodamine-B (reference standard; 5 M) and Rho-β-Ala-Ala-Asn-OH (SM10-A; 200 M) in absolute ethanol (pH 5).

The Beer-Lambert law (A = ε c l) was used to determine the molar absorptivity of Rho-B, SM10 and SM10-A by measuring the absorbance of solutions at four different concentrations to determine the quantum yield (Section 1.2.9.2.2). The absorption spectra were measured in a quartz cuvette (1 cm path length), in absolute ethanol. Figure 1.64 shows absorbance by SM10-A (200 M) in comparison to Rho-B, SM10 (5 M each, Figures 1.65 and 1.66, respectively). Molar absorptivity of Rho-B, SM10, SM10-A in absolute ethanol pH 5.0 are shown in Table 1.1.


[bookmark: _Toc494786930]Figure 1.64. Absorption spectra of Rho-β-Ala-Ala-Asn-OH (SM10-A) in absolute ethanol (pH 5).


[bookmark: _Toc494786931]Figure 1.65. Absorption spectra of rhodamine-B (reference standard) in absolute ethanol (pH 5).


[bookmark: _Toc494786932]Figure 1.66. Absorption spectra of Rho-Pro-Ala-Asn-OH (SM10) in absolute ethanol (pH 5).

	Compound
	λmax (nm)
	ε at λabs(M-1 cm-1L-1) 

	Rhodamine B
	 556
	 6.14 x 104

	Rho-Pro-Ala-Asn-OH (SM10)
	 556
	 5.89 x 104

	Rho-β-Ala-Ala-Asn-OH (SM10-A)
	 535
	 0.024 x 104


[bookmark: _Toc494787043]Table 1.1. Molar absorptivity of Rhodamine B, Rho-Pro-Ala-Asn-OH (SM10) and Rho-β-Ala-Ala-Asn-OH (SM10-A) at λmax in absolute ethanol (pH: 5).

Determination of fluorescence excitation and emission and quantum yields

As mentioned in Section 1.2.9.2.1, the fluorescence quantum yield was measured using the comparative method (Williams et al., 1983). Absorption spectra were measured as described in Section 1.2.9.2.1. The working concentration for Rho-B (reference standard), Rho-Pro-Ala-Asn-OH (SM10) and Rho-β-Ala-Ala-Asn-OH (SM10-A) were 5 M, 5 M and 200 M, respectively. For recording the fluorescence spectra all the samples of Rho-B, SM10 and SM10-A were diluted by 10 times (must be diluted by the same proportion) using absolute ethanol. The fluorescence spectra for Rho-B, SM10 and SM10-A (Figures 1.67, 1.68 and 1.69) were performed using the same parameters: scan speed 500nm/min, λex 535 nm, λem 540-700 nm, excitation slit and emission slit widths are 4.5nm and 5.5nm. Rho-B, SM10 and SM10-A were excited at 537 nm and the emission was recorded from at least 5 nm above the excitation wavelength to 700 nm. The quantum yields were obtained by comparison of the integrated area of the emission spectra of the SM10 and SM10-A with the integrated area of emission spectra of Rho-B (reference standard) in absolute ethanol, which has a quantum efficiency 0.73 ± 0.02 (Rurack, 2008). Figures 1.70, 1.71 and 1.72 show the integrated area of the reference standard, SM10 and SM10-A. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.

[image: ]
[bookmark: _Toc494786933]Figure 1.67. Emission spectra of rhodamine-B in absolute ethanol (pH: 5). 

[image: ]
[bookmark: _Toc494786934]Figure 1.68. Emission spectra of Rho-Pro-Ala-Asn-OH (SM10) in absolute ethanol (pH 5).

[image: ]
[bookmark: _Toc494786935]Figure 1.69. Emission spectra of Rho-β-Ala-Ala-Asn-OH (SM10-A) in absolute ethanol (pH 5).



[bookmark: _Toc494786936]Figure 1.70. A plot of reference standard Rho-B (integrated fluorescence intensity vs. absorbance). 


[bookmark: _Toc494786937]Figure 1.71. A plot of reference standard Rho-Pro-Ala-Asn-OH (SM10) (integrated fluorescence intensity vs. absorbance). 


[bookmark: _Toc494786938]Figure 1.72. A plot of reference standard Rho-β-Ala-Ala-Asn-OH (SM10-A) (integrated fluorescence intensity vs. absorbance). 

Impacts of the substitution with proline on the xanthene moiety of the SM10 and β-alanine on the xanthene moiety of the SM10-A, shows an effect on their spectral characteristics such as absorption (A), molar absorptivity (ε) at the maximum absorption wavelength (λmax), excitation (λex), emission (λem) and quantum yield (Φ). The quantum yield was investigated and the obtained data are included in Table 1.2. The fluorescence quantum yield of SM10 (Φ = 0.95) was higher than the SM10-A (Φ = 0.11) due to the ring-opening process induced by the proton (rhodamine B was used as a reference standard).  It is well known that 7-amino-4-methylcoumarin (AMC) is pH dependent as it is partially protonated at low pH (< 5) but fully deprotonated at physiological pH. Therefore, at or near physiological pH its fluorescence spectrum is pH-independent. Fisher and colleagues (1989), reported the quantum yield of AMC (Φ = 0.514) in ethanol.  However, we have shown here that rhodamine B based SM10 (Φ = 0.95) shows higher quantum efficiency. Rhodamine B based probes have the potential to be even more useful than AMC in protease profiling and because of their effectiveness in determining protease activity in live cells. These results justified that the ability to control the fluorescence properties of the rhodamine label in SM10 facilitated its use in the design of SM9 probe in biological experiments, and constant fluorescence emission indicating that Rho-Pro-Ala-Asn-OH (SM10) can detect pH changes in lysosomes.
	Compound
	λmax (nm)
	ε at λmax abs  (L M-1 cm-1) 
	λex (nm)
	λem (nm)
	Quantum Yield (Φ)

	Rho-Pro-Ala-Asn-OH (SM10)
	 556
	 5.89 x 104
	 537
	583
	 0.95

	Rho-β-Ala-Ala-Asn-OH (SM10-A)
	 535
	 0.024 x 104
	 537
	580
	 0.11

	7-Amino-4-methylcoumarin 
(AMC)*
	 352
	1.70 x 104
	 340
	429
	 0.51


[bookmark: _Toc494787044]Table 1.2. Spectral data of Rho-Pro-Ala-Asn-OH (SM10), Rho-β-Ala-Ala-Asn-OH (SM10-A) and 7-Amino-4-methylcoumarin (AMC). 
Quantum yields of SM10 and SM10-A obtained by the comparison of the integrated area of the emission spectrum of the samples with Rho- B in absolute ethanol (pH 5); (*Fischer et al., 1989).
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]
FRET studies

A fundamental requirement for FRET (Forster or fluorescence resonance energy transfer) to occur is for overlap of the absorption spectrum of an acceptor with the emission spectrum of a fluorophore donor. To date, a wide variety of donor and acceptor groups have been used in FRET substrates e.g.  5-carboxyfluorescein (FAM)/4-(4-dimethylamino phenylazo) benzoic acid (Dabcyl) group (Rakhmanova et al., 2007), 2-Aminobenzoyl or Anthraniloyl (Abz)/ (2,4-Dinitrophenyl (Dnp) (Cezari et al., 2002), Tryptophan (Trp) / (2,4-Dinitrophenyl (Dnp) (Cezari et al. 2002), Fluorescein isothiocyanate (FITC) / (2,4-Dinitrophenyl (Dnp) (Korting et al., 1977).

Hence, an experiment was carried out to find out whether the emission spectrum of Rho-Pro-Ala-Asn-OH (SM10; fluorophore) overlapped the absorption spectrum of PEG-AQ(4-OH) (SM1; quencher/ acceptor). Figure 1.73 shows the maximum wavelength (570-690 nm) for the absorption spectrum of compound SM1 and Figure 1.74 shows the maximum fluorescence intensity of SM10 at 583 nm. These results confirmed the ability of the aminoanthraquinone acceptor SM1 to quench the fluorescence emission of the fluorophore SM10 (Figure 1.75), therefore no or very little fluorescence detected from probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9). 

[bookmark: OLE_LINK1]Latt and colleagues (1972) proposed that a FRET-based assay is one of the most sensitive methods used for the identification and quantification of proteases (Latt et al., 1972). However, the design and synthesis of fluorogenic FRET-based substrates depends upon the position and number of amino acids used between the donor and acceptor, the coupling of high quantum yield fluorophore, and a quencher that absorbs the donor emission wavelength. In our case, while designing the fluorogenic probe, the tripeptide was incorporated with rhodamine B which is a high quantum yield fluorophore that is efficiently quenched by the aminoanthraquinone group. In Figure 1.76, the fluorophore quenching studies showed that the relative fluorescence intensity of the legumain probe SM9 was practically 108-fold lower than the SM10. Also, we compared the fluorescence emission of both SM9 and SM10 at different concentrations (1 - 12.5 µM) and found SM9 to be highly quenched (Figure 1.77). This shows that even after an increasing concentration of an intact probe SM9, there is no release in fluorescence intensity, which proves that in SM9 rhodamine B fluorescence is an efficient FRET substrate and is competently quenched. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.

[image: ]
[bookmark: _Toc494786939]Figure 1.73. Absorption spectrum of TFA-PEG-AQ(4-OH) (SM1) (20µM in assay buffer, pH 5.0).
[image: ]
[bookmark: _Toc494786940]Figure 1.74. Fluorescence spectrum of Rho-Pro-Ala-Asn-OH (SM10; 1 µM) in assay buffer, pH 5.0, (λex 540 nm and λem 583 nm).


[bookmark: _Toc494786941]Figure 1.75. Normalized UV-Vis absorption spectrum of PEG-AQ(4-OH) (SM1; 20 µM) and fluorescence emission spectrum of Rho-Pro-Ala-Asn-OH (SM10; 1 µM) with excitation of 565 nm.

[image: ]
[bookmark: _Toc494786942]Figure 1.76. Comparison of relative fluorescence intensities of fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 1 μM) and Rho-Pro-Ala-Asn-OH (SM10, 1 μM) [legumain assay buffer, pH 5], λex 544 nm, λem 583 nm.

[image: ]
[bookmark: _Toc494786943]Figure 1.77. Relative fluorescence intensity PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10) at different concentrations, λem 583 nm; (n=3).

[bookmark: _Toc494786772]Recombinant human legumain mediated cleavage of probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)

To test the substrate ability of fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), a fluorimetric assay was developed with recombinant human legumain at 37°C in MES assay buffer (pH 5.0) and monitored restoration of rhodamine fluorescence over time. The fluorimetric assay was used to find out whether there was an activation of probe SM9 through incubation with rh-legumain. Here, SM9 (10 µM) probe was incubated with legumain (40 ng) at 37°C for 2 hours. As shown in Figure 1.78, we observed a time-dependent increase in relative fluorescence intensity in a SM9 probe in the presence of rh-legumain. However, alone SM9, on the other hand, did not change over-time. Furthermore, pre-incubation of rh-legumain with iodoacetamide (1 mM; 15 minutes) inhibited fluorescence release.

The rate of formation of cleaved product in SM9 (shown by increase in fluorescence intensity) was monitored on a microplate reader. Our observations established the general trend, where legumain cleaves the probe at the C-terminus of asparagine, in order to release the fluorescent rhodamine labelled fragment during the incubation.

[image: ]
[bookmark: _Toc494786944]Figure 1.78. Probe SM9 activation using rh-legumain. 
Variation in relative fluorescence intensity released with time for Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) upon incubation with rh-legumain (40 ng) in legumain assay buffer (pH 5.0) and pre-incubation of legumain with Iodoacetamide (1 mM, 15 min), λex 544 nm, λem 583 nm; SM9 only (blue dots), SM9+Legumain (purple dots); legumain+iodoacetamide+ SM9 (red dots); (n=3).

Furthermore, to characterise the legumain-targeted probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) SM9, the probe was incubated with rh-legumain and evaluated using a RP18 reverse-phase column. The probe SM9 alone (positive control) eluted as a single peak with a retention time of tR = 9.455 minutes and showed no self-degradation for 24 hours (Figure 1.79). However, incubation of the probe SM9 with rh-legumain for 24 hours resulted in nearly 100% cleavage, generating PEG-AQ(4-OH) (SM1) with tR = 2.501 minutes and Rho-Pro-Ala-Asn-OH (SM10) with tR = 4.580 minutes (Figure 1.80). While SM1 shows a relatively small peak at analytical wavelength due to lower molar absorptivity in comparison to SM10 (higher molar absorptivity and higher quantum yield as discussed in Table 1.2). We also noticed a small impurity peak next to SM10 peak. The reason might be due to the design of SM10 via solid phase extraction method or could be a small rho-labelled peptide. The result of HPLC analysis shows that our assay buffer (50 mM MES hydrate, 250 mM NaCl, pH 5.0) alone did not cleave SM9 at all. The result indicates that our probe SM9 has been successfully activated by rh-legumain and the probe is specifically cleaved by legumain at the C-terminal of asparagine. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 5µM.pdf]
[bookmark: _Toc494786945]Figure 1.79. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) after 24 h incubation with legumain assay buffer (positive control).
[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/Legumain incubation/SM9 +L NaOH 2.pdf]
[bookmark: _Toc494786946]Figure 1.80. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) after 24 h incubation with rh-legumain.

To evaluate the effectiveness of the substrate SM9, the Km and specific activity value of SM9 were determined for rh-legumain. The Michaelis–Menten equation (Figure 1.81) has been plotted against different concentrations of newly synthesised FRET substrate using a fixed concentration of rh-legumain. The Michaelis-Menten model is the one of the simplest and best-known approaches to enzyme kinetics. The Michaelis-Menten equation is:

 = Vmax [S] / KM + [S]

Here, Vmax signifies the maximum velocity achieved by the system, at maximum substrate concentrations. KM (the Michaelis constant) is the substrate concentration at which the reaction velocity is 50% of the Vmax. [S] is the concentration of the substrate (Michaelis and Menten, 1913). The Km value obtained using Sigma plot software was 5.2 ± 1.5 μM. According to R&D systems, recombinant human legumain/asparaginyl endopeptidase protocol, the specific activity for the commercial substrate, benzyloxycarbonyl-Ala-Ala-Asn-AMC is greater than 250 pmol/min/μg (R&D systems, 2012). Also, Mathieu and colleagues reported the Km value for Benzyloxycarbonyl-Ala-Ala-Asn-AMC binding with recombinant human legumain is 80 ± 6 μM (Mathieu et al., 2002). SM9 substrate showed a lower Km value and higher legumain specific activity (960 pmol/min/μg) compared to the commercial substrate, Benzyloxycarbonyl-Ala-Ala-Asn-AMC. This could suggest that SM9 has a much higher affinity with recombinant human legumain than Benzyloxycarbonyl-Ala-Ala-Asn-AMC.

[image: ]
[bookmark: _Toc494786947]Figure 1.81. Non-linear regression curve of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) reaction rates against various concentrations of SM9 in legumain assay buffer, pH 5.0, λex 544 nm, λem 583 nm; (n=3).

The results obtained with the fluorogenic probe SM9 encouraged us to prepare a control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25) (Scheme 1.4) where the Asn (P1) was replaced by a hydrophobic amino acid such as Ala. The linear coupling approach was used for the synthesis of the substrate that contains a free amino group that can be directly coupled with the carboxyl group of amino acids via an amide bond. Also, no enzyme activity was noted with the control probe SM25 (Figure 1.82), the change in peptide sequence at the P1 position (SM25) resulted in no cleavage of the SM25 probe with no fluorescence release. Control probe (SM25) showed negligible affinity to the enzyme (KM could not be determined). 

Furthermore, to confirm the specificity of rh-legumain for asparagine in P1 position, recombinant human cathepsin L was incubated with SM9. Amazingly, no enzyme activity was noticed upon incubation of SM9 (10 µM) with recombinant human cathepsin L (40 ng) in assay buffer at pH 5.0 (Figure 1.83). Lęgowska and colleagues (2014) showed that arginine and glycine are equally preferred by cathepsin L at P1 position (Lęgowska et al., 2014). Legumain is different from the cysteine cathepsins because of the strict requirement of the asparagine, Asn in the P1 position (Cosma and Polgar, 1984). Also, in comparison to cathepsins, legumain does not have other substrate-binding surrounding subsites except the P1 site for Asn.  All these results were used to confirm that legumain has a clear preference for asparagine at the P1 position which favours the current work for the specificity of the legumain for the SM9 probe.


[bookmark: _Toc494786948]Figure 1.82. Incubation of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) and  Ala-Ala-PEG-AQ(4-OH) (SM25; 10 µM) with rh-lehumain.
Variation in relative fluorescence intensity released with time for Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) upon incubation with recombinant human legumain (40 ng) in legumain assay buffer (pH 5.0) and incubation of Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25; 10 µM) with legumain, λex 544 nm, λem 583 nm; (n=3).


[bookmark: _Toc494786949]Figure 1.83. Incubation of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) with recombinant human cathepsin L (40 ng) in assay buffer (pH 5.0), λex 544 nm, λem 583 nm; (n=3).

[bookmark: _Toc494786773]Cell viability assay (MTT assay)

The cytotoxicity of substrate Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and its legumain mediated cleavage fragments, including PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10) were assayed by MTT assay against prostate cancer cells (PC-3). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is a colourimetric-based assay for cell proliferation and viability, which results in the conversion of MTT to purple formazan by NADH (metabolic capacity) and would allow counting of viable cells directly by using a microplate reader (Vistica et al., 1991; Weyermann et al., 2005).

Cytotoxicity is well-defined as the extent to which a test compound causes toxicity to cells. This may be either due to a lesser number of viable cells or to a reduction in efficiency capacity of individual cells. The method defined here is the evaluation of the cytotoxicity in terms of metabolic capacity (MTT assay). The MTT assay was initially developed by Mosmann (1983), but Denizot and Lang (1986) modified the MTT assay to improve the reliability and sensitivity of the in vitro chemosensitivity of tumour cells (Mosmann, 1983; Denizot and Lang, 1986). MTT assay method is easy to use, has high reproducibility, efficient and is widely used in both cell viability and cytotoxicity tests. The reduction of MTT is catalysed by mitochondrial dehydrogenase enzymes and is, therefore, a measure of cell viability (Mosmann, 1983) (Figure 1.84). The methods generate IC50 values. IC50 is a measure indicating the concentration of test compound at which 50% of the cells have survived the course of treatment in comparison to untreated control.  Here, the MTT assay was used to assess the in vitro cytotoxicity of test compounds (SM1, SM9 and SM10) used in the current research. 



[bookmark: _Toc494786950]Figure 1.84. MTT conversion to formazan.

Here, PC-3 prostate cancer cells were treated with 0.01, 0.1, 1, 10 and 100 µM concentrations of each compound for 96 hours. Figure 1.85 shows that in the PC-3 cells, the intact fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and Rho-Pro-Ala-Asn-OH (SM10) do not showed any cytotoxicity. Only, at higher concentration (100 µM), the anthracenedione SM1 showed an IC50 value of 23.27  0.04 µM. This study revealed that SM1 had no cytotoxicity activity at lower concentrations but only above 100 µM. These results suggested that SM9 and its legumain mediated cleavage fragments (SM1 and SM10) are relatively non-toxic in the normal cellular environment. 

[image: ../Documents/SM9%20MTT.pdf]
[bookmark: _Toc494786951]Figure 1.85. Dose-response curve for cell viability of PC-3 cells treated with 
PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and Rho-Pro-Ala-Asn-OH (SM10) by using an MTT assay (measured at 540 nm); (96 h incubation); (n=3).

[bookmark: _Toc494786774]Physicochemical properties

The physicochemical properties of the intact probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and its legumain mediated cleavage fragments, PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10) were then studied to determine the distribution coefficient by using shake-flask method (Sangster, 1989). The distribution coefficient is described as the ratio of the concentration of a substrate in organic and aqueous phases under equilibrium conditions. It is a technique of simple extraction in an octanol/water system. In 1964, Fujita first claimed the octanol/water distribution coefficient shares similarity with the biological partition. Octanol was used as an organic solvent as its chemical structure is quite similar to the hydrophobic fatty molecules that exist in the cell membrane. Also, the hydroxyl group of both octanol and water contributes to the formation of hydrogen bonding with the solute molecule which participates in polar interactions (Rutkowska et al., 2013). Also, for carboxylate-containing rhodamines including B and SM10, the ionizable functional groups can interact to form a zwitterionic molecule which allows the formation of strong ion-ion interactions (William and Thomas, 2002).

[bookmark: OLE_LINK8]The experimental log D results (pH 7.4) of SM1, SM9 and SM10 have been successfully obtained using a shake flask octanol-water partition coefficient method. The calibration curves were plotted (Appendix 2), and their maximum absorbances provide a reference (maxima at the analytical wavelength of interest) for the distribution coefficient. The compound concentrations were identified using the absorbance reading from each layer by comparing them with the calibration curves. The physicochemical properties of fluorogenic substrate SM9 and its legumain mediated cleavage fragments, including SM1 and SM10 in the panel varied significantly.  Figure 1.86 shows that SM9 possessed a greater hydrophobicity (Log D +1.78  0.29) than SM1 and SM10, which have Log D values of -0.67  0.19 and –0.59  0.11, respectively. The PEG spacer is hydrophilic in nature and exhibits strong intermolecular hydrogen bonding which improves the water solubility (Yatsuhashi and Inoue, 1997; Xue et al., 2011). SM9 shows a greater lipophilicity than SM10 and SM1, likely due to the favourable interaction of the exposed alkyl chain with the octanol and stationary phases that may act as lipid surrogate. These results suggested that lipophilic amine probe (SM9) has the ability to passively diffuse across membranes and become protonated once reaching the acidic lysosome.

[image: ../Documents/LOG%20D.pdf]
[bookmark: _Toc494786952]Figure 1.86. Relative lipophilicity/ hydrophobicity of PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and Rho-Pro-Ala-Asn-OH (SM10). 
Experimentally determined octanol/water partition coefficients of SM1, SM10 and SM9; (n=3).

[bookmark: _Toc494786775]Cellular uptake and localization of substrate SM9 in prostate cancer (PC-3) cells 

Confocal imaging was performed to analyse the cellular uptake and localisation of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) probe in live prostate cancer cells (PC-3) in the presence of LysoTracker Green DND26 and MitoTracker Green FM (fluorescent mitochondrial) for the lysosomes and mitochondria, respectively. LysoTracker Green DND26 can easily penetrate the cell membrane as it contains a fluorophore which is linked to a weak base that helps in labelling the acidic organelles in living cells. According to Invitrogen Ltd., LysoTracker green DND-26 reaches the lysosomes within seconds and longer incubation can cause an alkalizing effect on the lysosomes. This may induce an increase in intercellular lysosomal pH. MitoTracker probes are available in several colours, but MitoTracker Green FM was chosen to differentiate the green colour from the red SM9 fluorescence. 

It is well known that most of the organic amines accumulate in the acidic environment of the lysosome because of the lower pH 4-5 in comparison to the surrounding cytoplasm (Lloyd, 2000). Lysosomes play an important role in various metabolic processes such as the breakdown of waste product, turnover of phospholipids, autophagy and apoptosis. According to de-Duve and colleagues (1974), lysosomes have the ability to sequester the solute by a physicochemical process known as lysosomal trapping (de-Duve et al., 1974). Figure 1.87 shows that concept by which lipophilic amines deposit in lysosomes. The lipophilic amines via plasma (pH 7.4) and cytosol (pH 7.2) diffuse across the cell membrane in its unionised form (NH2), by maintaining an equilibrium with its ionised form (NH3+). Due to its ionised from, the lipophilic amines cannot freely diffuse across the membrane (Kazmi et al., 2013). 

[image: Picture1.png]
[bookmark: _Toc494786953]Figure 1.87. Modified pH partitioning of lipophilic amines into the acid organelle lysosomes. 

Diffusion across the lysosomal membrane depends on the physicochemical features of the penetrating compound or solute. As shown in Section 1.2.12, SM9 has a positive Log D value (+1.78  0.29) and this lipophilic amine (SM9) has the potential to passively diffuse across membranes and become protonated once reaching the acidic lysosome. There are four possible ways that amine containing substrate can become localised into the acid organelle (lysosome); passive diffusion, autophagocytosis, endocytosis and the substrate transporter protein linked with lysosomal membranes as a vehicle to passage the molecules into the lumen space (Kaufmann and Krise, 2007). Shaul and colleagues (2013) showed that anthracycline based derivatives are more often localised in lysosomes, which could be a potential target for the theranostic compounds (Shaul et al., 2013). Even though a lot of the anthracycline-based compounds appear to be taken up by lysosomes, SM9 may also spread to other acidic organelles such as endocytic compartments (Altan et al., 1998), multivesicular bodies and secretory vesicles (Klohs and Steinkampf, 1998).

Here, PC-3 cells were treated with a co-stain solution of LysoTracker Green DND 26 (60 nM) and SM9 (1 µM). Co-stain was applied to the cell culture medium and incubated at 37°C for 30 minutes. Similarly, for the MitoTracker Green FM and SM9 co-stain, a solution of MitoTracker Green FM (50 nM) and SM9 (1 µM) was applied to the cell culture medium and incubated at 37°C for 15 minutes prior to imaging. Figure 1.88(i) shows the cellular uptake of SM9 in PC-3 cells after incubation at several time points (0, 30, 60 and 120 minutes). Results confirmed that SM9 was detected in the lysosomes, but not in the mitochondria and nucleus. SM9 probe showed a punctate staining pattern (panels E, H and K) and clear colocalization with lysosomes (panel F, I and L).  The cellular uptake of the SM9 probe was due to its cationic lipophilic character (Log D: +1.78  0.29). Treatment of cells with SM9 significantly decreased the fluorescence level of LysoTracker Green, which may result from the increase in intracellular pH due to a high lysosomal concentration of SM9. To demonstrate that SM9 staining was specific to lysosomes, we stained PC3 cells with an alternative marker for mitochondria (MitoTracker Green FM). Figure 1.89 shows separate labelling patterns, and a lack of co-localization of the SM9 probe with mitochondria was observed after 2 hours live cell imaging. Again, there is no localisation of the SM9 observed within the nucleus. The colocalisation of SM9 with LysoTracker Green DND26, instead of MitoTracker Green, suggested that SM9 displayed a better selectivity for lysosomes as compared to mitochondria in PC-3 live cells, which is consistent with literature reporting that the rhodamine-based compounds prefer the acidic environment of lysosomes (Yu et al., 2015). Hence, localisation of SM9 with LysoTracker green was further analysed from 0 to 2 hours. To measure the colocalization of the SM9 probe and LysoTracker Green DND26, a quantitative analysis of confocal images was performed. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used for quantifying the degree of co-localisation [Figure 1.88(ii)]. We observed SM9 in lysosomes within 30 minutes of treatment. It is well known that legumain is overexpressed within the acidic environment of the lysosomes (Kembhavi et al., 1993; Halfon et al., 1998) and that is where the SM9 probe accumulates. The data shown is from one representative experiment performed in triplicate.
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[bookmark: _Toc494786954]Figure 1.88. SM9 uptake in the lysosomes of PC-3 cells. (i) SM9 (1μM) localised to the lysosome within 0-120 min as measured by live cell imaging (scale bar = 20 μm).
The colocalization of Lyso Tracker Green with SM9 (red) is shown as yellow merged. (ii) Degree of colocalization of SM9; the bar chart represents the Pearson’s and Mendors’s overlap coefficients of SM9 in the lysosome of PC-3 cells. Images were captured at 63 x magnification; (n=3).
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[bookmark: _Toc494786955]Figure 1.89. Confocal microscopy images of PC-3 cells treated with SM9 (1 μM) for 2 h (scale bar = 20 μm). Images were captured at 63x magnification.


[bookmark: _Toc494786776]Conclusion

Legumain is a potential cancer biomarker and a molecular target for imaging and drug targeting. A novel legumain targeted fluorogenic rhodamine-B based peptide substrate has been developed as molecular probe SM9 (first generation) for diagnostic application in the early detection of tumours, which exploits the proteolytic activity of overexpressed legumain to cleave at the C-terminus of an asparagine residue at the P1 position. Most in vivo applications are hampered by insufficient resolution at the target site. This limitation is the result of low fluorescence signal amplification and specificity of the probe. The development of selective and targeted fluorogenic probes are highly sought for accurate diagnosis and prognosis of cancer. The fluorogenic probe Rho-Pro-Ala-Asn~PEG-AQ(4-OH) (SM9) is an efficient FRET substrate and affords good restoration of fluorescence during incubation with rh-legumain. The main advantage of SM9 probe over previously reported legumain probes is that the fluorescence intensity of the liberated rhodamine-fluorophore is unaffected over a wide range of pH (3 – 8) by using ring-open rhodamines (adjacent to a tertiary amide bond) which therefore act as smart molecules for imaging legumain activity. The confocal microscopy studies revealed the localization of SM9 in the lysosomes. The ‘’Smart’’ SM9 probe is intrinsically quenched and becomes fluorescent only after legumain-mediated cleavage. The cellular uptake of the SM9 probe was due to its cationic lipophilic character (Log D: +1.78  0.29). SM9 probe has the potential to be used as a diagnostic tool to define the legumain expression in tumour biopsies, the extent of activation of the fluorogenic probe mediated by overexpressed legumain may offer diagnostic, and prognostic information of potential value in determining patient-focussed treatment.






Chapter 1
Experimental 
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Thin layer chromatography

Pre-coated aluminium Kieselgel 60 F254 silica plates (Merck) were used for TLC (Thin Layer Chromatography). Uncoloured compounds were visualised by UV light (250-390 nm). Solvent systems used for thin layer chromatography were A) chloroform: methanol, 4:1; B) chloroform: methanol, 9:1 and C) butanol: glacial acetic acid: water, 4:5:1.

Column chromatography

Kieselgel 60 (0.063-0.0200 mm) silica gel was used in column chromatography. Sometimes a small pump was used to apply air pressure to the column.

Mass spectrometry

The molecular ion species were characterized by ESI (+) Nanoelectrospray Positive Ionisation Mass spectrometry. High resolution and low (nano) resolution electrospray mass spectra were recorded on Thermofisher LTQ Qrbitrap XL and Waters ZQ4000 (EPSRC National Mass Spectrometry Facility, University of Swansea).

High performance liquid chromatography (HPLC)

Reverse-phase HPLC was performed on an X-bridge shield RP18 column [2.5 µM (2.1 mm X 30 mm), flow rate 2 mL/min] using a gradient mobile phase starting from 100% ACN in 0.1%TFA (A); 100% H2O in 0.08%TFA (B); 20% MeOH (C) and 95% ACN (D).

Proton and carbon nuclear magnetic resonance (1H and 13C nmr)

1H and 13C nmr were recorded on either a Bruker AC300 or a Bruker AC400 nmr spectrometer at 25C at 300.1 MHz and 75.47 MHz, respectively from samples dissolved either in deuterated DMSO or deuterated chloroform.
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Anthraquinone-based solution phase peptide synthesis 

Method A: general method for coupling N-α-protected amino acid with a free carboxyl group to an amine component using in-situ coupling reagents 

To a solution of amino component (1 eq) in DMF (2-4 mL) was added N-α protected amino acid (1- 2 eq, 0.01- 4.00 mmol) in the presence of PyBOP (1- 2 eq, 0.2- 4.45 mmol), HOBt or HCTU (1-2 eq, 0.05- 2.5 mmol) and DIPEA (3- 8 eq, 0.5- 9.50 mmol) in DMF (4-5 mL) at room temperature. After 1 -3 h, the progress of the reaction was monitored by TLC (solvent A or B or C). The compound was extracted [CHCl3 and H2O (1:1, 100 mL)] then the organic layer was washed with H2O (3x; 100 mL), dried with Na2SO4, filtered and the solvent was evaporated in vacuo to a low volume. The crude product was purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-10%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give final compound as a solid precipitate. 

Method B: general method for the deprotection of N-α-Fmoc (fluorenylmethoxycarbonyl) protected compounds 

The Fmoc-protected compound (0.1- 0.5 g, 0.03- 1.71 mmol) was treated with 20% (v/v) piperidine in DMF (5-10 mL). After 1-2 h, the progress of the reaction was monitored by TLC (solvent A or B or C). The compound was extracted [CHCl3 and H2O (1:1, 100 mL)] then the organic layer was washed with H2O (3x; 100 mL), dried with Na2SO4, filtered and the solvent was evaporated in vacuo to a low volume. The crude product was purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-10%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give final compound as a solid precipitate.

Method C: general method for the deprotection of N-Boc (tertiarybutoxycarbonyl) or Trt protected compounds 

The Boc or Trt protected compounds or tert-Butyl esters (OtBu.HCl) were deprotected (0.1- 0.8 g, 0.03- 1.71 mmol) with TFA (2-5 mL) for between 20 min-3 h. The progress of the reaction was monitored by TLC (solvent A or B or C) and the solution was evaporated in vacuo to dryness. The resulting material was triturated with ether to give final compound as a solid precipitate.

General methods for solid phase peptide synthesis (SPPS)

Method D: SPPS resin swelling

The preloaded resin Fmoc-Asn (Trt)-NovaSyn®TGT (1 g) was transferred into an SPPS reaction vessel and DCM (10 mL) was added. The vessel was left on a shaker for 1 h. After 1 h, the resin was swelled and the DCM was flushed out and the resin was washed with DMF (3x10 mL).

Method E: SPPS Fmoc removal

The resin-bound Fmoc-protected peptide was treated with 20% (v/v) piperidine in DMF (10 mL) for 15 min (2x) followed by washing with DMF (3x) and a colour test was performed. A few resin beads were taken out from the vessel and mixed with a colour reagent [HZ 22, a pentafluorophenolate ester of 6-(9, 10-dihydro-9, 10-dioxo-1-anthryl) aminohexanoic acid, dissolved in DMF at 1 mg ml-1; Appendix 3] and reacted for 5 min at RT. The mixture was filtered and the presence of red resin beads (positive result) indicated that deprotection was complete.

Method F: SPPS peptide coupling

A solution of Fmoc-Xaa-OH (2 eq) was activated for 15 min using TBTU (1.9 eq), HOBt (1.9 eq), DIPEA (4 eq) in DMF and added to the resin-bound free amine peptide and shaken for 1 h at room temperature. The coupling was repeated and the resin was washed with DMF (3x). A few resin beads were taken out from the vessel and a colour reagent (HZ 22) was used to perform the colour test. Clear resin beads (negative result) indicated that the coupling was complete.

Method G: SPPS (NovaSyn®TGT ) peptide cleavage

The resin was swelled and washed with DCM (3x) followed by treatment with a cleavage solution composed of 0.5% TFA in 100 mL DCM for 10 min in small portions (10 mL) and kept shaking for 10 min each time, until the product was collected from the resin. Compound fractions were combined, filtered, evaporated to dryness, followed by the addition of 1, 4-dioxane (4 L) and diethyl ether (10 mL). The solid was filtered, collected and dried.
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Synthesis of PEG-AQ(4-OH) TFA (SM1)

To a solution of leucoquinizarin (1 g, 4.1 mmol) in DCM (10 mL) was added 2,2’-(ethylenedioxy)bis(ethylamine) (2.4 mL, 16.4 mmol) and the reaction mixture was refluxed for 1 h. Et3N (100 µL) was added and the solution was aerated at rt. After 2 h, the solvent was evaporated in vacuo and the crude 1-{2-[2-(2-aminoethoxy)-ethoxy]ethylamino}-4-hydroxy-anthracene-9,10-dione was purified by silica-gel column chromatography [CHCl3: MeOH and (19:1-15:1)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness to give compound SM1 as a purple solid (1.8 g, 45%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C25H31N2O7]+ 371.1601; Found 371.1598. RP-HPLC tR = 2.587 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 3.02 (t, 2H, CH2-NH3+), 3.52 (m, 2H, AQ-NH-CH2), 3.68 (m, 8H, CH2-O-CH2-CH2-O-CH2), 7.21 (d, 1H, J = 9 Hz), 7.37 (d, 1H, J = 9 Hz), 7.81 (m, 2H), 8.00 (s, 3H, NH3+), 8.11 (m, 2H), 10.21, (t, 1H, AQ-NH), 13.54 (s, 1H, OH).

13C NMR (DMSO-d6, 75.5 MHz):  (ppm) 38.91 (-ve, CH2), 41.97 (-ve, CH2), 66.73 (-ve, CH2-O), 68.92 (-ve, CH2-O), 69.59 (-ve, CH2-O), 69.64 (-ve, CH2-O), 107.2 (ab, CAR), 112.7 (ab, CAR), 115.2 (ab, CAR), 119.2 (ab, CAR), 125.28 (+ve, CHAR), 125.77 (+ve, CHAR), 126.18 (+ve, CHAR),128.45 (+ve, CHAR), 132.70 (+ve, CHAR), 134.45 (+ve, CHAR), 147.05 (ab, CAR), 156.05 (ab, CAR), 158.11 to 158.53 (ab, q, CF3),180.56 (ab, C=O, AQ,181.51 (ab, C=O, AQ).

Synthesis of Fmoc-Asn(Trt)-PEG-AQ(4-OH) (SM2)

To a solution of compound PEG-AQ(4-OH) SM1 (0.3 g, 0.62 mmol) in DMF (2 mL) was added Fmoc-Asn(Trt)-OH (0.44 g, 0.73 mmol) in the presence of PyBOP (0.386 g, 0.74 mmol), HOBt (0.1004 g, 0.74 mmol) and DIPEA (0.5 mL, 2.9 mmol) in DMF (4 mL) to give compound SM2 (following method A) as a purple solid (0.5 g, 85%). Rf = 0.56 (Solvent System A). HRMS (ESI) m/z: (M+H)+ Calcd for [C58H53N4O9]+ 949.3813; Found 949.3807.

Synthesis of H-Asn(Trt)-PEG-AQ(4-OH) (SM3)

The Fmoc-protected compound Fmoc-Asn(Trt)-PEG-AQ(4-OH) (SM2) (0.55 g, 0.58 mmol) was treated with 20% (v/v) piperidine in DMF (8 mL) for 1 h to give the title compound SM3 (following method B) as a purple solid (0.3 g, 71%). Rf = 0.35 (Solvent System A). HRMS (ESI) m/z: [M+H]+ Calcd for [C43H43O7N4]+ 727.3126; Found 727.3125.

Synthesis of Fmoc-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM4)

To a solution of H-Asn(Trt)-PEG-AQ(4-OH) (SM3) (0.30 g, 0.41 mmol) in DMF (6 mL) was added Fmoc-Ala-OH (0.154 g, 0.49 mmol) in the presence of HCTU (0.196 g, 0.47 mmol) and DIPEA (0.168 mL, 0.97 mmol) in DMF (5 mL) to give the title compound SM4 (following method A) as a purple solid (0.343 g, (81%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: (M+H)+ Calcd for [C61H58N5O10]+ 1020.4182; Found 1020.4178.
Synthesis of Rho-Pro-OtBu (SM5)

To a solution of rhodamine-B (0.2 g, 0.42 mmol) in DMF (3 mL) was added H.Pro-OtBu.HCl (0.138 g, 0.66 mmol) in the presence of PyBOP (0.218 g, 0.41 mmol), HATU (0.32 g, 0.84 mmol) and Et3N (0.35 mL, 2.5 mmol) in DMF (5 mL) to give the title compound SM5 (following method A) as a pink product (0.3 g). Rf = 0.4 (Solvent System A). HRMS (ESI) m/z: [M-Cl]+ Calcd for [C37H46N3O4]+ 596.3483; Found 596.3470.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.25-1.37 [m, unresolved, 21H, C-(CH3)3 and 4× CH3-Rho], 1.51-1.60 (m, 4H, β- CH2-Pro and γ- CH2-Pro), 3.45 (m, 2H, δ- CH2-Pro), 3.64 (m, 8H, 4×CH2-N-Rho), 4.20 (m, 1H, α-CH-Pro), 6.78 (dd, 2H, H-4, 5, J = 3 Hz), 6.95 (m, 2H, H-1, 8) ; 7.29 (d, 2H, H-2, 7, J = 3 Hz), 7.35 (m, 1H, H-6’), 7.71 (m, 3H, H-3’, 4’, 5’).

Synthesis of Rho-Pro-OH (SM6)

The OtBu protected compound Rho-Pro-OtBu (SM5) (0.3 g, 0.50 mmol) was treated with TFA (5 mL) for 1 h to give the title compound SM6 (following method C) as a pink solid (0.31 g, 94%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C33H38N3O4]+ 540.2857; Found 540.2848.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.22 (t, 12H, CH3-rho, J = 6, 9 Hz), 1.73 (m, 3H, β-CH-Pro and γ- CH2-Pro), 2.10 (m, 1H, β-CH-Pro), 3.53 (m, 2H, δ- CH2-Pro), 3.62 (q, 8H, 4×CH2-N-rho), 3.95 (m, 1H, α-CH-Pro), 6.93 (d, 2H, , H-4, 5, J = 3 Hz), 7.13 (m, 4H, H-1, 2, 7, 8), 7.52 (m, 1H, H-6’), 7.76 (m, 3H, H-3’, 4’, 5’).

13C nmr (DMSO-d6, 75.5 MHz):  (ppm) 12.42 (+ve, CH3), 24.95 (-ve, CH2--Pro), 28.77 (-ve, CH2--Pro), 45.31 (-ve, CH2-N), 49.36 (-ve, CH2-N), 58.30 (+ve, CH2--Pro), 95.79 [+ve, CHAR (4 and 5)], 112.96 (ab, CAR), 113.52 (ab, CAR), 113.98 (+ve, CHAR),114.21 (+ve, CHAR), 127.12 (+ve, CHAR),129.82 (+ve, CHAR), 130.11 (+ve, CHAR),130.57 (ab, CAR), 131.32 (+ve, CHAR), 131.77 (+ve, CHAR), 136.31 (ab, CAR), 154.94 (ab, CAR), 155.16 (ab, CAR), 155.89 (ab, CAR), 156.98 (ab, CAR), 157.24 (ab, CAR), 165.83 (ab, C=O), 172.49 (ab, C=O).

Synthesis of H-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM7)

The Fmoc-protected compound Fmoc-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM4) (0.315 g, 0.31 mmol) was treated with 20%( v/v) piperidine in DMF (7 mL) for 1 h to give the title compound SM7 (following method B) as a purple solid (0.2 g, 61%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C46H48O8N5]+ 798.3497; Found 798.3502.

Synthesis of Rho-Pro-Ala-Asn(Trt)-PEG-AQ(4-OH) (SM8)

To a solution of compound H-Ala-Asn (Trt)-PEG-AQ(4-OH) (SM7) (0.15 g, 0.18 mmol) in DMF (2 mL) was added Rho-Pro-OH (SM6) (0.122 g, 0.18 mmol) in the presence of PyBOP (0.293 g, 0.56 mmol), HOBt (0.0762 g, 0.56 mmol) and DIPEA (0.262 mL, 1.5 mmol) in DMF (5 mL) to give the title compound SM8 (following method A) as a purple solid (0.1 g, 37%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M-Cl]+ Calcd for [C79H83N8O11]+ 1319.6176; Found 1319.6141.

Synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)

The Trt protected compound Rho-Pro-Ala-Asn (Trt)-PEG-AQ(4-OH) (SM8) (0.039 g, 0.03 mmol) was treated with TFA (3 mL) for 2 h to give the final compound SM9 (following method C) as a purple solid (0.03 g, 92%). Rf = 0.53 (Solvent System A). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C60H69N8O11]+ 1077.5080; Found 1077.5065. RP-HPLC tR = 9.406 min.
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Synthesis of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt)

Fmoc-Asn (Trt)-NovaSyn®TGT (1 g) resin was swelled (following method D) with DCM for 1 h followed by Fmoc deprotection (method E). Fmoc-Ala-OH (0.187 g, 2 eq), was coupled to the resin bound free amine peptide using TBTU (0.183 g, 1.9 eq), HOBt (0.183 g, 1.9 eq), DIPEA (0.21 mL, 4 eq) in DMF (8-10 mL) (method F) and Fmoc group was removed with a solution of 20%( v/v) piperidine in DMF (method E). Fmoc-Pro-OH (0.202 g, 2 eq) was coupled to the amine free resin using TBTU (0.183 g, 1.9 eq) and HOBt (0.183 g, 1.9 eq), DIPEA (0.21 mL, 4 eq) in DMF (method F) and Fmoc group was removed with a solution of 20%( v/v) piperidine in DMF (method E). A solution of Rho-B (0.22 g, 1.5 eq), Pyclock (0.25 g, 1.5 eq), DIPEA (0.15 mL, 3 eq) in DMF (4 mL) was added and shaken for 1 h (2x) and the resin was washed with DCM (3x). The product was cleaved from resin with a solution of 0.5% TFA in 100 mL DCM (method G). The filtrates were evaporated in vacuo to dryness and the resulting material was triturated with ether to give compound SM10-Trt as a pink solid (0.29 g). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M]+ Calcd for [C59H63N6O7]+ 967.4753; Found 967.4747. RP-HPLC tR=11.159 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.06 (d, 3H, CH3-Ala, J = 6 Hz), 1.14 (t, 12H, 4× CH3-Rho, J = 6.9 Hz), 1.52 (m, 1H, β-CH-Pro), 1.72 (m, 2H, γ- CH2-Pro); 1.97 (m, 1H, β-CH-Pro), 2.49 (β-CH2-Asn, obscured by solvent), 2.99 (q, 8H, 4×CH2-N-Rho), 3.47 (m, 2H, δ- CH2-Pro), 4.09 (t, 1H, α-CH-Pro), 4.28 (m, 1H,  α-CH-Asn), 4.45 (m, 1H, α-CH-Ala), 6.94 (d, 2H, H-4, 5, J = 3 Hz); 7.09-7.32 [m, unresolved, 19H (H-1, 2, 7, 8 and Trt)], 7.53 (m, 1H, H-6), 7.75 (s, 1H, NHCO), 7.77 (m, 3H, H-3, 4, 5), 7.85 (d, 1H, NHCO), 7.91 (d, 1H, NHCO).

Synthesis of Rho-Pro-Ala-Asn-OH (SM10)

The Trt protected compound (Rho-Pro-Ala-Asn (Trt)-OH) (SM10-Trt; 0.1g, 92.5mmol) was treated with TFA (3 mL) for 2 h. The progress of the reaction was monitored by TLC and the solution was evaporated in vacuo to dryness. The resulting material was triturated with ether to give final compound SM10 as a pink solid (0.069 g, 89%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M]+ Calcd for [C40H49N6O7]+ 725.3657; Found 725.3653. RP-HPLC tR = 4.608 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.05 (d, 3H, CH3-Ala, J = 6 Hz), 1.22 (t, 12H, 4× CH3-Rho, J = 6, 9 Hz), 1.57 (m, 1H, β-CH-Pro), 1.80 (m, 2H, γ- CH2-Pro); 1.96 (m, 1H, β-CH-Pro), 2.42 (β-CH2-Asn), 3.55 (m, 2H, δ- CH2-Pro), 3.66 (q, 8H, 4×CH2-N-Rho), 4.05 (m, 1H, α-CH-Pro), 4.23 (m, 1H,  α-CH-Asn), 4.38 (m, 1H, α-CH-Ala), 6.94 (d, 2H, H-4, 5, J = 3 Hz); 7.14 (m, 4H, H-1, 2, 7, 8), 7.52 (m, 1H, H-6), 7.75 (s, 1H, NHCO), 7.77 (m, 3H, H-3, 4, 5), 7.90 (d, 1H, NHCO).

Synthesis of Rho--Ala-Ala-Asn-OH (SM10-A)

Fmoc-Asn(Trt)-NovaSyn®TGT (1 g) resin was swelled (following method D) with DCM for 1 h followed by Fmoc deprotection (method E). Fmoc-Ala-OH (0.130 g, 0.42 mmol), was coupled to the resin bound free amine peptide using TBTU (0.128 g, 0.84 mmol), HOBt (0.49 g, 0.399 mmol), DIPEA (0.15 mL, 0.84 mmol) in DMF (8-10 mL) (method F) and Fmoc group was removed with a solution of 20%( v/v) piperidine in DMF (method E). Fmoc--Ala-OH (0.130 g, 0.42 mmol) was coupled to the amine free resin using TBTU (0.128 g, 0.84 mmol) and HOBt (0.49 g, 0.399 mmol), DIPEA (0.15 mL, 0.84 mmol) in DMF (method F) and Fmoc group was removed with a solution of 20%( v/v) piperidine in DMF (method E). A solution of Rho-B (0.30 g, 0.63 mmol), Pyclock (0.349 g, 0.63 mmol), DIPEA (0.22 mL, 1.26 mmol) in DMF (4 mL) was added and shaken for 1 h (2x) and the resin was washed with DCM (3x). The product was cleaved from resin with a solution of 0.5% TFA in 100 mL DCM (method G). The filtrates were evaporated in vacuo to dryness and treated with TFA (3 mL) for 1 h to give the final compound SM10-A (following method C) as a pink solid (0.3 g). Rf = 0.4 (Solvent System A).  HRMS (ESI) m/z: [M-Cl]+ Calcd for [C57H61N7O7]+ 941.4596 ; Found 963.4394. RP-HPLC tR = 4.089 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.08-1.21(m, unresolved, 15H, CH3-Ala, 4× CH3-Rho), 2.10 (m, 2H, CH2-CONH), 2.49 (d, 2H, β-CH2-Asn), 3.18 (t, 2H, CH2-NHCO, J = 6.9 Hz), 3.37 (q, 8H, 4×CH2-N-Rho), 4.17 (m, 1H,  α-CH-Asn), 4.45 (m, 1H, α-CH-Ala), 6.29-6.45 (m, 5H, unresolved, H-2, 4, 5, 7 and NHCO), 6.87 (s, 1H, NHCO), 6.90 (d, 1H,  H-6), 7.34 (s, 1H, NHCO), 7.49 (m, 2H, H-1, 8), 7.78 (m, 1H, H-4), 8.02 (t, 2H, H-3, 5).

Synthesis of FAM-Pro-Ala-Asn-OH (SM10-B)

Synthesis of SM10-B was carried out in three steps:

I. Synthesis of FAM-Pro-OH: To a solution of compound 5,(6)-carboxyfluorescien (1.0 g, 2.66 mmol) in DMF (4 mL) was added H.Pro-OtBu.HCl (0.6 g, 2.92 mmol) in the presence of PyBOP (1.4 g, 2.67 mmol) (DIPEA (0.92 mL, 5.31 mmol) to give compound FAM-Pro-OtBu (following method A) as a yellow product. The OtBu protected crude product compound FAM-Pro-OtBu was treated with TFA (5 mL) for 1 h to give the title compound FAM-Pro-OH (following method C). Rf = 0.3 (Solvent System C).

II. Synthesis of H-Ala-Asn(Trt)-NovaSyn®TGT: Fmoc-Asn (Trt)-NovaSyn®TGT (1 g) resin was swelled (following method D) with DCM for 1 h followed by Fmoc deprotection (method E). Fmoc-Ala-OH (0.187 g, 2 eq), was coupled to the resin bound free amine peptide using TBTU (0.183 g, 1.9 eq), HOBt (0.183 g, 1.9 eq), DIPEA (0.21 mL, 4 eq) in DMF (8-10 mL) (method F) and Fmoc group was removed with a solution of 20%( v/v) piperidine in DMF (method E).

III. Synthesis of FAM-Pro-Ala-Asn-OH: A solution of compound FAM-Pro-OH (0.197 g, 2.0 eq), PyBOP (0.229 g, 2.2 eq), DIPEA (0.153 mL, 4.4 eq) in DMF (8-10 mL) was added to the resin bound free amine peptide H-Ala-Asn(Trt)-NovaSyn®TGT resin and shaken for 1 h (2x) and the resin was washed with DCM (3x). The product was cleaved from resin with a solution of 0.5% TFA in 100mL DCM (method G). The filtrates were evaporated in vacuo to dryness and treated with TFA (3 mL) for 1 h to give the final compound SM10-B (following method C) as a yellow solid (0.106 g). RP-HPLC tR= 1.167. HRMS (ESI) m/z: [M-H]- Calcd for 657.1824 [C33H29N4O11] Found 657.1838
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Synthesis of Boc-PEG-AQ(4-OH) (SM1-Boc)

To a solution of leucoquinizarin (1) (1 g, 4.1 mmol) in DCM (10 mL) was added 2,2’-(ethylenedioxy)bis(ethylamine) (2.4 mL, 16.4 mmol) and the reaction mixture was refluxed for 1 h. Et3N (100 µL) was added and the solution was aerated at rt. After 2 h, the solvent was evaporated in vacuo and the crude 1-{2-[2-(2-aminoethoxy)-ethoxy]ethylamino}-4-hydroxy-anthracene-9,10-dione was dissolved in MeOH (2.5 mL). Boc2O (3.6 g, 16.5 mmol) in MeOH (4mL) was added dropwise and the mixture was stirred at 0C for 2 h. The solvent was evaporated and the residue was dissolved in CHCl3 (100 mL). The organic layer was washed with water (3×100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo and purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-10%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness to give compound SM1-Boc as a purple solid (0.8 g, 42%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C25H31N2O7]+ 471.2126; Found 471.2117. RP-HPLC tR = 10.941 min.

1H nmr (CDCl3, 300 MHz):  1.41 (s, 9H, BOC), 3.36 (m, 2H, CH2-NHCO), 3.56 (m, 4H, CH2-O-CH2-CH2-O-CH2-), 3.70 (m, 4H, -O-CH2-CH2-O-), 3.78 (t, 2H, AQ-NH-CH2), 5.28 (br s, 1H, NHCO), 7.14 (m, 2H), 7.70 (m, 2H), 8.24 (m, 2H), 10.30, (t, 3H, Ar-NH, J = 6 Hz) 13.59 (s, 1H, OH). 

13C nmr (CDCl3,75.5 MHz):  (ppm) 28.36 (+ve, C(CH3)3),, 40.46 (-ve, CH2), 42.63 (-ve, CH2), 69.65 (-ve, CH2-O), 70.23 (-ve, CH2-O), 70.38 (-ve, CH2-O), 70.66 (-ve, CH2-O), 79.02 [ab, C(CH3)3], 108.64 (ab, CAR), 113.60 (ab, CAR), 123.84 (+ve, CHAR), 126.17 (+ve, CHAR), 126.72 (+ve,  CHAR), 128.59 (+ve, CHAR), 132.37 (+ve, CHAR), 132.52 (ab, CAR), 134.01 (+ve, CHAR), 135.22 (ab, CAR), 147.36 (ab, CAR), 156.04 (ab, CAR), 156.62 (ab, C=O, Boc), 181.94 (ab, C=O, AQ), 187.30 (ab, C=O, AQ).

Synthesis of PEG-AQ(4-OH) TFA (SM1)

The Boc protected compound Boc-PEG-AQ (SM1-Boc; 0.8 g, 1.69 mmol) was treated with TFA (2 mL) for 1 h to give the title compound SM1 (following method C) as a purple solid (0.6 g, 95%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M+] Calcd for [C20H23N2O5]+ 371.1601; Found 371.1698. RP-HPLC tR = 2.587 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 3.02 (t, 2H, CH2-NH3+), 3.52 (m, 2H, AQ-NH-CH2), 3.68 (m, 8H, CH2-O-CH2-CH2-O-CH2-), 7.21 (d, 1H, J = 9 Hz), 7.37 (d, 1H, J = 9 Hz), 7.81 (m, 2H), 8.00 (s, 3H, NH3+), 8.11 (m, 2H), 10.21, (t, 1H, AQ-NH), 13.54 (s, 1H, OH).

13C nmr (DMSO-d6, 75.5 MHz):  (ppm)   38.91 (-ve, CH2), 41.97(-ve, CH2), 66.73 (-ve, CH2-O), 68.92 (-ve, CH2-O), 69.59 (-ve, CH2-O), 69.64 (-ve, CH2-O), 107.2 (ab, CAR), 112.7 (ab, CAR), 115.2 (ab, CAR), 119.2 (ab, CAR), 125.28 (+ve, CHAR), 125.77 (+ve, CHAR), 126.18 (+ve, CHAR),128.45 (+ve, CHAR), 132.70 (+ve, CHAR), 134.45 (+ve, CHAR), 147.05 (ab, CAR), 156.05 (ab, CAR), 158.11 to 158.53 (ab, q, CF3),180.56 (ab, C=O, AQ),181.51 (ab, C=O, AQ).

Synthesis of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)

To a solution of compound PEG-AQ(4-OH) TFA (SM1; 0.1 g, 0.20 mmol) in DMF (2 mL) was added compound Rho-Pro-Ala-Asn(Trt)-OH (0.18 g, 0.18 mmol) in the presence of PyBOP (0.161 g, 0.30 mmol), HOBt (0.042 g, 0.31 mmol) and DIPEA (0.165 mL, 0.93 mmol) in DMF (4 mL) at room temperature. After 2 h, the compound was extracted [CHCl3 and H2O (1:1, 100 mL)] then the organic layer was washed with water (3×100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo and purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-10%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness. The residue was treated with TFA (1 mL) for 2 h. The solution was evaporated in vacuo to dryness. The resulting material was triturated with ether to give the title compound SM9 as purple solid (0.1 g, 31%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C60H69N8O11]+ 1077.5080;  Found 1077.5065. RP-HPLC tR = 9.406 min. 

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.07 (d, 3H, CH3-Ala, J = 6 Hz), 1.20 (t, 12H, 4× CH3-Rho, J = 6, 9 Hz), 1.55 (m, 1H, β-CH-Pro), 1.65 (m, 2H, -CH2-Pro), 1.95 (m, 1H, β-CH-Pro), 2.41 (d, 2H, β-CH2-Asn, J = 6 Hz), 3.12 (m, 2H, CH2-NHCO) 3.32-3.75 (m, 20H, δ-CH2-Pro, CH2-O-CH2-CH2-O-CH2,  4×CH2-N-Rho, AQ-NH-CH2), 3.80-3.99 (m, 2H, α-CH-Pro, α-CH-Asn), 4.32 (m, 1H, α-CH-Ala), 6.87 (d, 2H, H-4, 5, Rho, J = 3 Hz), 7.08 (m, 4H, H-1, 2, 7, 8, Rho), 7.32 (m, 1H, H-2, AQ), 7.51 (d, 2H, H-3, AQ; H-6, Rho), 7.65 (s, 1H, NHCO), 7.76 (3H, H-3, H-4, H-5), 7.83 (s, 1H, NHCO), 7.86 (m, 2H, H-6, 7, AQ), 8.19 (d, 1H, NHCO), 8.22 (m, 2H, H-5, 8, AQ), 10.35 (t, 1H, Ar-NH), 13.57 (s, 1H, OH).

13C nmr (DMSO-d6, 75.5 MHz): d (ppm) 12.37 (4×CH3-rho), 17.25 (CH3-Ala), 25.10 (-CH2-Pro), 29.03 (β-CH2-Pro), 38.65 (β-CH2-Asn, obscured by solvent), 40.32 (CH2-N, obscured by solvent), 42.06 (CH2-N), 45.28 (CH2-N), 48.73 (α-CH), 49.50 (α-CH), 49.79 (CH2-N), 58.93 (α-CH), 68.76 (CH2-O), 68.04 (CH2-O), 69.62 (CH2-O), 69.69 (CH2-O), 95.69 [CHAR(C-4,-5, Rho)], 107.30 (CAR), 112.63 (CAR), 112.75 (CAR), 113.33 (CAR), 113.79 (CHAR), 114.16 (CHAR), 125.67 (CHAR), 125.92 (CHAR), 126.32 (CHAR), 127.28 (CHAR), 128.63 (CHAR), 129.83 (CHAR), 130.21 (CHAR), 130.32 (CAR), 130.99 (CHAR), 131.81 (CHAR), 132.90 (CHAR), 134.66 (CHAR), 136.48 (CAR), 147.29 (CAR), 154.90 (CAR), 155.04 (CAR), 155.91 (CAR), 156.13 (CAR), 156.97 (CAR), 157.18 (CAR), 165.95 (CAR), 170.60 (NHCO), 170.69 (NHCO), 171.37 (NHCO), 171.60 (NHCO), 171.72 (NHCO), 180.71 (C=O, AQ), 186.71 (C=O, AQ)

[bookmark: _Toc494786783]Synthesis of control probe Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25) (Linear solution phase peptide method) 

Synthesis of Boc-Ala-PEG-AQ(4-OH) (SM21-Boc)

To a solution of compound PEG-AQ(4-OH) TFA (SM1; 1.445 g, 3.9 mmol) in DMF (40 mL) was added Boc-Ala-OH (0.819 g, 4.29 mmol) in the presence of PyBOP (2.23 g, 4.29 mmol), HOBt (0.57 g, 4.29 mmol) and DIPEA (2.25 mL, 12.87 mmol) in DMF (10 mL). to give the title compound SM21-Boc (following method A) as a purple product (dryness was not achieved). Rf = 0.6 (Solvent System A).  

[bookmark: _Toc480633246][bookmark: _Toc480633396][bookmark: _Toc480633737][bookmark: _Toc480912446]Synthesis of H-Ala-PEG-AQ(4-OH) (SM21-A)

The Boc protected compound Boc-Ala-PEG-AQ(4-OH) (SM21-Boc; 1.0 g, 1.8 mmol) was treated with TFA (5 mL) for 1 h to give the title compound SM6 (following method C) as a purple solid (0.52 g, 51%). Rf = 0.4 (Solvent System B).

1H nmr spectrum (DMSO-d6, 300 MHz):  (ppm) 1.30 ( m, 3H, CH3-Ala), 3.05 ( m, 2H, CH2), 3.3 (m, 2H, CH2), 3.5 ( m, 6H, 3×CH2) , 3.7 (m, 2H, CH2), 3.8 ( m, 1H, -CH), 7.34 ( d, 1H, H-2, J = 9 Hz), 7.52 (d, 1H, H-3, J = 9 Hz), 7.95-7.83 ( m, 2H, H-6, H-7), 8.10 ( s, 3H, NH3+), 8.20 ( m, 2H, H-5, H-8 ), 8.47 ( t, 1H, NHCO), 10.34 ( t, 1H, NH-AQ), 13.64 ( s, 1H, OH).

Synthesis of Boc-Ala-Ala-PEG-AQ(4-OH) (SM21)

To a solution of H-Ala-PEG-AQ(4-OH) (SM21-A; 0.52 g, 0.936 mmol) in DMF (5 mL) was added Boc-Ala-OH (0.212 g, 1.121 mmol) in the presence of PyBOP (0.584 g, 01.123 mmol), HOBt (0.151 g, 1.11 mmol) and DIPEA (0.749 mL, 4.30 mmol) in DMF (4 mL) to give the title compound SM21 as purple solid (0.46 g, 81%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C31H41N4O9]+ 613.2868; Found 613.2871. RP-HPLC tR = 8.101 min.

Synthesis of H-Ala-Ala-PEG-AQ(4-OH) (SM22)

The Boc protected compound Boc-Ala-Ala-PEG-AQ(4-OH) (SM21) (0.46 g, 0.75 mmol) was treated with TFA (3 mL) for 1 h to give the title compound SM22 (following method C) as a purple solid (0.45 g, 95%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M]+ Calcd for 513.2344 [C26H33N4O7]+; Found 513.2332. RP-HPLC tR = 8.087 min.

1H nmr spectrum (DMSO-d6, 300 MHz):  (ppm) 1.2 ( d, 3H, CH3), 1.3 (d, 3H, CH3), 3.01 (m, 2H, CH2), 3.24 ( m, 2H, CH2), 3.44 ( m, 2H, CH2), 3.59 ( m, 6H, 3×CH2), 3.86 ( m, 1H, -CH), 4.33 (m,1H, -CH), 7.35 (d, 1H, H-2, J = 9 Hz), 7.52 (d, 1H, H-3, J = 9 Hz), 7.89 (m, 2H, H-6 and -7), 8.03 ( m, unresolved, 4H, NH3+ and NHCO), 8.25 ( m, 2H, H-5 and -8), 8.5 ( d, 1H, NHCO), 10.36 ( s, 1H, NH-AQ), 13.65 ( s, 1H, OH).

Synthesis of Boc-Pro-Ala-Ala-PEG-AQ(4-OH) (SM23)

To a solution of H-Ala-Ala-PEG-AQ(4-OH) (SM22; 0.251 g, 0.4 mmol) in DMF (4 mL) was added Boc-Pro-OH (0.103 g, 0.47 mmol) in the presence of PyBOP (0.250 g, 0.48 mmol), HOBt (0.064 g, 0.47 mmol) and DIPEA (0.319 mL, 1.84 mmol) in DMF (3 mL) to give the title compound SM23 (following method A) as a purple solid (0.22 g, 77%). Rf = 0.5 (Solvent System B). RP-HPLC tR = 11.760 min.

Synthesis of H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24)

To a solution of Boc-Pro-Ala-Ala-PEG-AQ(4-OH) (SM23; 0.22 g, 0.31 mmol) was treated with TFA (7 mL) for 2 h to give the title compound SM24 (following method C) as a purple solid (0.2 g, 89%). Rf = 0.4 (Solvent System B). RP-HPLC tR = 3.235 min.

1H nmr spectrum (DMSO-d6, 300 MHz):  (ppm) 1.17 ( d, 3H, CH3-Ala), 1.24 (d, 3H,  CH3-Ala), 1.9 ( d, 3H, γ-CH2-Pro and -CH-Pro), 2.25 ( d, 1H, -CH-Pro)  3.2 ( m, 2H, CH2 ), 3.43  (m, 2H, CH2), 3.45 ( m, 2H, CH2), 3.61 ( m, 6H, 3×CH2), 3.72 ( m, 2H, -CH2-Pro), 4.10-4-20 ( m, unresolved, 2H, -CH-Ala and -CH-Pro), 4.35 (m, 1H, -CH), 7.35 (d, 1H, H-2), 7.52 (d, 1H, H-3), 7.89 (m, unresolved, 3H, H-6 and -7 and NHCO), 8.03 ( s, 1H, NHCO), 8.26 (m,  2H, H-5 and -8), 8.66 ( d, 1H, NHCO), 10.36 ( s, 1H, NH-AQ), 13.65 ( s, 1H, OH).

Synthesis of Rho-Pro-Ala-Ala-PEG-AQ(4-OH) (SM25)

To a solution of compound H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24) (0.2 g, 0.27 mmol) in DMF (3 mL) was added Rho-B (0.16 g, 0.33 mmol), PyBOP (0.172 g, 0.33 mmol), HOBt (0.04 g, 0.32 mmol) and DIPEA (0.22 mL, 1.2 mmol) in DMF (4 mL) at room temperature to give title compound SM25 (following method A) as a purple solid (0.1 g, 32%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for 1034.5022 [C59H68N7O10]+; Found 1034.5021.

[bookmark: _Toc494786784]High performance liquid chromatography (HPLC) analysis 

Stock solution of test compounds [(PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt), Rho-Pro-Ala-Asn-OH (SM10), (Rho-β-Ala-Ala-Asn-OH) SM10-A, FAM-Pro-Ala-Asn-OH (SM10-B), Boc-Ala-Ala-PEG-AQ(4-OH) (SM21), H-Ala-Ala-PEG-AQ(4-OH) (SM22), Boc-Pro-Ala-Ala-PEG-AQ(4-OH) (SM23) and H-Pro-Ala-Ala-PEG-AQ(4-OH) (SM24)] were prepared in DMSO (1 mg ml-1). The stock solutions were further diluted with 50% ACN in water to achieve 50 µM concentration for each test compound. HPLC was performed on performed on an X-bridge shield RP18 column [2.5 µM (2.1 mm X 30 mm), flow rate 2 mL/min] using a gradient mobile phase starting from 100% ACN in 0.1% TFA (A); 100% H2O in 0.08% TFA (B); 20% MeOH (C) and 95% ACN (D) over a 15 min retention time. All the test compounds were injected (10 µL) separately and the UV detector recorded the absorbance at 585 nm. The calibration curves for compound SM1 and SM9 (1 µM, 5 µM, 10 µM, 15 µM and 20 µM) were plotted using the area under curve on the y-axis and concentration on the x-axis. The chromatographic conditions were set on the gradient method using acetonitrile/water as the mobile phase (Table 1.3).

	Time
	Acetonitrile (%)
	Water (%)

	0
	25
	75

	10
	50
	50

	12
	50
	50

	13
	25
	75

	15
	25
	75


[bookmark: _Toc494787045]Table 1.3. HPLC gradient mobile phase composition.

[bookmark: _Toc494786785]UV–Vis absorption assay and fluorescence spectroscopy assay

Materials

Assay buffer [50 mM MES hydrate, 250 mM NaCl, pH 5.0]; 3 mL quartz cuvette and Beckman DU800 spectrophotometer; test compounds: PEG-AQ(4-OH) TFA (SM1) (1 mg ml-1 stock in DMSO, diluted to 20 µM in assay buffer), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) (1 mg ml-1 stock in DMSO, diluted to 20 µM in assay buffer); Rho-Pro-Ala-Asn-OH (SM10; fluorophore) (1 mg ml-1 stock in DMSO, diluted to 100 µM in assay buffer); 3 mL fluorescence cuvette and a Perkin Elmer LS50B luminescence spectrometer.

Methods

[bookmark: _Toc387927163]The UV-Vis absorption spectra and fluorescence spectra were measured using 3 mL quartz cuvette and 3 mL fluorescence cuvette on a Beckman DU800 spectrophotometer and a Perkin Elmer LS50B luminescence spectrometer, respectively. For the absorption spectrum experiment, SM1 (29.04 µL) from stock solution (1 mg ml-1 stock in DMSO) was diluted with assay buffer (2970.9 µL) to give a final concentration of SM1 (20 µM). The assay buffer contained 50 mM MES hydrate and 250 mM NaCl and was adjusted to pH 5.0. SM10 (2.5 µL from 100 µM in assay buffer) was diluted with assay buffer (2997.5 µL) to produce a final concentration of fluorophore (1 µM) in the quartz cuvette (3 mL). For the fluorescence spectra experiment, 3000 µL assay buffer containing 1 µM of SM9 and SM10 were used. SM9 (3.6 µL from 1 mg ml-1 stock in DMSO) was diluted with assay buffer (2996.4 µL) to produce a final concentration of SM9 (1 µM). The absorption spectra were recorded between 400 to 700 nm with a scan speed of 1200 nm/min. Emission spectra were recorded between 570-700 nm, scan speed 500 nm/min, and Ex slit and Em slit were set as 4.5 nm and 5.5 nm, respectively.

[bookmark: _Toc494786786]Effect of pH on the absorption and fluorescence of rhodamine opened ring (SM10) and closed ring (SM10-A) forms

Materials

Mcllvaine buffer [0.2 M Na2HPO4, 0.1 M citric acid (Sigma)], pH 3-8]; Rho-Pro-Ala-Asn-OH (SM10) (1 mg ml-1 stock in methanol, diluted to 10 μM in Mcllvaine buffer); Rho-β-Ala-Ala-Asn-OH (SM10-A) (1 mg ml-1 stock in methanol, diluted to 40 μM in Mcllvaine buffer); FAM-Pro-Ala-Asn-OH (SM10-B) (1 mg ml-1 stock in methanol, diluted to 10 μM in Mcllvaine buffer); 3 mL quartz cuvette and 3 mL fluorescence cuvette; Beckman DU800 spectrophotometer and Perkin Elmer LS55 luminescence spectrometer


pH variation absorption methods

The UV-Vis absorption spectra were measured using 3 mL quartz cuvette on a Beckman DU800 spectrophotometer. Stock solutions of the SM10 (1 mg ml-1; 1192.8 µM); SM10-A (1 mg ml-1; 1430 μM) and SM10-B (1 mg ml-1; 1295 μM) were prepared in methanol. For the experiment, 3000 µL assay buffer containing 10 µM of SM10 and 40 µM SM10-A and SM10-B were used. The Mcllvaine buffer contained 0.2 M Na2HPO4, 0.1 M citric acid and was adjusted to pH 3-8. Working solutions of the different pH range (3-8) of SM10 (10 µM) were prepared from the 1mg ml-1 stock (25.1 μL) by dilution with Mcllvaine buffer (2974.9 μL). Similarly, solutions of SM10-A (40 µM) and SM10-B (10 µM) were prepared from the 1 mg ml-1 stock (84.0 μL, 23.2 μL) by dilution with Mcllvaine buffer (2916 μL, 2976.8 μL respectively). The absorption spectra were recorded between 400 to 700 nm with a scan speed of 1200 nm/min.

Fluorescence spectroscopy methods

The fluorescence spectra were measured using a 3 mL fluorescence cuvette on Perkin Elmer LS50B luminescence spectrometer. For the experiment, SM10 (25.1 μL from 1193 μM in methanol) was mixed with Mcllvaine assay buffer (2974.9 μL) to produce a final concentration of SM10 (10 μM) in the quartz cuvette (3 mL); SM10-A (84 μL from 1430 μM in methanol), SM10-B (23.16 μL from 1295 μM in methanol) were mixed with Mcllvaine assay buffer (2916 μL, 2974.9 μL) to produce a final concentration of SM10-A and SM10-B (40 μM and 10 μM, respectively) in the quartz cuvette (3 mL). Emission spectra were recorded between 570-700 nm, scan speed 500 nm/min, and Ex slit and Em slit were set as 4.5 nm and 5.5 nm, respectively.

[bookmark: _Toc494786787]Determination of quantum yields 

Materials

Absolute ethanol (pH 5.0); rhodamine B (reference standard); 3 mL quartz cuvette and Beckman DU800 spectrophotometer; test compounds: Rho-Pro-Ala-Asn-OH (SM10) (1 mg ml-1 stock in absolute ethanol), Rho--Ala-Ala-Asn-OH (SM10-A) (1 mg ml-1 stock in absolute ethanol); 3 mL fluorescence cuvette and Perkin Elmer LS50B luminescence spectrometer.

Methods

The absorption spectra were measured in 1-cm path length cuvettes, in ethanol (pH 5). The test samples (SM10, SM10-A) and reference standard (rhodamine B) were prepared as stock solutions (1 mg ml-1) in ethanol. The absorbance spectra of the selected reference standard and test samples (5 μM to 200 μM) were measured using the diluted solutions prepared from their stock solutions with ethanol. Absorption spectra was recorded on a Beckman DU800 spectrophotometer with a scan speed 1200 nm/min and wavelength range 400 to 800 nm. The Beer-Lambert law (A = εcl) was used to determine the molar absorptivity of test samples. Molar absorptivity were determined at max. Fluorescence emission spectra were recorded by diluting the reference standard and test samples to 1 in 10 dilution using ethanol, scan speed 500 nm/min, ex 535 nm, em 540-700 nm, excitation slit and emission slit widths are 4.5 nm and 5.5 nm. The quantum yields were obtained by comparison of the integrated fluorescence intensity (integrated area) of the emission spectra of the test samples with the integrated fluorescence intensity (integrated area) of emission spectra of the selected reference standard (rhodamine B, Φ = 0.73 ± 0.02; Knut Rurack, 2008).

[bookmark: _Toc494786788]In vitro chemosensitivity assay (MTT colourimetric assay) 

Materials

Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma); PBS buffer; 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma); DMSO, 10% fetal bovine serum; 1% penicillin and streptomycin (Sigma); 2 mM L-glutamine (Sigma); 2% trypsin; test compounds: PEG-AQ(4-OH) TFA (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) Rho-Pro-Ala-Asn-OH (SM10); microplate reader.

Cell Culture methods

PC-3 cell line was used for cytotoxicity determination. The cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin and 2 mM L-glutamine in T-75 tissue culture flasks at 37°C in 5% CO2 in air. To harvest the cells from the flask, the T-75 tissue culture flasks was examined for higher confluency (almost above 85%) using microscopy. The existing media was poured out from the flask without disturbing the layer of the cells, and washed with saline (10 mL; 2x) gently shaking the flask back and forth to wash off any remaining fetal bovine serum. After careful washing, the cells were trypsinised by adding trypsin (2 mL) and incubated for 5 min at 37°C. After 5 min, the flask was removed from the incubator and observed under the microscope if cells have become loosened. After all the cells were dislodged, 8 mL of fresh RPMI 1640 media was added to the flask to wash all the cells to the bottom and de-activate the action of trypsin. Cells were transferred in media (10 mL) and centrifuged at 1000 rpm for 5 min. The supernatant was discarded and the cell pellet was re-suspended in 10 mL of fresh RPMI 1640 media before being used. The cultures were sub-passaged two times a week, using trypsin (2 mL) to detach the cells, and split in 1:2 or 1:3 dilutions, subject to the density of the parent culture. Samples were frozen (-80°C) or cryopreserved at a low passage number. 

MTT assay methods

PC-3 cells were seeded in 96 well plate at a cell density of 3 x 104 cells/well and incubated for 24 h at 37C. Lane A (blank) contained RPMI medium only (150 µL), row B-H each well received 150 µL of culture medium with 3X 104 cells per well. Test compound (SM1, SM9 and SM10) stock solutions were prepared in 100% DMSO at 10 mg ml-1, diluted with RPMI medium to achieve 1 mM concentration. The test compounds were further diluted down to the appropriate concentration (400 µM, 40 µM, 4 µM, 0.4 µM and 0.04 µM) using RPMI medium.  After 24 h of incubation, PC-3 cells were treated with fixed concentrations (0.01, 0.1, 1, 10 and 100 µM) in triplicates for compound SM1, SM9 and SM10 and incubated for 72 h. After 72 h treatment, 100 µL of medium was removed from the wells and replaced by 70 µL of the fresh medium. MTT solution (5 mg ml-1) was prepared in 0.01 M PBS (20 mg MTT into 4ml PBS). 50 µL of MTT solution (0.5 mg MTT/mL) was added to each well and incubated for 3 h at 37°C. After 3 h, purple crystals appeared at the bottom of the wells (lane B-H). The plate was centrifuged at 1000 rpm for 5 min and followed by replacement of media with DMSO without dislodging the cells. The purple crystals were dissolved in DMSO (150 µL) and mixed vigorously and left for 30 min at 37°C. The absorbance was measured at 550 nm with microplate reader and IC50 was recorded for each test compound using Sigma Plot. The experiments were conducted in triplicate.

[bookmark: _Toc494786789]Probe Rho-Pro-Ala-Asn-PEG-AQ (SM9) activation using recombinant human legumain (rh-legumain)

rh-legumain mediated cleavage of probe SM9

Materials

Activation buffer (50 mM sodium acetate, 100 mM NaCl, pH 4.0), assay buffer [50 mM MES hydrate (Sigma) 250 mM NaCl, pH 5.0], recombinant human legumain (R&D systems), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), Rho-Pro-Ala-Asn-OH (SM10), FluoStar Omega multi-mode microplate reader (Omega software) and F16 black maxisorp 96 well plate. 

Methods

Recombinant human legumain (10 µg) was diluted with activation buffer (100 µL, pH 4.0) and frozen at -80°C. An aliquot (476.2 ng / 5 µL) of de-frosted foregoing solution was incubated at 37°C (2 h), followed by dilution to make 1 ng/µL with assay buffer (463 µL, pH 5.0). Stock solutions of the SM9 probe (1 mg ml-1; 839.6 µM) and SM10 (1 mg ml-1; 1192.8 µM) were prepared in DMSO. A solution of SM10 (100 µM) was prepared from the 1 mg ml-1 stock by dilution with assay buffer. The final concentrations of SM9 and SM10 (each 10 µM) were achieved by the addition of 10 µL of the fluorophore and 1.1 µL of the SM9 to the corresponding wells in lanes 2 and 3, respectively. The final reaction volume 100 µL was achieved by addition of 90 µL and 98.9 µL of assay buffer in lanes 2 and 3 respectively. Lane 4 was loaded with of SM9 (1.1 µL of 839.6 µM), rh-legumain (40 µL from 1 ng/µL stock solution) and assay buffer (58.9 µL). To ensure the total volume in each well was the same, 100 µL of assay buffer was added to lane 1 (blank lane). The 96-well plate arrangement (Figure 1.90) for incubation was as follows:
	
[image: ]
[bookmark: _Toc494786956]Figure 1.90. 96-well plate arrangement for fluorimetric assay.
Lanes 1 (A-C), assay buffer (negative control); lanes 2 (A-C), Rho-Pro-Ala-Asn-OH (SM10; 10 µM, positive control); lanes 3 (A-C), probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM, negative control); lanes 4 (A-C), test reaction (SM9 probe; 10 µM + Legumain; 40 ng). Final volume in each well: 100 µL.

The 96 well-plate was shaken for 5 min before emission spectra were recorded. Fluorescence measurements were recorded using a FluoStar Omega multi-mode microplate reader (λex 540 nm and λem 590 nm). The continuous increase in fluorescence intensity was monitored by repeated measurements of the 96 well-plate over a period of 120 min at 37°C, as a measure of enzyme-mediated probe activation. Mean relative fluorescence intensity was plotted against time with subtraction of background fluorescence.

Fluorimetric assay of probe SM9 using legumain inhibitor iodoacetamide and control probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM25)

Fluorimetric assay was carried out following the same method used in Section 1.3.12.1. For the experiment, final assay conditions per well: lanes 1 (A-C), assay buffer (negative control); lanes 2 (A-C), Rho-Pro-Ala-Asn-OH (SM10; 10 µM, positive control); lanes 3 (A-C), probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM, negative control); lanes 4 (A-C), Rho-Pro-Ala-ALA-PEG-AQ(4-OH) (SM25; 10 µM, negative control); lanes 5 (A-C), test reaction (SM9 probe; 10 µM + legumain; 40 ng); lanes 6 (A-C), test reaction (SM25; 10 µM + legumain; 40 ng) and lanes 7 (A-C), test reaction (pre incubation of legumain (40 ng) with  iodoacetamide (1 mM, 15 min) + SM9; 10 µM ). Final volume in each well: 100 µL. 

rh-legumain mediated cleavage of probe SM9 using HPLC

To evaluate probe SM9 cleavage by recombinant human legumain, a stock solution of the SM9 probe (1 mg ml-1; 839.6 µM) was prepared in DMSO. The working concentration of SM9 probe (10 µM) was achieved by the addition of 1.1 µL of the SM9 probe to 58.9 µL of assay buffer (50 mM MES hydrate and 250mM NaCl, pH 5.0) incubated with 40 ng of activated rh-legumain (same method used in Section 1.3.12.1) for 24 h at 37°C. Six reaction wells were prepared using the same method. Similarly, six-control wells with 1.1 µL of the SM9 probe (10 µM) with 98.9 µL of assay buffer without rh-legumain were incubated under the same conditions. Both the reaction well and the control well solutions were evaporated separately at room temperature. After 24 h, both the reaction mixture and control SM9 probe were diluted with 50% ACN and 50% MeOH and centrifuged at 10000 g for 10 min and collected the supernatants. To achieve the final concentration of the probe SM9 (30 µM), the supernatants were diluted with 50% ACN in H2O. HPLC analysis was performed using an X-bridge shield RP18 column [2.5 µM (2.1 mm X 30 mm), flow rate 2 mL/min] using a gradient mobile phase starting from 100% ACN in 0.1% TFA (A); 100% H2O in 0.08% TFA (B); 20% MeOH (C) and 95% ACN (D) over a 15 min run time.

Fluorimetric assay of probe SM9 using recombinant human cathepsin L (rh-cathepsin)

Methods

Assay buffer [50 mM MES hydrate (Sigma), 5 mM DTT (Sigma), 0.005% (w/v) Brij-35 (Sigma), pH 5.0], recombinant human cathepsin L (R&D systems), Rho-Pro-Ala-Asn-PEG-AQ (SM9), FluoStar Omega multi-mode microplate reader (Omega software) and F16 black maxisorp 96 well plate.

Materials
 
Recombinant human cathepsin L (384.6 ng) was diluted with assay buffer (374.6 µL, pH 5.0) to make 1 ng/µL solution and incubated on ice for 15 min.  A stock solution of the SM9 probe (1 mg ml-1; 839.6 µM) was prepared in DMSO. A final concentration of SM9 probe (10 µM) was achieved by the addition of 1.1 µL of the SM9 probe in lane 2. The final reaction volume 100 µL was achieved by addition of 98.9 µL of assay buffer in lane 2. Lane 3 was loaded with of SM9 probe (1.1 µL of 839.6 µM), rh-cathepsin L (40 µL from 1 ng/µL stock solution) and assay buffer (58.9 µL). To ensure the total volume in each well was the same, 100 µL of assay buffer was added to lane 1 (blank lane). Experiment was performed in triplicate using a FluoStar Omega multi-mode microplate reader (λex 540 nm and λem 590 nm).
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Materials

Activation buffer (50 mM sodium acetate, 100 mM NaCl, pH 4.0), assay buffer [50 mM MES hydrate (Sigma) 250mM NaCl, pH 5.0], recombinant human legumain (R&D systems), Rho-Pro-Ala-Asn-PEG-AQ (SM9), Rho-Pro-Ala-Asn-OH (SM10), FluoStar Omega multi-mode microplate reader (Omega software) and F16 black maxisorp 96 well plate. 

Methods

Recombinant human legumain (10 µg) was diluted with activation buffer (100 µL, pH 4.0) and frozen at -80°C. An aliquot (476.2 ng/5µL) of de-frosted foregoing solution was incubated at 37°C (2 h), followed by dilution to make 1 ng/µL with assay buffer (463 µL, pH 5.0). Stock solutions of the SM9 probe (1mg ml-1; 839.6 µM) and SM10 (1 mg ml-1; 1192.8 µM) were prepared in DMSO. The final concentrations of SM10 probe (10 µM) were achieved by the addition of 2.5 µL of the SM10 in lane 2 (A-C). The final concentration of SM9 (1 μM, 2.5 μM, 5 μM, 7.5 μM, 10 μM, 20 μM, 30 μM and 40 μM) was achieved by addition of 0.12 µL, 0.29 µL, 0.59 µL, 0.89 µL, 1.19 µL, 2.38 µL, 3.57 µL and 4.76 µL of SM9 in lane 3 – 10 (A-C), respectively. The final reaction volume 100 µL was achieved by addition of 97.50 µL, 99.88 µL, 99.71 µL, 99.41 µL, 99.11 µL, 98.81 µL, 97.62 µL, 96.43 µL and 95.24 µL of assay buffer in lanes 2-10 (A-C), respectively. Lanes 3-10 (D-F) were loaded with SM9 probe (0.12 µL, 0.29 µL, 0.59 µL, 0.89 µL, 1.19 µL, 2.38 µL, 3.57 µL and 4.76 µL, respectively), rh-legumain (40 µL from 1 ng/µL stock solution) and assay buffer (59.88 µL, 59.71 µL, 59.41 µL, 59.11 µL, 58.81 µL, 57.62 µL, 56.43 µL and 55.24 µL, respectively). To ensure the total volume in each well was the same, 100 µL of assay buffer was added to lane 1(A-C) (blank lane). Relative fluorescence intensity (ex/em 540/590 nm) was recorded on a FluoStar Omega multi-mode microplate reader every 2 min. Relative fluorescence intensity data of SM9 probe was processed by using enzyme kinetics wizard under toolbox tag in SigmaPlot 12. 
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Materials

PBS buffer (0.01M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride; pH 7.4); octanol; 3 mL quartz cuvette; test compounds: PEG-AQ(4-OH) TFA (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), Rho-Pro-Ala-Asn-OH (SM10); Beckman DU800 Spectrophotometer.

Calibration curve methods

The standard calibration curves for the distribution coefficient were measured at pH 7.4. PBS buffer solution (100 mL) was made by dissolving a PBS tablet in deionized water. The buffer was saturated using octanol (100 mL) and phosphate buffer (100 mL) and shaken for 24 h on a vortex before being used. Each phase layer of octanol and phosphate were separated using separating funnel. Stock solutions of SM1 (1 mg ml-1; 2066 µM), SM9 (1 mg ml-1; 839.6 µM) and SM10 (1 mg ml-1; 1193 µM) were prepared in DMSO. A series of different concentrations of the test compounds [SM1 (5-25 µM), SM9 (3-10 µM) and SM10 (1-15 µM)] were prepared from the 1 mg ml-1 stock by dilution with octanol (PBS saturated) and with phosphate buffer (octanol saturated) to produce appropriate concentration range for analysis. According to the Beer Lambert Law, absorbance values were recorded (in between 0 and 1) using a Beckman DU800 Spectrophotometer. Scan speed and wavelength range were set as 1200 nm/min and 400 to 700 nm respectively. The experiments were performed in triplicate.

Distribution coefficient methods

Triplicate samples of each compound (1 mg) were suspended in PBS buffer (pre-saturated for 24 h with 1-octanol) (900 µL) and octanol (pre-saturated for 24 h with PBS buffer) (900 µL), mixed by vortex and shaken at rt for 24 h till dissolved, then the phases were separated by centrifugation at 2000 g for 5 min. For the experiment, for example; for SM1, 200 µL of octanol layer and 20 µL of water layer were removed and separately diluted to make 3000 µL; for SM9, 180 µL of octanol layer and 300 µL of water layer were analogously removed and diluted to 3000µL; for SM10, 200 µL of octanol layer and 25µL of water layer were used as above. The absorbances were measured at maximum wavelength 556 nm (SM1), 562 nm (SM9 and SM10). The concentration of compound in each phase was determined from standard curves made by plotting absorbance against concentration. Distribution coefficients were calculated by taking the LOG of the concentration in the octanol divided by the concentration in the PBS phase. The experiments were performed in triplicate.

[bookmark: _Toc494786792]Confocal microscopy

Materials

Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma); NaCl (sterile); 35 mm glass bottomed micro well dish (Ibidi/Thistle Scientific); Lyso tracker Green DND 26 (Invitrogen); MitoTacker Green FM (Invitrogen); test compound: Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9). Live cell imaging was performed using Zeiss LSM800 confocal laser scanning microscope with a HCX PL APO lambda blue (63.0x1.4 oil objective). To study the SM9 probe, diode (405 nm), Argon (458 nm, 488 nm and 514 nm), HeNe (543 nm), HeNe (594 nm) and HeNe (633 nm) lasers were used.

Methods

PC-3 cells (1.5 x 105) were seeded in a 35 mm glass bottomed micro well dish and cultured for 24 h. Cells were washed x3 with PBS. Stock solutions of the SM9 probe (1 mg ml-1; 839.6 µM) were prepared in DMSO. In trials, LysoTracker Green DND 26 probe was prepared in the concentration range 50-75 nM with 30 min – 2 h of incubation time and MitoTacker Green FM probe used in the 20-200 nM concentration range with 15 - 45 min of incubation time. 
For the LysoTracker Green DND 26 and SM9 co-stain, a solution of dye (60 nM) and SM9 (1 µM) was applied in the cell culture medium and incubated at 37°C for 30 min. Similarly, for the MitoTracker Green FM and SM9 co-stain, a solution of dye (50 nM) and SM9 (1 µM) was applied in the cell culture medium and incubated at 37°C for 15 min prior to imaging. Cells were imaged live using a Zeiss LSM800 confocal laser scanning microscope with a 63.0 x 1.4 oil-immersion objective lens. Image analysis (field-of-view) was performed using Image J software. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localization.
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The objective of this phase of the project is to develop unique Gd-based fluorogenic MRI contrast agents that, by exploiting the proteolytic activity of overexpressed legumain to cleave an integral peptide substrate sequence, can detect the overexpressed legumain in the tumour microenvironment by both fluorescence imaging and magnetic resonance imaging (MRI), and selectively release the contrast agent in the target tumour cells. 

[bookmark: _Toc494786797]Introduction

[bookmark: _Toc494786798]Magnetic resonance Imaging (MRI)

MRI is currently the most utilized imaging technique for cancer diagnosis and treatment. It has numerous advantages, such as the ability to capture three-dimensional images of soft tissues, including solid tumours by using the magnetic properties of the hydrogen atoms of water and their contacts with an outer magnetic field strength (Xue et al., 2014). MRI detects the signal from protons present in an environment-dependant water (i.e. different tissues), which will respond differently to a magnetic field. Application of contrast agents with MRI are used to improve the sensitivity by increasing the relaxation time of the protons after the use of a radiofrequency (Hachani et al., 2013). Additionally, MRI does not require the use of non-ionizing radiation and it has high spatial and temporal resolution (Faraj et al., 2013; Hachani et al., 2013). 

[bookmark: _Toc494786799]MRI contrast agents

MRI contrast agents are powerful diagnostic tools which can pass deep into tissue and provide exceptional living cell contrast with high spatial resolution (50–100 μm) (Xue et al., 2014). Relaxivity is the capability of the contrast agent (CA) to improve the MR image, which depends on the chemical structure, tumbling rates, water exchange kinetics and magnetic field strength (Caravan, 2009). Due to high sensitivity and selectivity, MRI contrast agents can be used as a powerful device for in vitro and in vivo tumour targeting and imaging (Chen et al., 2004; Kim et al., 2004). 

Existing MRI contrast agents depend on different metal ions such as paramagnetic (Gd3+, Mn3+, Mn2+), ferromagnetic, or superparamagnetic metal ions (Xue et al., 2014). Gd3+chelates are widely used as MRI contrast agents due to relatively low toxicity, high relaxivity and high specificity for tumour binding. The paramagnetic metal ions are commonly used to change the water proton relaxation rate in the specific targeted tissues and to improve image contrast in the adjacent tissues (Caravan et al., 1999; Chan and Wong, 2007). DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) efficiently complexes Gd3+ for MRI, 64Cu and 68Ga for positron emission tomography (PET), and 177Lu and 90Y for radiotherapy and Tb3+ and Eu3+ for optical imaging (Jamous et al., 2012). Solid phase peptide synthesis prefers protected and active DOTA ester forms due to their high conjugation efficiency and stability (Knor et al., 2007). Protected DOTA forms are commercially available and used for the synthesis of peptide derivatives through conjugation reaction to peptides. Attachment of DOTA can be achieved on a solid phase resin support by conjugating to the amino group (N-terminal) of the peptide chain attached to the resin (De-Leon-Rodriguez et al., 2004). The DOTA-tris-OtBu ester (monoreactive) derivative is the preferred choice for the solid phase synthesis of peptide substrates (Jamous et al., 2012).

Currently, DOTA complexes are introduced into biomolecules (antibodies, peptides) and then labelled with radionuclides. A commonly used, clinically approved MRI contrast agent is the Gd3+ complex of DOTA.  Some of the other current available gadolinium complexes are GadovistTM (GD-DO3A-butrol), ProHanceTM (GD-HP-DO3A) and DotaremTM (GD-DOTA) (Wängler et al., 2008; Zhou and Lu, 2013) (Figure 2.1). DOTA-Gd3+ complex is a nontoxic, stable water-soluble complex and has improved MRI in the diagnosis and monitoring of treatment response for many diseases (Zhou and Lu, 2013). Because of the high kinetic stability of its complexes, DOTA is one of the most effective chelators in radiochemistry for theranostic applications in nuclear medicine and in-vivo applications (clinical diagnosis and cancer therapy) (Jamous et al., 2013; Wängler et al., 2008). 
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[bookmark: _Toc494786957]Figure 2.1. Commercially available Gd3+ chelates: DotaremTM, ProhanceTM and GadovistTM.

The Gd3+ ion is regularly used in the design of MRI contrast agents because it shortens the relaxation time (T1) of water protons within the tissue and thus brightens the image of neighbouring regions which reveal the existence of metastasis in a more reliable manner (Liu et al., 2012). This ability to shorten T1 is known as millimolar relaxivity (r1) which shows that the presence of paramagnetic complexes can increase the relaxation rate (R1) of the water protons (Nwe et al., 2010). The improvement in the signal intensity at the target site depends on the contrast agent concentration as well as on the value of the millimolar relaxivity (r1). A high value of millimolar relaxivity (r1) corresponds to the Gd3+ complexes which improve the tissue contrast (Nwe et al., 2010).

Because of the high magnetic moment and that it has the most unpaired electrons of any stable ion, the lanthanide ion Gd3+ is generally chosen as the metal atom for contrast agents (White et al., 2006). However, due to high toxicity, Gd3+ ions cannot be administered directly in ionic form. Free Gd3+ ions gather in the bones, kidney, liver, spleen and interfere with protein binding sites and calcium channels (Biagi and Enyeart, 1990; Lansman et al., 1990). To overcome this problem, Gd3+ ions are complexed with chelating ligands (DOTA) to reduce toxicity and prevent tissue interaction (Laurent et al., 2001). The toxicity of MRI contrast agents Gd3+ can be reduced by improving the Gd3+ contrast agent’s physicochemical (thermodynamic and kinetic stability) and pharmacokinetic properties (Zhou and Lu, 2013). Due to high kinetic and thermodynamic stability, Gd-DOTA monoamide (macrocyclic Gd3+ chelate) was selected for examples of peptide conjugated contrast agents (White et al., 2006; Zhou and Lu, 2013).

In the design of an ideal MRI contrast agent, various factors play an important role. Firstly, low toxicity is essential and it should be kinetically stable, have high binding affinity and selectivity to reduce the discharge of free Gd3+ (Cacheris et al., 1990). Secondly, high longitudinal relaxivity or high spatial resolution is required (Kumar et al., 1995). Thirdly, appropriate vascular retention time is important for imaging, for estimating tissue blood perfusion and tissue enhancement (Caravan, 2009). Binding of Gd3+ based contrast agents to tumour specific targeting agents can increase the conjugation of the agent to cancer cellular biomarkers and generate signal improvement near viable biomarkers for MR cancer molecular imaging (Corot et al., 2008; Marom et al., 2010). Unbound agents can be easily cleared from the circulation, resulting in reduced background noise for improved molecular imaging and nominal tissue retention (Cheng et al., 2012).

Due to the physical limitations linked with individual imaging techniques, it is unlikely that a solo technique will be suitable for all purposes. The combination of an optical imaging method and MRI methods such as a dual model fluorogenic MRI contrast is one contemporary approach under current investigation and has the potential to become a smart tool which can be routinely used for research and clinical applications. Mishra and colleagues (2006) described the design of dual modal MRI contrast agents. GdDO3A-ethylthiourea-fluorescein (Gd-12) is a fluorescent probe, which can be used for both MRI and optical imaging (Figure 2.2). GD-12 possesses a GdDO3A-ethylthiourea conjugated with a fluorophore fluorescein isothiocyanate (FITC) at one end and was intended to obtain a precursor for fluorescence/optical imaging, whereas the macrocyclic part (GdDO3A) serves for MRI imaging. Fluorescence imaging studies of GD-12-labelled mouse fibroblasts showed a concentration-dependent cellular uptake, whereas MRI studies showed a contrast enhancement in the relaxation time by the internalised Gd-12 (Mishra et al., 2006).
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[bookmark: _Toc494786958]Figure 2.2. Structural representation of GdDO3A-ethylthiourea-fluorescein (Gd-12).

Similarly, Rivas and colleagues (2013), showed the design of a rhodamine-based DO3A-Gd3+ (Gd.L2) MRI contrast agent for dual-modal imaging. Gd.L2 was synthesised by conjugating rhodamine B with the DOTA-Gd3+ complex. Rivas and colleagues exploited the rhodamine B pH sensitivity properties which showed an increase in fluorescence intensity upon lowering the pH due to the closed/spirolactam ring opening to give the highly fluorescent form of the molecule (Beija et al., 2009). Figure 2.3 shows the proton-triggered rhodamine-B ring opening and closing, which shows a rearrangement to its ring-opened (fluorescent) form upon entering the acidic compartment.
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[bookmark: _Toc494786959]Figure 2.3. Structural representation of a pH dependent ring closed and ring opened of rhodamine-DO3A conjugate (Gd.L2).

In vitro experiments showed the localization of Gd.L2 in HEK293 mouse cells. Optical imaging studies revealed the colocalization of GD.L2 with MitoTracker Green stain which distinguished between the tumour and healthy cells. Furthermore, BALB/c nude mice MRI imaging studies showed a 36.5% decrease in relaxation time (T1) within the tumour after 30 minutes post injection, which confirmed the localization of GD.L2 in the tumour site. Gd.L2 was the first dual rhodamine-based fluorogenic model MRI contrast agent and a smart tool which shows an off-on fluorescence pH switch (Rivas et al., 2013). These studies demonstrated that probes (GD-12 and GD.L2) are cell-penetrating and are tumour specific fluorogenic dual-modal MRI contrast agents. 

[bookmark: _Toc494786800]Protease-based MRI contrast agent probes 

Catalytically active proteases play an important role in tumour biology. In cancer biology applications, high levels of protease expression have become excellent disease markers for tumour diagnosis, often correlating with poor prognosis for cancer patients.  Targeted dual MRI contrast agent probes offer the promise to improve selectivity and specificity by incorporating unique scaffolds having unique chemical, optical and magnetic properties. Such protease based MRI contrast agent probes can interact specifically with overexpressed proteases in tumours, providing the ability to evaluate the disease state in a non-invasive manner. 

Jastrzebska and colleagues (2008), synthesised a novel MMP-2 targeted MRI proteinase-modulated contrast agent (PCA). The agents PCA2 switch and PCA2 scrambled were used non-invasively to image the activity of MMP-2 in the tumour by MRI. PCA2 switch incorporates an MMP-2 cleavable substrate sequence, whereas, PCA2 scrambled (negative control) was constructed with a specific sequence which was designed not to be specifically cleaved by MMP-2. PCA2 switch (Figure 2.4) was designed by using a peptide sequence Arg-Ser-Pro-Ala-Tyr-Tyr-Thr-Ala-Ala, in which DOTA-Gd was attached to the N-terminus of this peptide via 2-aminododecanoic acid (Ado; hydrophobic alkyl chain) and the C–terminus to a hydrophilic PEG chain. The advantage of using the Ado was to decrease the water solubility of contrast agent cleaved by MMP-2, such that it can be retained at the tumour site. Also, they have used an eight-unit polyethylene glycol (PEG8) spacer at the C-terminus of the peptide sequence, to improve the water solubility of intact PCA2 and to decrease the rate of clearance from the blood circulation. Upon cleavage by MMP-2 at the tumour site, the contrast agent become a less water soluble due to the presence of the Ado hydrophobic alkyl chain, and was excreted more slowly from the tumour site. During in vitro conditions, PCA2 scrambled cleavage efficiency was remarkably reduced by 37.5-fold in comparison to the PCA2 switch compound. Furthermore, in vivo, PCA2-scrambled did not accumulate in the tumour, whereas cleavage of PCA2-switch by MMP2 at the tumour site resulted in an accumulation of the cleaved PCA2-switch (Lebel et al., 2008; Jastrzebska et al., 2009).
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[bookmark: _Toc494786960]Figure 2.4. Chemical structures of MMP-2 targeted contrast agents.
a) PCA2 switch, b) PCA2 scrambled (Jastrzebska et al., 2009).

Similarly, Ta and colleagues (2012) exploited cathepsin D protease activity to design a dual MRI fluorogenic contrast agent (Gd3+-DOTA-CAT) to image the activity of cathepsin D. Cathepsin D is a lysosomal protease present in cancer and Alzheimer’s disease. The design of the Gd3+-DOTA-CAT (Figure 2.5) contrast agent has four different important structural parts including an Oregon Green fluorescent tag attached to a cysteine primary sulfonyl group, a DOTA-Gd3+ metal chelator (red colour), a 23 amino acid (blue colour) containing peptide sequence possessing the TAT sequence and a protease-cleavable site (Gly-Lys-Pro-Ile-Leu-Phe~Phe-Arg-Leu-Tyr), where ~ indicates the cleavage hot spot for cathepsin D (Suchý et al., 2010, Ta et al., 2012). The authors demonstrated in vitro that the contrast agent was taken up by over-expressing cathepsin D cells in a concentration-dependent manner. Furthermore, in mouse-model studies, the contrast agent accumulated in the tumour site where cathepsin D was overexpressed, and showed greater T1 relaxivity than the Gd3+–DTPA MRI contrast agent; where DTPA (diethylenetriamine pentacetic acid) is a gadolinium chelating agent (Ta et al., 2012).
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[bookmark: _Toc494786961]Figure 2.5. Structure of intact Gd3+-DOTA-CAT and cleaved Gd3+-DOTA-CAT dual MRI fluorogenic contrast agent. 
Green colour: Oregon Green fluorescent tag; red colour: DOTA-Gd3+; blue colour: 23-mer peptide substrate (Ta et al., 2012).

More recently, a legumain-based MRI contrast agent strategy has been developed to improve the hydrophobicity of an MRI contrast agent upon legumain cleavage. This would help in increasing its rotational correlation time (Chen et al., 2014). Chen and colleagues (2014) synthesised the novel MRI contrast agent [Gd-NBCB-TTDA-Leu-(L)-Asn~Ala-Ala-Lys-Lys-Lys-Lys] (Figure 2.6), where TTDA [3,6,10- tri(carboxymethyl)-3,6,10-triaza-dodecanedioic acid] is coupled with the legumain substrate Leu-(L)-Asn~Ala-Ala-Lys-Lys-Lys-Lys. A control contrast agent [Gd-NBCB-TTDA-Leu-(D)-Asn~Ala-Ala-Lys-Lys-Lys-Lys] designed not to be cleaved by legumain was also synthesised by replacing the targeting moiety peptide of L-asparagine by its D form. Also, an optical imaging near infrared fluorescence probe CyTE777-Leu-(L)-Asn~Ala-Ala-Lys-Lys-Lys-Lys--CyTE807 and control probe CyTE777-Leu-(D)-Asn~Ala-Ala-Lys-Lys-Lys-Lys-CyTE807 were synthesised by conjugating two near infrared fluorochromes (CyTE777 and CyTE807) with substrate (L and D forms) to detect legumain activity in tumour cells. 
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[bookmark: _Toc494786962]Figure 2.6. MRI contrast agent Gd-NBCB-TTDA-Leu-(L)-Asn~Ala-Ala-Lys-Lys-Lys-Lys 
where R= L form of asparagine (Chen et al., 2014).

During in vivo studies, MRI contrast agent Gd-NBCB-TTDA-Leu-(L)-Asn~Ala-Ala-Lys-Lys-Lys-Lys showed 55.3-fold higher imaging improvement with greater sensitivity and selectivity than the control contrast agent in the CT-26 murine colon tumours. Substrate cleavage of MRI contrast agent by legumain increased the hydrophobicity and rotational correlation time (Chen et al., 2014). Furthermore, the imaging probe achieved 15.2 fold higher imaging improvement in CT-26 tumours, compared to the control probe. This study indicated that both the MRI contrast agent and the optical imaging probe have the potential to be used in legumain overexpressing cancer diagnosis and targeted treatments.






Chapter 2
Results and discussion


[bookmark: _Toc494786801]Results and discussion 

This chapter describes the design, synthesis and evaluation of a second-generation legumain-targeted fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20) and orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32). An outline of the features of the second-generation probes is given in Figure 2.7, showing the rhodamine B-based fluorophore, a tetrapeptide (Pro-Ala-Asn-Lys) sequence and two different aminoanthraquinone quenchers. The following sections in this chapter explain the rational design, synthetic strategy (solution, solid phase peptide and convergent synthesis methods) and synthesis purification and characterization of SM20 and SM32, and their legumain mediated cleaved fragments H-Lys-PEG-AQ(4-OH) (SM56) and H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59), respectively. The biological evaluation of probes is then presented; incubation of SM20 and SM32 with recombinant human legumain, physicochemical properties (partition coefficient determinations), fluorescence studies and the cellular uptake and localization of intact probe SM20.
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[bookmark: _Toc494786963]Figure 2.7. Structural representation of fluorogenic probe SM20 and orthogonally functionalised dual fluorogenic MRI contrast agent SM32 [Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20) and Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32); P1’: Lys, P1: Asn; P2: Ala and P3: Pro].

[bookmark: _Toc494786802]Rational design of novel fluorogenic probe Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) 

This section describes the design of a second-generation probe SM20 as shown in Figure 2.8. Proof of Principle was established during the earlier work for the first generation fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9); which is an efficient FRET substrate and affords excellent restoration of fluorescence during incubation with rh-legumain. The work has been extended to make another fluorogenic probe SM20 with an extra amino acid (lysine) at P1’. The reason behind the use of lysine is to have the side-chain ε-amino group, a position to which additional functional moieties can be easily attached. Fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20) was designed to exploit the proteolytic activity of overexpressed legumain, wherein ~ indicates the legumain cleavage ‘hot spot’ at the C- terminal side of an asparagine residue in the P1 position. Rho-B (fluorophore) was used to label the N-terminus of the tetrapeptide (Pro-Ala-Asn-Lys) legumain substrate and the PEG-linked aminoanthraquinone (dark quencher) was retained from the SM9 prototype, at the C-terminus. The following section explains the synthetic strategy, adopted for the preparation of rhodamine-B based second generation legumain targeted fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20).
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[bookmark: _Toc494786964]Figure 2.8. Schematic representation of legumain-mediated fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20) design and activation. 

[bookmark: _Toc494786803]Synthetic overview of rhodamine-based fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20)

The synthesis of the second-generation rhodamine-B based fluorogenic probe (SM20) was conducted using linear solution phase peptide methods as shown in Scheme 2.1. The probe SM20 was purified by chromatographic methods and characterised by high resolution mass spectrometry, together with all synthetic intermediates. The linear coupling approach was used on the substrate that contains a free amino group that can be directly coupled at each stage with the carboxyl group of N-protected amino acids via an amide bond. The detailed synthesis of probe SM20 can be divided into the following steps as shown in Scheme 2.1. 
I. Orthogonally (N-α-Fmoc and ε-Boc amino group) protected amino acid (lysine) activation in situ with PyBOP or HOBt with consequent coupling (amide bond formation) to the N-terminus of the H-PEG-AQ (4-OH) spacer compound (SM1) to produce Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11).  
II. Deprotection of N-α-Fmoc protected SM11 with 20% (v/v) piperidine in DMF to produce free amine (aminoanthraquinone conjugate) H-Lys(Boc)-PEG-AQ(4-OH) (SM12).  
III. The consecutive addition of the N-α-Fmoc amino acids (Fmoc-Xaa-OH) by repeated conjugation reactions to give Fmoc protected aminoanthraquinone conjugates, followed by deprotection with 20% (v/v) piperidine in DMF to produce free amine (SM13-SM18). 
IV. Rhodamine B activation in situ with Pyclock and DIPEA with consequent coupling to the N-terminus of the H-Pro-Ala-Asn-Lys(Boc)-PEG-AQ(4-OH) (SM18) compound to produce Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19).
V. Final Step, deprotection reaction with 100% TFA to yield the trifluoroacetate salt of the title compound Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20).  



[bookmark: _Toc494787040]Scheme 2. 1. Synthesis of probe Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20).
Reagents and conditions: (i) Fmoc-Lys(Boc)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ii) 20% piperidine in DMF, RT, 30 min. (iii) Fmoc-Asn(Trt)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iv) 20% piperidine in DMF, RT, 30 min. (v) Fmoc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (vi) 20% piperidine in DMF, RT, 30 min. (vii) Fmoc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (viii) 20% piperidine in DMF, RT, 30 min. (ix) Rho-B, PyBOP, HOBt, DIPEA, DMF, RT, 4 h. (x) TFA, RT, 2 h

[bookmark: _Toc494786804]Design of rhodamine-based fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20)

A linear solution phase peptide method was used to synthesise fluorogenic Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20). The following sections explain the design adopted for the preparation of rhodamine-B based second generation legumain targeted fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20).

Synthesis of Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11)

To synthesise Fmoc-Lys (Boc)-PEG-AQ(4-OH) (SM11), Fmoc-Lys(Boc)-OH was conjugated with the amino group of the aminoanthraquinone spacer compound (PEG-AQ TFA; SM1) following standard peptide coupling methods in DMF where the carboxyl group of the protected Lys was activated via esterification (activation) reaction with PyBOP, HOBt and DIPEA as base to give orthogonally protected Fmoc-Lys (Boc)-PEG-AQ(4-OH) (SM11) (Figure 2.9, Scheme 2.1). 



[bookmark: _Toc494786965]Figure 2.9. Synthesis of Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11) from H-PEG-AQ(4-OH) (SM1). 
Reagents and conditions: (i) Fmoc-Lys(Boc)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h.

The progress of the reaction was monitored by TLC. Once the reaction was completed, the excess amount of DMF was removed via solvent extraction (water-chloroform), followed by addition of aqueous sodium bicarbonate which helps to remove any acidic impurities. The purification of the crude product was achieved by silica gel column chromatography [chloroform : ethyl acetate (4:1) with an increasing gradient of methanol (1-7%)] which gave an analytically pure sample of N- and ε-protected title compound SM11. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM11 as a solid precipitate. The purified compound SM11 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 821.3760 Da for the species [M+H]+ corresponding to the relative molecular mass of 820.37 Da for SM11.

Synthesis of H-Lys(Boc)-PEG-AQ(4-OH) (SM12)

To synthesise H-Lys(Boc)-PEG-AQ(4-OH) (SM12), N-deprotection was carried out by using a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to form the intermediate compound Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11) (Figure 2.10 Scheme 2.1). 



[bookmark: _Toc494786966]Figure 2.10. Synthesis of H-Lys(Boc)-PEG-AQ(4-OH) (SM12) from SM11.
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min.

The purification of crude product was analogous to the manner described above to get the analytically pure (by TLC) compound SM12. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM12 as a solid precipitate. The purified compound SM3 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 599.3071 Da [M+H]+ corresponding to the relative molecular mass of 598.30 Da for SM12.

Synthesis of Fmoc-Asn(Trt)-Lys(Boc)-PEG Spacer-AQ(4-OH) (SM13)

To synthesise Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13), Fmoc-Asn(Trt)-OH was conjugated with the amino group of the lysine conjugate H-Lys(Boc)-PEG-AQ(4-OH) (SM12) following standard peptide coupling methods in DMF where the carboxyl group of the protected Asn was activated via esterification with PyBOP, HOBt and DIPEA as base to give the N-Fmoc protected Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) compound SM13 (Figure 2.11, Scheme 2.1). 



[bookmark: _Toc494786967]Figure 2.11. Synthesis of Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13) from H-Lys(Boc)-PEG-AQ(4-OH) (SM12). 
Reagents and conditions: (i) Fmoc-Asn(Trt)-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h.

The purification of the crude product was performed in the same manner as above to get the analytically pure (by TLC) compound SM13. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM13 as a solid precipitate. The purified compound SM13 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1177.5288 Da for the species [M+H]+ corresponding to the relative molecular mass of 1176.52 Da for SM13.

Synthesis of Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH)(SM15)

To synthesise Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15), Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13) was treated by using a solution of 20% (v/v) piperidine in DMF to remove Fmoc protecting group to give the product H-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM14) (Figure 2.12, Scheme 2.1). 



[bookmark: _Toc494786968]Figure 2.12. Synthesis of Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15) from Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13). 
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Fmoc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h.

Once the reaction was complete, the solvent extraction and purification of crude product were conducted as above to give the analytically pure (by TLC) sample of intermediate H-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM14). Subsequently, Fmoc-Ala-OH was conjugated with the amino group of the SM14 following standard peptide coupling methods followed by extraction and purification to give the N-Fmoc protected Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) compound SM15 (Figure 2.13, Scheme 2.1). The purified compound SM15 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1248.5658 Da for the species [M+H]+ corresponding to the relative molecular mass of 1247.56 Da for SM15.

Synthesis of Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG Spacer-AQ(4-OH) (SM17)

To synthesise Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17), Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15) was treated with a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to give the product H-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM16) (Figure 2.13, Scheme 2.1). 


[bookmark: _Toc494786969]Figure 2.13. Synthesis of Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17) from Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15).
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Fmoc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h.

The extraction and purification of crude product as above gave the analytically pure sample of tripeptide intermediate H-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM16). Subsequently, Fmoc-Pro-OH was conjugated with the amino group of the SM16 following standard peptide coupling methods followed by solvent extraction and purification afforded the N-Fmoc protected Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) compound SM17 (Figure 2.13, Scheme 2.1). The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM17 as a solid precipitate. The purified compound SM17 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 1345.6208 Da for the species [M+H]+corresponding to the relative molecular mass of 1344.62 Da for SM17.

Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19)

To synthesise the fluorescently labelled Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-SM1 (SM19), Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17) was treated with a solution of 20% (v/v) piperidine in DMF to remove Fmoc protecting group to give the product H-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17) (Figure 2.14, Scheme 2.1). 


[bookmark: _Toc494786970]Figure 2.14. Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19) from Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17).
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Rho, Pyclock and DIPEA, RT, 2 h.

Extraction and purification of crude product gave the analytically pure sample of intermediate H-Pro-Ala-Asn(Trt)-Lys(Boc)-SM1 (SM18). Rhodamine-B was conjugated with the amino group of the SM18 following standard peptide coupling methods (Pyclock / DIPEA) followed by extraction and purification to give the title compound Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-SM1 (SM19) (Figure 2.14, Scheme 2.1). The purified compound SM19 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1548.7652 Da for the species [M-C2F3O2]+; the cation which corresponded to the relative molecular mass of 1661.76 Da for SM19.

Synthesis of Rho-Pro-Ala-Asn-Lys-PEG Spacer-AQ(4-OH) (SM20)

To synthesise the target legumain fluorogenic substrate Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20), Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19) was treated with TFA for 2 hours to remove both the Boc and Trt protecting groups from the side chains of Lys and Asn, respectively. The progress of the reaction was monitored by TLC. After completion of the reaction, the solution was evaporated to dryness and followed by the purification of the residue via column chromatography. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM20 as a solid precipitate (Figure 2.15, Scheme 2.1). 



[bookmark: _Toc494786971]Figure 2.15. Synthesis of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) from Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19). 
Reagents and conditions: (i) TFA, RT, 2 h.

The purified compound SM20 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1205.6016 Da for the species [M-C2F3O2]+; the cation which corresponded to the trifluoroacetate salt, M, 1318.60 Da.

Synthesis of H-Lys-PEG-AQ(4-OH) (SM56)

To synthesise H-Lys-PEG-AQ(4-OH) (SM56), Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11) was treated by was treated with TFA for 1 hour. The progress of the reaction was monitored by TLC. After completion of the reaction, the compound was evaporated to dryness. Subsequently, N-deprotection was carried out by using a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to form the title product H-Lys-PEG-AQ(4-OH) (SM56) (Figure 2.16).



[bookmark: _Toc494786972]Figure 2.16. Synthesis of H-Lys-PEG-AQ(4-OH) (SM56) from Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11). 
Reagents and conditions: (i) TFA, RT, 1 h. (ii) 20% piperidine in DMF, RT, 30 min.

The purification of crude product as above gave the analytically pure compound SM56. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM56 as a solid precipitate. The purified compound SM56 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 499.2542 Da for the species [M-C2F3O2]+; the cation which corresponded to the trifluoroacetate salt, M, 612.25 Da.

[bookmark: _Toc494786805]Rational design of orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32)

This section describes the design principles behind the synthesis of a novel dual-modal magnetic resonance imaging (MRI)/fluorogenic probe (SM32) for molecular imaging of solid tumours. The design of orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) contained a fluorogenic substrate for legumain, which encapsulates an MRI contrast agent. Orthogonality in this context is understood as two different groups that are attached to the - and - amino group of the lysine residue. Here, orthogonally functionalised dual fluorogenic MRI contrast agent SM32 contains the key rhodamine-tripeptide substrate attached to the N-terminus of the lysine and an MRI contrast agent DOTA–Gd3+ attached to the -amino group (Figure 2.17).

On the basis, in part, of previous approach pursued by Chen et al., (2014), to obtain an enzymatically activated MRI contrast agent [Gd-NBCB-TTDA-Leu-(D)-Asn~Ala-Ala-Lys-Lys-Lys-Lys], the design of the Gd-based probe SM32 was motivated by the joint hydrophilic and hydrophobic system that was hypothesised to be converted into a more hydrophilic compound upon legumain cleavage. Furthermore, the rational resign of an orthogonally functionalised dual fluorogenic MRI contrast agent SM32 was also founded, in part, on the work by Rivas et al., (2013), in which a dual model imaging agent (Gd.L2) was developed by conjugating rhodamine B with DOTA-Gd3+ contrast agent. The rhodamine B was conjugated to the DOTA-Gd3+ to measure the fluorescence properties and relaxivity as well as their in vitro cellular uptake and localization. Gd.L2 was the first dual rhodamine-based fluorogenic model MRI contrast agent which displayed an off-on fluorescence pH switch. 

The objective of the research reported here was to use unique fluorogenic substrate strategies for the preparation of rhodamine-B based fluorogenic probes for exploiting the proteolytic activity of legumain. In order to meet this need, dual model fluorogenic MRI contrast agent (SM32) was developed using a simple peptide scaffold with a built-in MRI contrast agent, with the goal of making a fluorescent imaging probe with improved sensitivity and more selectivity for legumain. The major challenge during the design and evaluation of the second-generation MRI contrast agent was to select the peptide sequence that would be specifically cleaved by legumain. But the proof of principle was established during the work on the first-generation (Chapter 1) fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9); which is an efficient FRET substrate and affords good restoration of fluorescence during incubation with rh-legumain. The design of molecular probe (SM9) has been extended to a second-generation novel dual model fluorogenic MRI contrast agent Rho-Pro-Ala-Asn-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) for molecular imaging of solid tumours. The probe SM32 was designed as a potential sensitive fluorogenic substrate of legumain. DOTA is a complexing agent and a ligand for the Gadolinium (Gd3+) ion. Fluorogenic dual model probe Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) was designed to exploit the proteolytic activity of overexpressed legumain, wherein ~ indicates the legumain cleavage ‘hot spot’ at the C-terminal side of an asparagine residue in the P1 position. Legumain can only cleave at the C-terminus of asparagine, therefore, asparagine was preferred for the P1 position (Chen et al., 1997).
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[bookmark: _Toc494786973]Figure 2.17. Schematic representation of legumain-mediated dual model fluorogenic probe Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32), design and activation. 

The combination of a rhodamine B fluorophore and an MRI agent will allow for enhanced diagnostic accuracy of tumour localization via fluorescence/MRI imaging potentially useful in guided surgeries. It is hypothesised that the fluorophore based dual-probe (SM32) after cleavage by legumain, generates strong restoration of rhodamine fluorescence, and releases the Gd-DOTA contrast agent which detects lesions in cancer tissues by MRI. The main advantage of a dual model probe is that it should give high anatomical resolution and deep tissue penetration. Also, the incorporation of a pH independent fluorescent moiety (rhodamine-B) affords good sensitivity. 

[bookmark: _Toc494786806]Synthetic overview of orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32)

A convergent method was used to synthesise orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32). Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn(Trt)-NovaSyn®TGT resin using SPPS Fmoc strategy, however, solution chemistry was used to synthesise H-Lys[DOTA-(OtBu)]-PEG-AQ(4-OH) (SM29). The synthesis of SM32 can be divided into the following steps as shown in Scheme 2.2.

I. Synthesis of Fmoc-Lys-PEG-AQ(4-OH) (SM27) began by deprotection of the Boc group from N--protected Fmoc-Lys(Boc)PEG-AQ(4-OH) (SM11) with 100% TFA to yield N-α-Fmoc protected SM27. 
II. N-α-Fmoc protected amino acid activation in situ with PyBOP or HOBt with consequent coupling to the N--terminus of the Fmoc-Lys-PEG-AQ(4-OH) SM27 to yield Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28).
III. Deprotection of N-α-Fmoc (protecting group) SM28 with 20% (v/v) piperidine in DMF to produce free amine H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29).
IV. Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn(Trt)-NovaSyn®TGT resin using Fmoc strategy. SM10-Trt was cleaved from resin with a solution of 0.5% TFA in 100mL DCM.
V. Coupling of H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29) with Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) to yield Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30), followed by the deportection of the Trt and OtBu groups to yield Rho-Pro-Ala-Asn~Lys(DOTA)-PEG-AQ(4-OH) (SM31).
VI. Finally, conjugation reaction of Rho-Pro-Ala-Asn~Lys(DOTA)-PEG-AQ(4-OH) (SM31) with Gd3+ chloride in deionised water, at alkaline pH to yield Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32).



[bookmark: _Toc494787041]Scheme 2. 2. Synthesis of fluorogenic rhodamine-labelled dual MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32). 
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Fmoc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iii) 20% piperidine in DMF, RT, 30 min. (iv) Fmoc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (v) 20% piperidine in DMF, RT, 30 min. (vi) Rho-B, PyBOP, HOBt, DIPEA, DMF, RT, 4 h. (vii) 0.5% TFA in DCM, RT, 10 min. (a) TFA, RT, 2 h. (b) DOTA-Tris(OtBu) ester, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (c) 20% piperidine in DMF, RT, 30 min (viii) H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29), Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt), PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ix) TFA, RT, 2 h. TFA, RT, 30 min. (x) GdCl3, ammonia, deionised H2O 2 h.

[bookmark: _Toc494786807]Design of orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32)

The synthesis of the unique orthogonally functionalised dual fluorogenic MRI contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) was conducted using convergent synthesis methods as shown in Scheme 3.1. The MRI contrast agent SM32 was purified by silica gel column chromatography and characterized by high resolution mass spectrometry (HRMS) together with all synthetic intermediates.

Synthesis of Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28)

To synthesise Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28), Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11) was treated with TFA for 1 h. The progress of the reaction was monitored by TLC. After completion of the reaction, the compound was evaporated to dryness to give the intermediate product Fmoc-Lys-PEG-AQ(4-OH) (SM27). Subsequently, DOTA-Tris(OtBu) ester was conjugated with the -amino group of the SM11 following standard peptide coupling methods followed by extraction and purification to give the N-Fmoc protected Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28), (Figure 2.18, Scheme 2.2).


[bookmark: _Toc494786974]Figure 2.18. Synthesis of Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28) from Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11). 
Reagents and conditions: (i) TFA, RT, 1 h. (ii) DOTA-Tris(OtBu) ester, PyBOP, HOBt, DIPEA, DMF, RT, 2 h.

The fractions containing the major product were combined, filtered, and evaporated in vacuo to dryness and the resulting material was triturated with ether to give SM28 as a solid precipitate. The purified compound SM28 was characterised by HRMS (ESI) mass spectrum which displayed a signal at m/z 1297.6731 Da for the species [M+Na]+corresponding to the relative molecular mass of 1274.67 Da for SM28.
Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30)

To synthesise Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30), Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28), was treated by using a solution of 20% (v/v) piperidine in DMF to remove the Fmoc protecting group to give the product H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH (SM29), (Figure 2.19, Scheme 2.2). 


[bookmark: _Toc494786975]Figure 2.19. Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30) from Fmoc-Lys[DOTA-Tris(O-tBu)]-PEG-AQ(4-OH) (SM28). 
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) SM10-Trt (Rho-Pro-Ala-Asn(Trt)-OH), PyBOP, HOBt, DIPEA, DMF, RT, 2h; TFA, RT, 2h.

Chromatographic purification gave an analytically pure sample of intermediate H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29). Subsequently, Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was conjugated with the -amino group of the lysine in SM29 following standard peptide coupling methods (PyBOP/ DIPEA) to give the title compound Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30) (Figure 2.19, Scheme 2.2). The purified compound SM30 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 2025.0364 Da for the species [M+Na]+ corresponding to the relative molecular mass of 2002.03 Da for SM30.

Synthesis of Rho-Pro-Ala-Asn-Lys[DOTA-Gd(3+)]-PEG-AQ(4-OH) (SM32)

To synthesise Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32), Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(O-tBu)]-PEG-AQ(4-OH) (SM30) was treated with TFA for 1 h. The progress of the reaction was monitored by TLC. After completion of the reaction, the compound was evaporated to dryness to give the fully deprotected intermediate product Rho-Pro-Ala-Asn~Lys(DOTA)-PEG-AQ(4-OH) (SM31) (Figure 2.20). Gd3+ chloride was then complexed with the DOTA group of SM31 followed by size exclusion chromatography on Sephadex G-25 to give the gadolinium fluorogenic target Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32). The purified compound SM32 was characterised by its HRMS (ESI+) mass spectrum. 



[bookmark: _Toc494786976]Figure 2.20. Synthesis of Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) from Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30). 
Reagents and conditions: (i) TFA, RT, 30 min. (ii) Gd3+ chloride, ammonia, deionised H2O 2 h.

Data presented in Figure 2.21 shows an ion cluster from an ESI+ spectrum for SM32 with a nominal mass of 1746.6821 Da. A doubly charged ion, [(M+Na)/2]2+, with a nominal mass at 1769.6857 Da, appeared at m/z = 1769.6857/2 = 884.8428 Da.
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[bookmark: _Toc494786977]Figure 2.21. ESI(+) Mass spectrum of Rho-Pro-Ala-Asn-Lys[DOTA-(Gd3+)]-PEG-AQ (SM32).

Gadolinium exhibits six isotopes, 154Gd, 155Gd, 156Gd, 157Gd, 158Gd and 160Gd. The highest peak with m/z 884.8367 Da was the most abundant isotope 158Gd. Remaining isotopes of 154Gd, 155Gd, 156Gd, 157Gd and 160Gd were found with m/z 882.8341 Da, 883.3352 Da, 883.8356 Da, 884.3365 Da and 885.8379 Da, respectively. Other peaks found before 154Gd or in between 158Gd and 160Gd or next to 160Gd are due to 13C isotopes. 

Synthesis of H-Lys[DOTA-(Gd3+)]-PEG-AQ (SM59)

To synthesise H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59), H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29) was treated with TFA for 1 h. The progress of the reaction was monitored by TLC. After completion of the reaction, the compound was evaporated to dryness to give the intermediate product H-Lys(DOTA)-PEG-AQ(4-OH) (SM58) (Figure 2.22).


[bookmark: _Toc494786978]Figure 2.22. Synthesis of H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59) from H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29). 
Reagents and conditions: (i) TFA, RT, 30 min. (ii) Gd3+ chloride, ammonia, deionised H2O 2 h.

Subsequently, Gd3+ chloride was conjugated with the DOTA group of the SM58 following size exclusion chromatography on Sephadex G-25 to give H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59). The purified compound SM59 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1040.3365 Da for the species [M+H]+ corresponding to the relative molecular mass of 1039.33 Da for SM59.

[bookmark: _Toc494786808]High Performance Liquid Chromatography (HPLC) analysis of test compounds Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and H-Lys-PEG Spacer-AQ(4-OH) (SM56)

A successful and quick analytical method was developed for the separation and quantification of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and H-Lys-PEG-AQ(4-OH) (SM56). As discussed in Section 1.2.7 samples were prepared in 50% ACN in water to achieve 50 µM concentration for both SM20 and SM56. The chromatography conditions required to achieve good separation were 50% ACN in water at a flow rate 2 mL min-1 and a detection wavelength of 583 nm with a 15 minutes run time. Figures 2.23 and 2.24 shows the individual chromatogram of SM20 and SM56, which afforded good resolution, with notably different retention times on an X-bridge shield RP18 reverse-phase column. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.

[image: ../../../../Volumes/NO%20NAME/Results/HPLC%20results/16%]
[bookmark: _Toc494786979]Figure 2.23. HPLC chromatogram of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) (50 µM) in 50% ACN in water. Retention time (tR = 7.428 min).
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[bookmark: _Toc494786980]Figure 2.24. HPLC chromatogram of H-Lys-PEG-AQ(4-OH) (SM56; 50 µM) in 50% ACN in water. Retention time (tR = 1.352 min).


[bookmark: _Toc494786809]FRET studies 

As described in Section 1.2.9.3. for the first-generation probe Rho-Pro-Ala-Asn-PEG-AQ(4OH) SM9, a FRET (Forster or fluorescence resonance energy transfer) experiment was carried out to find out whether the emission spectrum of the fluorophore [Rho-Pro-Ala-Asn-OH (SM10)] overlapped the absorption spectrum of quencher [in this case, H-Lys-PEG-AQ (4-OH) (SM56)]. Data presented in Figure 2.25 shows that the maximum wavelength (557 nm) for the absorption spectrum of compound SM56 and Figure 2.26 showed the maximum fluorescence intensity of SM10 at 583 nm. Fluorescence spectroscopy assay was carried out to show that the fluorescence released from the fluorophore (Rho-Pro-Ala-Asn-OH) was perfectly quenched by the SM56 aminoanthraquinone quencher. Furthermore, in Figure 2.27 data from fluorophore quenching studies revealed that the relative fluorescence intensity of the intact prodrug Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20); released no fluorescence. This confirmed that SM20 is an efficient FRET substrate like SM9 (Rho-Pro-Ala-Asn-PEG-OH), in which rhodamine based donor fluorescence is fully quenched by an aminoanthraquinone residue (acceptor). Here, the data shown are representative data from one experiment performed in triplicate.
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[bookmark: _Toc494786981]Figure 2.25. Absorption Spectrum of H-Lys-PEG-AQ(4-OH) (SM56) 20 µM in assay buffer, pH 5.0.
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[bookmark: _Toc494786982]Figure 2.26. Fluorescence spectrum of Rho-Pro-Ala-Asn-OH (SM10) 1 µM in assay buffer, pH 5.0, (λex 540 nm and λem 583 nm).
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[bookmark: _Toc494786983]Figure 2.27. Comparison of relative fluorescence intensities of fluorogenic probe Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20;1 μM) and Rho-Pro-Ala-Asn-OH (SM10;1 μM) in assay buffer, pH 5, λex 544 nm, λem 583 nm.

[bookmark: _Toc494786810]Recombinant human legumain (rh-legumain) mediated cleavage of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32)

As shown previously in Section 1.2.10 for SM9, a similar fluorimetric assay was developed using human recombinant legumain at 37°C in MES assay buffer (pH 5.0) to demonstrate quenching of the fluorogenic probe Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and strong restoration of rhodamine fluorescence. In Figure 2.28, fluorimetric data showed that there was an increase in relative fluorescence intensity over time, which indicated that the probe SM20 was cleaved by legumain releasing the fluorescent Rho-B labelled tripeptide. However, pre-incubation of legumain with iodoacetamide (1 mM; 15 minutes) inhibited fluorescence release. But, incubation of rh-legumain with Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) (10 µM; Figure 2.29) did not show any fluorescence release. In contrast to our expectation, the dual probe (SM32) failed to be cleaved by rh-legumain during the fluorimetric assay. The reason for the failure of SM32 to act as a legumain substrate requires further investigation.
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[bookmark: _Toc494786984]Figure 2.28. Incubation of SM20 with rh- legumain.
Variation in relative fluorescence intensity with time for Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) upon incubation with rh-legumain (40 ng) in legumain assay buffer (pH 5.0), λex 544 nm, λem 583 nm; Pre-incubation of rh-legumain with Iodoacetamide (1 mM, 15 min); (n = 3).


[bookmark: _Toc494786985]Figure 2.29. Incubation of Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) (10 µM) with rh-legumain (40 ng) in assay buffer (pH 5.0), λex 544 nm, λem 583 nm; (n=3).

[bookmark: _Toc494786811]Physicochemical properties

[bookmark: OLE_LINK2]As described in Section 1.2.12 for the probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and its legumain mediated cleavage fragments, a similar distribution coefficient experiment was carried out to find out the physicochemical properties of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20), Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32); H-Lys-PEG-AQ (4-OH) (SM56) and H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59). Data presented in Figure 2.30 shows that SM20 (Rho-Pro-Ala-Asn-Lys-PEG-AQ) possessed a greater lipophilicity (Log D +0.8  0.17) than SM56 (Log D -0.15  0.09). However, both SM32 and SM59 are hydrophilic in nature with the Log D values of -1.5  0.23 and -2.65  0.71. These results suggest that lipophilic amine probe SM20 may have the ability to passively diffuse across membranes and become protonated if reaching the acidic lysosome.
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[bookmark: _Toc494786986]Figure 2.30. Experimentally determined octanol/water partition coefficients. 
Relative lipophilicity/ hydrophobicity of the Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20), Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32); H-Lys-PEG-AQ (4-OH) (SM56) and H-Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM59), (n=3).

[bookmark: _Toc494786812]Cellular uptake and localization of probe Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) in prostate cancer (PC-3) cells

As described in Section 1.2.13 for the probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), a similar confocal live-cell imaging was performed to analyse the cellular uptake and localization of prodrug Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) in PC-3 live cells in the presence of LysoTracker Green DND26. Figure 2.31 (i) shows the cellular uptake of SM20 after incubation at several time points (0, 30, 60 and 120 minutes). Similar to SM9, SM20 showed a punctate staining pattern (Figure 2.31 (i), panels E, H and K) and clear colocalisation with lysosomes (Figure 2.31 (i), panels F, I and L). There is no localization of SM20 observed within the nucleus. To measure the colocalisation of SM20 intact prodrug, a quantitative analysis of confocal images was performed. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localisation [Figure 2.31 (ii)]. Here, the data are representative data from one experiment performed in triplicate.
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[bookmark: _Toc494786987]Figure 2.31. Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) uptake in the lysosomes of PC-3 cells.
(i) SM20 (1 μM) localised to the lysosome within 0-120 min as measured by live cell imaging (scale bar = 20 μm). The colocalisation of LysoTracker Green with SM20 (red) is shown as yellow merged. (ii) Degree of colocalisation of SM20; the bar chart represents the Pearson’s and Mendors’s overlap coefficients of SM20 in the lysosome of PC-3 cells. Images were captured at 63x magnification.

[bookmark: _Toc494786813]Discussion

Imaging tools like magnetic resonance imaging (MRI), ultrasound and fluorescence imaging play a vital role in the diagnostic area and medical research by not only aiding in detection of diseases but also monitoring of disease progression and treatment (Vithanarachchi et al., 2012; Xue et al., 2014) MRI is a very popular non-invasive tool for diagnosis and most importantly, without using harmful radiation. To design a target specific MRI contrast agent, involves the conjugation of a contrast agent with peptide, an antibody or a small organic molecule that allows interactions with a target (Vithanarachchi et al., 2012). 

Based on the successful design of first generation fluorogenic probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9), in this work, we have decided to use the design of molecular probe SM9 to make a further legumain-targeted probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20) and second generation orthogonally functionalised dual MRI fluorogenic contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) to exploit the proteolytic activity of overexpressed legumain. SM20 contains an extra amino acid (lysine) at P1’ which becomes the platform to design SM32, where DOTA-Gd3+ was coupled at the ε-amino group of lysine. With the development of fluorogenic substrate and activity based probes, legumain becomes the centre of attraction for the dual fluorogenic MRI contrast agent (Chen et al., 2014).

As discussed earlier, SM20 possesses the same rhodamine fluorophore but the peptide sequence is different from the one used for SM9, here, we have used the tetrapeptide (P1’- Lys, P1-Asn, P2-Ala, P3- Pro). The aminoanthraquinone [H-Lys-PEG-AQ(4-OH)] chromophore attached to the tetrapeptide was found to be an excellent quencher of the fluorescence of rhodamine B based on FRET mechanism (Section 2.2.7). Rhodamine B tripeptide fluorescence is suppressed until the probe SM20 is cleaved off. Immediate cleavage of the probe SM20 was observed in vitro upon addition of recombinant human legumain, demonstrated quenching of the fluorogenic probe SM20 and strong restoration of rhodamine fluorescence (Figure 2.28). Data presented in Figure 2.30 shows that SM20 is a lipophilic substrate with Log D value +0.8  0.17. SM20 has a basic amine side chain and tends to freely diffuse across the membranes in neutral form or in unionized from (R-NH2), but after protonation (R-NH3+) at acidic pH is anticipated to be trapped in the late endosome or lysosomes (Marceau et al., 2012). The results revealed that SM20 can be easily taken up by the cells. With the use of confocal microscopy, we have shown cellular uptake of SM20 into the lysosomes of PC-3 cells, where the legumain is overexpressed (Dall and Brandstetter, 2015). 

During the design of SM32, we conjugated a macrocyclic chelator, DOTA, to the ε-amino group of lysine. DOTA was selected over other chelators (like DTPA) because it forms kinetically and thermodynamically more stable complexes with Gd3+ (Loncin et al., 1986; Aime et al., 1998). Schmiedl and colleagues have shown that Gd-DTPA was the first intravenous MRI contrast agent used clinically. However, their use has been limited as imaging agents in the vasculature and cancer due to low molecular weight, and short blood and tissue retention times, whereas macromolecular Gd3+ contrast agents have shown remarkably better contrast enhancement for MRI of the vasculature and carcinomas. (Schmiedl et al., 1987, Preda et al., 2006). So, this motivated us to design orthogonally functionalised dual MRI fluorogenic contrast agent SM32. 

The design of Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) was based on the fluorogenic substrate Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH) (SM20), which is an excellent FRET substrate where the rhodamine fluorescence is internally quenched by a novel aminoanthraquinone quencher until cleaved by the proteolytic action of the legumain. Whereas, the dual probe (SM32) failed to cleave with rh-legumain (Figure 2.29). It was hypothesised that in SM32, the protease-cleavable site would to give selectivity for legumain as it was designed on SM20. It is very difficult to predict the reason behind the SM32 fluorimetric results with recombinant human legumain. It might be possible that the DOTA-Gd chelator complex at the P1 position blocks the cleavage site of the legumain, which is the Asn at the P1 position. Furthermore, the partition coefficient studies (Figure 2.30) revealed that Rho-Pro-Ala-Asn-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32) (Log D -1.5  0.23) is less hydrophilic in nature than H-Lys(DOTA-Gd)-PEG-AQ(4-OH) (SM59) (Log D -2.65  0.71). Compound SM59 possessed a greater hydrophilicity due to the presence of charged species contrast agent (DOTA–Gd), which favoured the interaction with the aqueous phase. Gd3+ chelate has high water solubility, likely due to the presence of hydrophilic hydroxyl and the carbonyl group in the side chain of DOTA-Gd improves the water solubility of the SM32. Also, polyethylene glycol (PEG) spacers are hydrophilic in nature and exhibit strong intermolecular hydrogen bonding which improves the water solubility (Yatsuhashi and Inoue 1997; Xue et al., 2011). On the basis of this, we speculated that the contrast agent could be helpful to ensure better water solubility of the parent (intact or uncleaved) SM32, and the presence of the hydrophobic anthraquinone may reduce the rate of clearance from the blood circulation. Due to lack of time and resources, it was not possible to study further this smart dual MRI contrast agent SM32, but it has the potential to be developed further towards use in the non-invasive tumour phenotyping and as a guide in the treatment planning for individual cancer patients. The potential for this agent to monitor the activity of legumain as a function of treatment response or as a biomarker of tumour aggressiveness will be investigated in future. 

[bookmark: _Toc494786814]Conclusion 

With the increase in advances in the diagnosis and treatment of cancer, it is becoming very important to establish non-invasive detection methods by uncovering the early presence of the disease. This can be achieved by the design of a novel fluorogenic/dual MRI contrast agent that only responds to a characteristic feature of tumour cells. We have synthesised a second fluorogenic probe Rho-Pro-Ala-Asn~Lys-PEG-AQ(4-OH (SM20) and an orthogonally functionalised second generation dual MRI fluorogenic contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) by using linear and convergent chemistry methods of successively coupling amino acids onto the aminoanthraquinone conjugate template. SM20 was an excellent FRET substrate where the rhodamine fluorescence is internally quenched by a novel aminoanthraquinone quencher until cleaved by the proteolytic action of the legumain. Furthermore, by colocalization with a known LysoTracker Green stain, the probe SM20 has been demonstrated to localise in the lysosomes of PC-3 cells. Even though the orthogonally functionalised dual MRI fluorogenic contrast agent Rho-Pro-Ala-Asn~Lys[DOTA-(Gd3+)]-PEG-AQ(4-OH) (SM32) was successfully obtained with the current synthesis procedure, further optimization of the peptide sequence towards legumain-mediated cleavage is needed. Although the peptide sequence (Pro-Ala-Asn-Lys) is a substrate for legumain, in contrast to our expectation, the dual probe (SM32) failed to cleave by rh-legumain during the fluorimetric assay. 





Chapter 2
Experimental 


[bookmark: _Toc494786815]Experimental 

[bookmark: _Toc494786816]General methods

For general analytical method details for chemical synthesis in this chapter see Section 1.3.1. 

[bookmark: _Toc494786817]Solution and solid phase peptide synthesis 

For synthetic method details for chemical synthesis in this chapter see Sections 1.3.2 and 1.3.4.

[bookmark: _Toc494786818]Anthraquinone-based solution phase peptide synthesis substrate Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20)

Synthesis of Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11)

To a solution of SM1 (0.7 g, 1.45 mmol) in DMF (5 mL) was added Fmoc-Lys(Boc)-OH (0.81 g, 1.17 mmol), PyBOP (0.9 g, 1.73 mmol) and HOBt (0.23 g, 1.7 mmol) and DIPEA (1.16 mL, 6.67 mmol) dissolved in DMF (5 mL) to give the title compound SM11 (following method A) as a purple solid (1.09 g; 92%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C46H53N4O10]+ 821.3756; Found 821.3760. 

Synthesis of H-Lys(Boc)-PEG-AQ(4-OH) (SM12)

The Fmoc-protected compound SM11 (1.09 g, 1.71 mmol) was treated with 20% (v/v) piperidine in DMF (10 mL) for 30 min to give the title compound SM12 (following method B) as a purple solid (0.99 g; 80%). Rf = 0.4 (Solvent System A). HRMS (ESI) m/z: [M+H]+ Calcd for [C31H43N4O8]+ 599.3075; Found 599.3071.

Synthesis of Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13)

To a solution of H-Lys(Boc)-PEG-AQ(4-OH) (SM12) (0.99 g, 1.65 mmol) in DMF (5 mL) was added Fmoc-Asn(Trt)-OH (1.43 g 2.39 mol), PyBOP (1.25 g, 2.40 mmol), HOBt (0.36 g, 2.40 mmol) and DIPEA (1.6mL, 9.20 mmol) dissolved in DMF (5mL) to give the title compound SM13 (following method A) as a purple solid (0.86 g; 44%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M+H]+ Calcd for [C69H73N6O12]+ 1177.5281; Found 1177.5288.

Synthesis of H-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM14)

The Fmoc-protected compound SM13 (0.86 g, 0.73 mmol) was treated with 20% (v/v) piperidine in DMF (10 mL) for 1 h to give the title compound SM14 (following method B) as a purple solid (0.608 g; 88%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C54H63N6O10]+ 955.4600; Found 955.4603.

Synthesis of Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15)

To a solution of H-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM14) (0.57 g, 0.59 mmol) in DMF (5 mL) was added Fmoc-Ala-OH (0.33 g, 1.06 mmol), HCTU (0.44 g 1.06 mmol) and DIPEA (0.68 mL, 3.94 mmol) dissolved in DMF (5 mL) to give the title compound SM15 (following method A) as a purple solid (0.680 g; 91%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M+H]+ Calcd for [C72H78N7O13]+ 1248.5652; Found 1248.5658.

Synthesis of H-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM16)

The Fmoc-protected compound SM15 (0.68 g, 0.54 mmol) was treated with 20% (v/v) piperidine in DMF (10 mL) for 30 min to give the title compound SM16 (following method B) as a purple solid (0.5 g; 91%). Rf = 0.4 (Solvent System B).

Synthesis of Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17)

To a solution of H-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM16) (0.5 g, 0. 48 mmol) in DMF (5 mL) was added Fmoc-Pro-OH (0.197 g, 0.58 mmol), PyBOP (0.304 g, 0.58 mmol), HOBt (0.079 g, 0.58 mmol) and DIPEA (0.374 mL, 0.00013 mol) dissolved in DMF (5 mL) to give the title compound SM17 (following method A) as a purple solid (0.58g; 89%) Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M+H]+ Calcd for [C77H85N8O14]+ 1345.6180; Found 1345.6184.

Synthesis of H-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM18)

The Fmoc-protected compound Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17) (0.58 g, 0.43 mmol) was treated with 20% (v/v) piperidine in DMF (10 mL) for 30 min to give the title compound SM18 (following method B) as a purple solid (0.3g; 62%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M+H]+ Calcd for [C62H75N8O12]+ 1123.5499; Found 1123.5498.

Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19)

To a solution of SM18 (0.245 g, 0.22 mmol) in DMF (4mL) was added Rho-B (0.105 g 0.22 mmol), Pyclock (0.121 g, 0.22 mmol) and DIPEA (0.114 mL, 0.650 mmol) dissolved in DMF (5mL) to give the title compound SM19 (following method A) as a purple solid (0.28g; 77.7%). Rf = 0.5 (Solvent System B). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C90H103N10O14]+ 1548.7681; Found 1548.7652.

Synthesis of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20)

The Trt and Boc protected compound Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19) (0.28 g, 0.17 mmol) was treated with TFA (3 mL) for 2 h to give the final compound SM20 (following method C) as a purple solid (0.101 g; 46%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C66H81N10O12]+ 1205.6030; Found 1205.6016. RP-HPLC tR= 7.428 min.

Synthesis of H-Lys-PEG-AQ(4-OH) (SM56)

The Fmoc protected compound Fmoc-Lys-PEG-AQ(4-OH) (SM28) (0.27 g, 0.21 mmol) was treated with a solution of 20% (v/v) piperidine in DMF (4 mL) for 20 min to give the title compound SM56 (following method B) as a purple solid (0.20 g; 91%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M-C2O2F3]+ Calcd for [C26H35N4O6]+ 499.2551; Found 499.2542. HPLC tR= 1.352.

[bookmark: _Toc494786819]Anthraquinone-based dual MRI contrast agent Rho-Pro-Ala-Asn-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32)

Synthesis of Fmoc-Lys-PEG-AQ(4-OH) (SM27)

Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11) (0.3 g, 0.36 mmol) was treated with TFA (4 mL) for 2 h to give the title compound SM27 (following method C) as a purple solid (0.25 g; 83%) Rf = 0.4 (Solvent System A).

Synthesis of Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28)

To a solution of Fmoc-Lys-PEG-AQ(4-OH) (SM27) (0.25 g, 0.29 mmol) in DMF (5mL) was added DOTA-Tris(OtBu) ester (0.17 g, 0.29 mmol), PyBOP (0.15 g, 0.28 mmol) and DIPEA (0.15 mL, 5.8 mmol) dissolved in DMF (4 mL) to give the title compound SM28 (following method A) as a purple solid (0.27g; 71%). Rf = 0.3 (Solvent System C). HRMS (ESI) m/z: [M+Na]+ Calcd for [C69H94N8O15Na1]+ 1297.6731; Found 1297.6711.

Synthesis of H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29)

Fmoc-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM28) (0.27 g, 0.21 mmol) was treated with a solution of 20% (v/v) piperidine in DMF (8 mL) for 20 min to give the title compound SM29 (following method B) as a purple solid (0.20 g; 90%). Rf = 0.3 (Solvent System C). HRMS (ESI) m/z: [M+Na]+ Calcd for [C54H84N8O13Na1]+ 1075.6050; Found 1075.6058.

Synthesis of Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30)

To a solution of H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29) (0.15 g, 0.14 mmol) in DMF (5 mL) was added SM10-Trt (0.12 g, 0.12 mmol), PyBOP (0.11 g, 0.21 mmol), HOBt (0.02 g, 0.21 mmol) and DIPEA (0.11 mL, 0.65 mmol) dissolved in DMF (4 mL) to give the title compound SM30 as purple solid (0.062 g; 25%). Rf = 0.3 (Solvent System C). HRMS (ESI) m/z: [M+Na]2+ Calcd for [C113H145N14O19Na1]+ 2025.0364; Found 2025.0361.
Synthesis of Rho-Pro-Ala-Asn-Lys(DOTA)-PEG-AQ(4-OH) (SM31)

The Trt and OtBu protected compound Rho-Pro-Ala-Asn(Trt)-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM30) (0.062 g, 0.30 mmol) was treated with TFA (2 mL) at RT and stirred for 2 h (following method C) to give the title compound as a purple solid (0.058 g; 89%). Rf = 0.3 (Solvent System C). HRMS (ESI) m/z: [M]+ Calcd for [C82H107N14O19]+ 1591.7831; Found 1591.7838.

Synthesis of Rho-Pro-Ala-Asn-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32)

Rho-Pro-Ala-Asn-Lys(DOTA)-PEG-AQ(4-OH) (SM31) (0.058 g, 0.034 mmol) was dissolved in deionized water (4 mL) at RT. The reaction mixture was added to a stirred solution of GdCl3 (0.025 g, 0.068 mmol) in deionised water (1.5 mL). An aqueous solution of ammonia (80 L) was added to raise the pH to 7 and then the reaction was left on a shaker for 2 h. The crude product was purified by using size exclusion chromatography on Sephadex G-25 [prepared using deionized water]. The fractions containing the major product were combined and evaporated to dryness. Diethyl ether (5 mL) was added, and the solid precipitate was collected by centrifugation and dried as a blue solid (0.041 g; 65%). Rf = 0.2 [butanol: pyridine: water (7:7:6)]. HRMS (ESI) m/z: [M]+ Calcd for [C82H104N14O19Gd1]+ 1746.6857; Found 1746.6821. 

Synthesis of H-Lys(DOTA-OH)-PEG-AQ(4-OH) (SM58)

The OtBu protected compound H-Lys[DOTA-Tris(OtBu)]-PEG-AQ(4-OH) (SM29) (0.062 g, 0.3 mmol) was treated with TFA (2 mL) at RT and stirred for 2 h (following method C) to give the title compound SM58 as purple solid (0.03 g). Rf = 0.4 (Solvent System C). HRMS (ESI) m/z: [M]+ Calcd for [C82H104N14O19Gd1]+ 883.42; Found 882.39.

Synthesis of H-Lys[DOTA-Gd3+]-PEG-AQ(4-OH) (SM59)

H-Lys(DOTA)-PEG-AQ(4-OH) (SM58) (0.03 g, 0.033 mmol) was dissolved in deionized water (4 mL) at RT. The reaction mixture was added to a stirred solution of GdCl3 (0.024 g, 0.066 mmol) in deionised water (1.5 mL). An aqueous solution of ammonia (80 L) was added to raise the pH to 7 and then the reaction was left on a shaker for 2 h. The crude product was purified by using column chromatography on Sephadex G-25 [prepared using deionized water]. The fractions containing major product were combined and evaporated to dryness. Diethyl ether (5 mL) was added, and the solid precipitate was collected by centrifugation and dried as a blue solid (0.041 g). Rf = 0.3 [butanol: pyridine: water (7:7:6)]. HRMS (ESI) m/z: [M+H]+ Calcd for [C42H58N8O13Gd1]+ 1040.3369; Found 1040.3365.

[bookmark: _Toc494786820]High performance liquid chromatography (HPLC) analysis 

Stock solution of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and H-Lys-PEG-AQ(4-OH) (SM56) were prepared in DMSO (1 mg ml-1). The stock solutions were further diluted with 50% ACN in water to achieve 50 µM concentration for each test compound. HPLC was performed on performed on X-bridge shield RP18 column [2.5 µM (2.1 mm X 30 mm), flow rate 2 mL/min] using the same gradient mobile phase as discussed in Section 1.2.7.
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The UV-Vis absorption spectra of H-Lys-PEG-AQ(4-OH) (SM56)and Rho-Pro-Ala-Asn-OH (SM10), and fluorescence spectra of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and Rho-Pro-Ala-Asn-OH (SM10) were measured following the same method used in Section 1.3.11. 

Final conditions:
I. The absorption spectra of SM56 (20 µM) and SM10 (1 µM) were recorded using quartz cuvette (3 mL) between 420 to 700 nm with a scan speed of 1200 nm/min. 
II. Emission spectra of SM20 (1 µM) and SM10 (1 µM) were recorded using fluorescence cuvette (3 mL) between 500-700 nm, scan speed 500 nm/min, and Ex slit and Em slits were set to 4.5 nm and 5.5 nm, respectively. Samples were excited at 560 nm.

[bookmark: _Toc494786822]Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20)  probe and Rho-Pro-Ala-Asn-Lys[DOTA-Gd3+]-PEG-AQ(4-OH) (SM32) dual probe MRI contrast agent activation by using recombinant human legumain

The Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20) and Rho-Pro-Ala-Asn-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32) fluorimetric assay was carried out following the same method used in Section 1.3.15. 

Final assay conditions per well: 
I. SM10 (10 μM)
II. SM20 probe (10 μM)
III. SM32 dual probe MRI contrast agent (10 μM)
IV. Recombinant human legumain (40 ng)
V. Final volume in each well: 100 µL.

[bookmark: _Toc494786823]Physicochemical properties

The partition coefficient assay of Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20), Rho-Pro-Ala-Asn-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32), H-Lys-PEG-AQ(4-OH) (SM56) and H-Lys(DOTA-Gd3+)-PEG-AQ(4-OH) (SM59) was following the same method used in Section 1.3.17. 

[bookmark: _Toc494786824]Confocal microscopy 

Materials

Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma); NaCl (sterile); 35 mm glass bottom micro well dish (Ibidi/Thistle Scientific); LysoTracker Green DND 26 (Invitrogen); Stock solutions of the SM20 (1 mg ml-1; 829 µM) was prepared in DMSO. To study SM20, diode (405 nm), Argon (458 nm, 488 nm, 514 nm), HeNe (543 nm), HeNe (594 nm) and HeNe (633 nm) lasers were used.

Methods

The cellular uptake of SM20 (1 µM) was measured using confocal microscopy as described in Section 1.3.19. Cells were imaged live using a Zeiss LSM800 confocal laser scanning microscope with a 63.0 x 1.4 oil-immersion objective lens. Image analysis (field-of-view) was performed using Image J software. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localization. 
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Fmoc-Lys(Boc)-PEG-AQ(4-OH) (SM11)



H-Lys(Boc)-PEG-AQ(4-OH) (SM12)



Fmoc-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM13)


H-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM14)



Fmoc-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM15)



H-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM16)



Fmoc-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM17)


H-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM18)



Rho-Pro-Ala-Asn(Trt)-Lys(Boc)-PEG-AQ(4-OH) (SM19)



Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20)



Fmoc-Lys-PEG-AQ(4-OH) TFA (SM27)



Fmoc-Lys-[DOTA-tris(OtBu) ester]-PEG-AQ(4-OH) TFA salt (SM28)



H-Lys-[DOTA-Tris(OtBu) ester]-PEG-AQ(4-OH) TFA (SM29)



Rho-Pro-Ala-Asn-Lys-[DOTA-Tris(OtBu) ester]-PEG-AQ(4-OH) (SM30)



Rho-Pro-Ala-Asn-Lys-(DOTA-OH)-PEG-AQ(4-OH) (SM31)



Rho-Pro-Ala-Asn-Lys-(DOTA-Gd3+)-PEG-AQ(4-OH) (SM32)


H-Lys-PEG-AQ(4-OH) TFA (SM56)


H-Lys-(DOTA-Gd(3+)-PEG-AQ(4-OH) (SM59)
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The aim of this phase of the project is to develop novel theranostic (diagnostic and therapeutic) prodrugs that will be selectively targetted to the tumour microenvironment. By exploiting the proteolytic activity of legumain that is overexpressed in cancer, the goal is to improve the therapeutic index by reducing toxicity towards normal healthy cells, ultimately improving therapy for cancer patients. The thernaostic prodrugs may offer smart tools for early cancer detection and improved patient survival, and are expected to play an important role in the early detection of tumours, with clear, real-time imaging.
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For the first time, in 1910, Paul Ehrlich suggested the concept of a “magic bullet” to increase the selectivity of a compound, wherein he proposed that if one could find a chemical derivative which is selective for a disease-causing organism, then a toxin could be coupled to it for selective delivery (Ehrlich, 1910). After Ehrlich, the first reported use of the term prodrug was by Adrien Albert, in 1958, defining a prodrug as a pharmacologically inactive compound until it is enzymatically or chemically converted to an active drug in vivo (Figure 3.1), to increase the usefulness or decrease the toxicity of a drug. In simpler terms, a prodrug is a precursor of a drug (Albert, 1958). According to the International Union of Pure and Applied Chemistry (IUPAC), the term prodrug is defined as “any chemical moiety which undergoes biotransformation before showing its pharmacological effects in vivo” (IUPAC, 1998).
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[bookmark: _Toc494786988]Figure 3.1. Illustration of prodrug concept.

In the past, a prodrug strategy was often considered only late in drug development. According to Ettmayer and colleagues in 2004, prodrugs were only 10% of marketed drugs worldwide (Ettmayer et al., 2004; Huttunen et al., 2011). Also, not many pharmaceutical drug companies were in the business of designing prodrugs. However, over the last few years, there has been renewed interest in prodrugs in order to improve their specificity, selectivity and resistance to degradation in different body fluids until reaching the site of action. The use of a prodrug approach not only improves the pharmacokinetic properties of a compound but also improves the half-life of a drug, often with reduced development costs (Huttunen et al., 2011). Additionally, the prodrug approach has become a successful technique to overcome various problems such as poor permeability, lack of site specificity, low oral absorption, poor solubility and toxicity (McClellan and Perry, 2001; Huttunen et al., 2011).

There is no doubt that currently available chemotherapeutics on the market are effective at killing cells, however they are generally limited by a low therapeutic index because of cytotoxicity toward normal cells. Therefore, researchers are focusing on the modification of the available drugs by incorporating the prodrug approach to improve physicochemical properties of the compound at the desired sites of action. This approach would automatically improve the drug efficiency and reduce undesired side effects that are well-known to be linked with the administration of their parent cytotoxic drug (Ettmayer et al., 2004; Huttunen et al., 2011). Targeting prodrugs at the tumour site by exploiting features such as existence and/or over-expression of proteases, tumour specific antigens, low extracellular pH and hypoxia has the advantage of the selective release of the cytotoxic agent (Perry and Faulds, 1996; Han et al., 1998).

Generally, a prodrug consists of a cytotoxic agent, linker and a trigger (Figure 3.2). The trigger can improve selectivity and is often joined to the cytotoxic agent via a linker. Apart from selectivity, there are other factors which are important for the activation of proteases such as stability in vivo, a high volume of distribution into tumour area, less molar toxicity in comparison to active drug and effective selective activation. The design of tumour activated prodrugs involves the design of non-toxic prodrugs where the therapeutic effect of the cytotoxic agent is quenched until activated by overexpressed proteases and/or chemical biotransformation, which allows prodrug to undergoes cellular metabolism (Atkinson et al., 2008; Tranoy-Opalinski et al., 2008). 

[image: ]
[bookmark: _Toc494786989]Figure 3.2. Schematic design for a tumour activated prodrug.


[bookmark: _Toc494786831]Enhanced permeability and retention effect (EPR)

EPR is one of the main characteristics which permits selective release of macromolecules to tumour sites. Scientists are facing challenges in the development of selective chemotherapeutic drugs which can differentiate between normal cells and tumour cells. Tumours experience extensive angiogenesis in an effort to improve the intake of nutrients and oxygen supply, resulting in the hyper vasculature. The vascular system and lymphatic drainage system formed during the tumour angiogenesis process always becomes defective, dilated and leaky (Maeda et al., 2006; Kratz et al., 2008). Widened intercellular spaces in tumour vessels result in leaky blood vessels compared to normal cells (Figure 3.3) (Maeda et al., 2000; Arias, 2011) In this way, the EPR process can be exploited to increase the selective delivery of drug to the target tumour site. Normally, in healthy tissues, the size of microvessels is less than 2 nm in diameter, except liver, spleen and kidney (up to 150 nm), and post-capillary venules (up to 6 nm) (Jang et al., 2003). However, in tumour microvessels, the diameter has been reported between 100 nm to 1200 nm (Yuan et al., 1995; Hobbs et al., 1998). Macromolecules have better uptake by solid tumours due to increased permeability of tumour tissue and poor tissue drainage (Figure 3.3) (Bisht and Maitra, 2009).
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[bookmark: _Toc494786990]Figure 3.3. Difference between the normal and tumour tissue 
(Bisht and Maitra, 2009).

Generally, the size of carriers in macromolecular prodrugs are in between 2 nm to 10 nm, therefore, a prodrug approach has the potential to increase the uptake of macromolecules into tumour tissue (Kratz et al., 2008). According to Noguchi and colleagues (1998), macromolecules below 40 kDa could easily clear from the tumour site, while large molecules would be retained at the site due to the lack of lymphatic drainage inside tumour tissue (Noguchi et al., 1998). Exploitation of these hyper vasculature abnormalities of the tumour tissue can deliver macromolecules like prodrugs selectively to the tumour site resulting in fewer systemic side-effects with improved therapeutic benefits (Maeda et al., 2000; Arias, 2011). It is well known that the low molecular weight of the anticancer agent often results in short plasma half-lives and high overall clearance. The main reason is the quick diffusion into both normal tissues and tumour tissues which automatically results in less uptake of a drug at the tumour site. This would automatically result in higher levels of drug concentration in normal tissue which results in severe side effects (Cao and Feng, 2008). According to Bisht and Maitra (2009), anticancer drug attached to a high molecular weight macromolecule (~20 kDa) is expected to alleviate the EPR effect (Bisht and Maitra, 2009).

[bookmark: _Toc494786832]Protease-activated prodrugs in cancer therapy 

It is well known that peptide-based prodrugs are not only important in targeting specific enzymes but they also control the activation of the prodrug to release the active drug at the tumour site. In this situation, the linker or moiety is cleaved from the active drug by an enzyme which is overexpressed at the target site (Huang and Oliff, 2001). According to Lim and Craik (2009), proteases are an attractive target for prodrug design because nearly 2% of proteases play a vital role in cellular processes (Lim and Craik, 2009). 

The clinically used anticancer drug doxorubicin (Dox) is an anthracycline, with its most serious side effect being life-threatening heart damage. Doxorubicin is widely used in the variety of cancers such as soft tissue sarcomas and solid tumours. It is very effective in inhibiting the growth of tumours by not only acting as a DNA intercalating agent but also acting as a topoisomerase inhibitor. Working as a DNA intercalating agent, Dox stimulates structural disorientation in the DNA molecule and inhibits DNA replication (Lown, 1993; Chen et al, 2015). There are many reported examples in the literature where doxorubicin has been used in the design of protease-activated prodrugs.

Structurally, Dox has a primary amine, which allows the coupling of amino acid sequences without the use of a linker (Huang and Oliff, 2001). To exploit this advantage of Dox, for the first time in 1992, Canal and colleagues developed N-L-leucyl-doxorubicin (Leu-Dox) to reduce the cardiotoxicity of doxorubicin (Canal et al., 1992; Bennis et al., 1993). The result from a phase I clinical trial showed that after i.v. administration of Leu-Dox, it was not completely converted to free Dox in plasma (De Jong et al., 1992), which suggested that Leu-Dox was acting as a prodrug rather than being cytotoxic itself (Boven et al., 1992; Breistol et al., 1998). Also, Leu-Dox had a higher maximum tolerated dose in comparison to free Dox. Due to higher free Dox (released from Leu-Dox) concentrations in tumour tissues in murine models, Leu-Dox had a higher maximum tolerated dose in comparison to free Dox (Breistol et al., 1999). 

To expand on the work with Leu-Dox, many groups have attached longer peptide sequences to doxorubicin to allow for more specific activation at the tumour site (Lee et al., 2006; Hu et al., 2010). The work on Leu-Dox has attracted many research groups aiming to exploit the Dox properties by attaching it with longer peptide sequences which allow very specific release of Dox at the tumour site (Dubowchik and Firestone, 1998; DeFeo-Jones et al., 2000; DiPaola et al., 2002; Albright et al., 2005; Hu et al., 2010). Interestingly, it was suggested that Leu-Dox has superior antitumor efficacy in comparison to Dox, due to improved hydrophobicity (Lee et al., 2006). Furthermore, this is also supported by its proteolysis at the tumour site where different proteases such as cathepsins are overexpressed (Choi et al., 2012). 

With the use of different proteases such as metalloproteases and cysteine, various prodrugs have been developed (Lee et al., 2004; Atkinson et al., 2008; Lim and Craik, 2009). Proteases play an important role in the matrix remodelling, digestion, bioregulation and immune response (Lim and Craik, 2009). Research has shown that the prodrug approach has been applied to the various drugs to increase the site specific delivery of an active compound to the target site such as bone, colon, brain tumours (Han and Amidon, 2000;  Ettmayer et al., 2004; Hu et al., 2010). This Chapter focuses only on the design of prodrugs in cancer. Several protease-activated prodrugs have been designed and are currently in clinical trials, an overview of prodrugs is given in Table 3.1.
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[bookmark: _Toc483910851][bookmark: _Toc494787046]Table 3.1. Protease-mediated prodrugs in the clinic.
PTX: Paclitaxel, GAL: galactose, Dox: doxorubicin, HPMAcp: N-(2-hydroxypropyl)methacrylamide copolymer.

MMP-targeted prodrugs

It is well known that MMPs are endopeptidases which degrade the extracellular matrix, leading to tumour cell invasion. Studies have shown that MMPs in both in-vitro and in-vivo conditions are upregulated in cancer (Fingleton, 2006). They are the obvious target for the design of peptide-based prodrugs for chemotherapeutics.  This peptide-based prodrug approach was used in the design of Dox-based prodrugs, resulted in better selectivity and specificity of cancer drug delivery to tumour cells that overexpress MMPs (Young et al., 2003; Hu et al., 2010). In 2005, Albright and colleagues developed a prodrug with an MMP-cleavable peptide substrate (Glu-Pro-Cit-Gly~Hof-Tyr-Leu) conjugated with Dox, where ~ is an MMP cleavage hot spot. They found that the peptide substrate was specifically cleaved by MMP-2, -9, -14. They also showed that after incubation of MMP-expressing fibrosarcoma cell line HT1080 with the prodrug, resulted in 10-fold higher accumulation of cleaved DOX from prodrug at the tumour site than in the heart. Furthermore, the use of this prodrug in mice model show 80% survival chance with no significant toxicity like weight loss or marrow toxicity (Albright et al., 2005). Similarly, Lee and colleagues have shown that doxorubicin prodrugs (Gly-Pro-Leu-Gly~Val-Dox and Gly-Pro-Leu-Gly~Pro-Ala-Gly-Dox) with MMP-cleavable peptides caused less systemic toxicity in mouse models compared to Dox alone. This research has shown that higher free Dox (released from prodrug) concentrations in tumour tissues suppresses tumour growth and improves the therapeutic index in the experimental mouse model (Lee et al., 2006).  Various literature reports have described the design and properties of these MMPs-activated prodrugs, a review of the approaches and key findings is shown in Table 3.2. 
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[bookmark: _Toc483910852][bookmark: _Toc494787047]Table 3.2. MMPs-activatable prodrugs.

Cathepsin-targeted prodrugs

Cathepsins are cysteine proteases that are often upregulated in cancer. Research has shown that cathepsins B and L are expressed at the cell surface and secreted into the extracellular space, where they are not only involved in the degradation of extracellular matrix (Gocheva and Joyce 2007; Jedeszko and Sloane 2004; Mohamed and Sloane 2006; Strojnik et al., 2005; Zhong et al., 2012), but also associated with angiogenesis and growth of primary and metastatic tumours (Jedeszko and Sloane, 2004). Cathepsin-B can cleave at different sites, for example, Ala-Phe-Lys, Arg-Arg, Leu, Ala-Leu, Phe-Arg, Phe-Lys, Gly-Leu-Phe-Gly, Ala-Leu-Ala-Leu and Gly-Phe-Leu-Gly (Kovar et al., 2002; Thanou et al., 2003; Kartz et al., 2008; Calderon et al., 2009). Much of the detailed information on cathepsin-targeted prodrugs is shown in Tables 3.3, with the text here describing some of the main conceptual developments. 

To take advantage of cathepsin B overexpression in tumours, Schmid and colleagues (2007) designed a cathepsin-B cleavable Dox-based prodrug (EMC-Arg-Arg-Ala-Leu-Ala-Leu-Dox), where EMC (6-maleimidocaproic acid used as a spacer) attached to doxorubicin via a cathepsin-B cleavable linker (Ala-Leu-Ala-Leu). The Dox-based prodrug (Figure 3.4) is at the stage of preclinical trials (Zhong et al., 2012). Cathepsin-B efficiently cleaved the Dox prodrug to H-Leu-Ala-Leu-Dox, H-Leu-Dox, and Dox in vitro. The advantage of this is that although the antitumor efficacy was similar to that of doxorubicin in vivo. It was found that there was no change in body weight linked to H-Leu-Ala-Leu-Dox treatment, however, there was 9% weight loss in mice associated with Dox treatment alone. This proves that prodrug treatment can not only improve the therapeutic index but also reduces the off-target toxicity (Schmid et al., 2007).



[bookmark: _Toc494786991]Figure 3.4. Structure of Dox-prodrug (EMC-Arg-Arg-Ala-Leu-Ala-Leu-Dox) containing a cathepsin B specific substrate.

Similarly, Cathepsin-L can cleave at different sites; for example, Gln-Lys, Gln-Glu, Ser-Thr, Ser-Ser, Ser-Phe, Arg-Ala, Gly-Phe, Gln-Phe, Leu-Arg and Ala-Thr (Adams-Cioaba et al., 2011). Ueki and colleagues (2016), developed a cathepsin-L (CTSL) targeted prodrug Fmoc-Lys(Ac)-Puromycin, that not only improved anticancer efficacy but also seemed to reduce off-target toxicity (Ueki et al., 2016). Puromycin is not only used as an experimental agent in vitro against a variety of tissue cultures but also shows activity against various tumour animal models (Ueki et al., 2016). Here, Ueki and colleagues (2016) used the acetylated form of ε-acetylated lysine to design the histone deacetylases (HDACs) and cathepsin-L targeted based prodrug Fmoc-Lys(Ac)-Puromycin (Figure 3.5). HDACs are the important enzymes playing significant roles in the regulation of histone and non-histone protein. Increased level of both HDACs and cathepsin-L in tumour cells are well known in tumour progression and metastasis (Haberland et al., 2009; Ueki et al., 2013). Due to the presence of ε-acetylated lysine, the Fmoc-Lys(Ac)-Puromycin prodrug was protected to proteolytic cleavage until it was deacetylated by the intracellular HDACs, and therefore allowing highly selective activation by cathepsin-L in tumour tissues (Figure 3.5).



[bookmark: _Toc494786992]Figure 3.5. Structure of Fmoc-Lys(Ac)-Puromycin containing a cathepsin L specific substrate.
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[bookmark: _Toc483910853][bookmark: _Toc494787048]Table 3.3. Cathepsins-activatable prodrugs; HDAC: histone deacetylase.

Legumain-targeted prodrugs 

There are currently only a small number of legumain targeted prodrugs reported in the literature, all of which are peptide conjugates with Asn (P1) attached to an active agent/ warhead/ chemotherapeutic agent, which remains inactive when coupled to the peptide sequence until activated by legumain. Legumain is a lysosomal protease enzyme, overexpressed in solid tumours and has a restricted specificity, as it cleaves only a substrate sequence having an asparagine at the P1 site (Dall and Brandstetter, 2015). Table 3.4 outlines the key features of some examples of legumain-targeted prodrugs that will be discussed in more detail within this section.
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[bookmark: _Toc494787049]Table 3.4. Legumain-targeted prodrugs. 

Liu and colleagues (2003) synthesized a legumain targeted prodrug legubicin (Boc-Ala-Ala-Asn-Leu-Dox) (Figure 3.6). Legubicin was synthesised by coupling of the amino group of doxorubicin through a peptide bond at the C- terminus of leucine to the legumain substrate peptide (Boc-Ala-Ala-Asn-Leu). The cytotoxic Dox molecule was released from the prodrug upon legumain cleavage. Also, the presence of a Boc group at the N-terminal of Ala slow down aminopeptidase hydrolysis of the peptidyl component (Liu et al., 2003). Legubicin was effective in murine colon cancer model with reduced toxicity relative to doxorubicin but exhibited efficient tumouricidal activity in vivo. Furthermore, the cytotoxicity of legubicin in comparison to Dox was inactive against HEK-293 cells not expressing legumain in vitro. However, legubicin was significantly more cytotoxic against legumain overexpressing HEK-293 cells. Similarly, when legubicin was tested in-vivo, using a CT26 murine carcinoma model, it showed tumouricidal activity. However, there was little weight loss or toxicity in healthy organs that also express legumain such as kidney and liver (Liu et al., 2003).



[bookmark: _Toc494786993]Figure 3.6. Structure of legubicin (Boc-Ala-Ala-Asn-Leu-Dox).

Wu and colleagues (2006), synthesized a novel cell-impermeable legumain cleavable prodrug, LEG-3 (N-succinyl-β-Ala-Ala-Asn-Leu-Dox) (Figure 3.7). LEG-3 is an experimental agent, effective against many multidrug resistant solid tumours in mice (Wu et al., 2006). LEG-3 had less active drug access to the normal cells as compared to doxorubicin due to the presence of the succinate capping group. The main feature of succinates is that they are designed to activate extracellularly (negatively charged carboxylates at pH 7.2) because the charged form of carboxylate should not go into the cells. However, succinates are not favourable capping agents as they introduce a non-bulky group at the N-terminal which has an accessible amide bond [susceptible to cleavage by other enzymes (endoproteases)] (Wu et al., 2006). LEG-3 increased the selectivity towards tumours (in human fibrosarcoma HT1080 and murine CT26 colon cancer models) by reducing the toxicity to normal cells and improved destruction of tumour cells. LEG-3 was less toxic during in vivo studies with higher MTD (maximum tolerable dose) and reduced LD50 compared with doxorubicin. When mice were treated with 4.94 µmol/kg LEG-3, no reductions in the total white blood cell (WBC) count were seen, however >50% reduction of WBC counts was observed with a smaller dose of 3.4 µmol/kg doxorubicin. The main advantage of LEG-3 over doxorubicin is the restricted specific activation by legumain with better plasma persistence (Wu et al., 2006).



[bookmark: _Toc494786994]Figure 3.7. Structure of LEG-3 (N-succinyl-β-Ala-Ala-Asn-Leu-Dox).

Furthermore, a Dox-based prodrug Carbobenzyloxy-Ala-Asn-Dox (CBZ-Ala-Ala-Asn-Dox) was synthesised and designed as a prodrug by coupling of CBZ-Ala-Ala-Asn to the amino group of doxorubicin through a peptide bond at C-terminus of Asn (Figure 3.8). Upon cleavage by legumain, the CBZ-Ala-Ala-Asn-Dox prodrug released doxorubicin, which was effectively tumouricidal in the mouse model. The IC50 value of CBZ-AAN-Dox prodrug was reported by much higher compared to that of Dox when incubated with human cervical carcinoma cell line (SiHa) (Chen et al., 2015).  Most chemotherapeutic agents have serious toxicity towards healthy tissues, but the specific targeting and high selectivity of legumain-based prodrug delivery method offer a unique approach to limit the toxicity of anticancer agents as well as enhancing their efficacy in cancer prognosis/therapy.



[bookmark: _Toc494786995]Figure 3.8. Structure of carbobenzyloxy-Ala-Asn-Dox (CBZ-AAN-Dox).
Stern and colleagues (2009) synthesised the prodrug CBZ-Ala-Ala-Asn- ethylenediamine-etoposide (Figure 3.9), using an amino linker (ethylenediamine) between the CBZ capped tripeptide substrate (CBZ-Ala-Ala-Asn) and the chemotherapeutic agent etoposide. They used engineered/transfected human embryonic kidney (HEK-293) cells which enable legumain overexpression in vitro. The group has shown that the prodrug was 100% cleaved by legumain in the transfected HEK-293 cells lysates, but 33% cleaved by lysates of HEK293 cells non-expressing legumain. However, despite this significant legumain lysate activation, the prodrug failed to inhibit the proliferation of 293 HEK-Leg cells. The authors suggested various reasons for failure of the prodrug including that upon cleavage by legumain under the acidic conditions of lysosomes, the ethylenediamine-etoposide reaches the cytosol and does not release etoposide or that cyclization did not occur; a second reason might be the impaired uptake of the prodrug by the cells and therefore did not inhibit the proliferation of the transfected HEK-293 cells (Stern et al., 2009).


[bookmark: _Toc494786996]Figure 3.9. Structure of CBZ-Ala-Ala-Asn-ethylenediamine-etoposide prodrug.

Smith and colleagues (2014) synthesised the prodrug Succinate-Ala-Ala-Asn-Val-colchicine by coupling of the legumain-cleavable peptide sequence Boc-Ala-Ala-Asn-Val-OH with diacetylcolchicine (Figure 3.10). They have shown the cellular uptake and cleavage of the prodrug in the acidic compartments as well as the extracellular environment. Upon legumain cleavage of the prodrug at the C-terminal of Asn of the peptide sequence (Boc-Ala-Ala-Asn), valyl colchicine was released. The prodrug was more toxic to the monoclonal legumain-expressing HEK-293 cells in comparison to native HEK-293 cells. Furthermore, the prodrug showed more toxicity towards the colorectal cancer HCT116 cells which express both active legumain (36 kDa) and prolegumain (56 kDa) forms, compared to colon cancer SW620 cells which only expresses the prolegumain form (56 kDa). Hence, the observation enables the correlation between the activity of the legumain in the cells and toxicity of the prodrug (Smith et al., 2014). 



[bookmark: _Toc494786997]Figure 3.10. Structure of Succinate-Ala-Ala-Asn-Val-colchicine prodrug.

[bookmark: _Toc494786833]Lysosomes

The lysosomes are acidic organelles originally described by Christian de-Duve in 1950. They are involved in cellular degradation processes by exploiting more than 50 hydrolases such as proteases, glycosidases, lipases, and nucleases (Kallunki et al., 2013). The lysosomes contain enzymes which help in the breakdown of macromolecules (such as carbohydrates, lipids, protein and nucleic acids) and the repair of cell membranes. The lysosomes respond against foreign substances such as viruses, bacteria and other antigens. Figure 3.11 shows the functions carried out by lysosomes in normal cells which includes the engulfment of food particles as wells as the killing of pathogenic bacteria. The lysosomal membrane is made up of a phospholipid bilayer (7-10 nm) (Saftig et al., 2010). The Lysosomal proteins such as lysosome-associated membrane proteins (LAMPs), lysosome glycoproteins (LGPs) and lysosome integral membrane proteins (LIMPs) (Winchester, 2001; Luzio et al., 2003) play an important role in maintaining the structural integrity of the lysosomal membrane (Chang et al., 2002; Eskelinen, 2006).  In normal cells, lysosomes have an acidic pH between 4 and 5 (Ohkuma and Poole, 1978; Christensen et al., 2002). The acidic pH of early, late endosomes and lysosomes is maintained by a trans-membrane protein complex known as vacuolar ATPase proton pump, which uses the energy of ATP from the cytosol to pump protons into the lysosome (Nakanishi-Matsui et al., 2010). 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[bookmark: _Toc494786998]Figure 3.11. Schematic representation of lysosomal function in normal cells.
 A) shows the digestion of the particle using lysosomal hydrolytic enzymes and the expulsion of undigested material from the cell; B) Lysosomes help to destroy the pathogenic bacterium which enters into the cell (Adapted from http://courses.lumenlearning.net/biology/chapter/chapter-3-cell-structure-and-function/).

Lysosomes in cancer cells 

It is well known that cancer cells contain larger than normal lysosomes (pH 4 - 4.5) in comparison to healthy cells and that they are also more fragile (Glunde et al., 2003; Ono et al., 2003). During development of cancer, lysosomes overexpress various proteases which contribute to tumourigenesis (Mohamed and Sloane, 2006). The release of proteases extracellularly has been confirmed to initiate apoptosis and cell death (Foghsgaard et al., 2001; Kirkegaard and Jäättelä, 2009). Figure 3.12 shows the function of lysosomes in cancer cells.  Christian de-Duve (1959) described lysosomes as “suicide bags” due to the fact that lysosomal partial permeabilization of the membrane triggers apoptosis and massive lysosomal rupture induces necrosis (de-Duve, 1959; Turk and Turk, 2009). 
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[bookmark: _Toc494786999]Figure 3.12. Schematic representation of lysosomal function in a cancer cell.
Release of proteases into the cytosol via lysosomal membrane permeabilization (LMP) results in cell death (apoptosis and/or necrosis). 

The mode of cell death such as apoptosis or necrosis depends on various morphological factors such as cell type, the energy level and the signalling pathway. In 1972, Kerr and colleagues introduced the apoptosis term as Type 1 cell death (Kerr et al., 1972). In 1995, Majno and Joris coined the word necrosis, which is known as accidental and acute cell death (Majno and Joris, 1995). In 2001, Leist and Jäättelä introduced cell death as apoptosis-like programmed cell death and necrosis-like programmed cell death (Kitanaka and Kuchino, 1999; Leist and Jäättelä, 2001). Figure 3.13 shows the different morphological changes during apoptotic and necrotic cell death. Cell death by an apoptosis process is morphologically characterised by rounding up of the cell, condensation of chromatin, fragmentation of the nucleus, and reduction of cellular volume, plasma membrane blebbing and formation of small apoptotic bodies which carry cytoplasmic material. Cell death by necrosis is different from apoptosis. Necrosis is caused by the acute permeabilization of the plasma membrane, which causes the release of cellular material which stimulates an inflammatory response. Cell death by apoptosis process is morphologically characterised by cell swelling, production of reactive oxygen species (ROS) and ATP depletion (Golstein and Kroemer, 2007).  
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[bookmark: _Toc494787000]Figure 3.13. Schematic representation of cell death via apoptosis and necrosis
(van-Cruchten and van-Den-Broeck; 2002).

Cancer cell lysosomes are less stable than the lysosomes of normal cells with increased cathepsin activity and cathepsin-mediated proteolysis of lysosomal membrane proteins and release of these proteins into the cytosol resulting in cell death (Fehrenbacher and Jäättelä, 2005; Kuester et al., 2008; Kirkegaard and Jäättelä, 2009). Legumain is secreted by tumour cells and in the tumour vasculature, promotes cell migration and is associated with tissue invasion and metastasis (Wu et al., 2006). Lysosomal legumain plays an important role in MHC class II-mediated antigen presentation and regulation of the activity of cathepsin B, H and L (Shirahama-Noda et al., 2003; Manoury, 2013). Cathepsins have been well accepted to promote tumours as well as acting as tumour suppressors. Their action depends on the intracellular overexpression, and thus enables apoptosis or necrosis (Fehrenbacher and Jäättelä, 2005), or leakage into the ECM where they stimulate tumour growth and migration, angiogenesis and metastasis (Sameni et al., 1995; Mohamed and Sloane, 2006; Gocheva et al., 2006). 

Lysosomotropism

In 1974, de-Duve and colleagues coined the term “lysosomotropism” to explain the greater accumulation of some compounds within the lysosomes compared to the cytosol (de-Duve, 1974). Some lipophilic amines or weakly basic compounds are known as lysosomotropic molecules because they favour the quick vacuolization of a cell following accumulation inside the acidic cellular compartment (Grabe and Oster 2001; de-Duve, 1974; Oblak and Krasowska, 2010). The acidic pH of endocytic and secretory organelles depends on the V0/V1 ATPase pump (Forgac, 1999). Figure 3.14 shows a representation of the intracellular compartment of a normal cell showing compartments of different pH. Weakly basic, lipophilic amine compounds are easily protonated at the acidic pH of endosomes and lysosomes. The amount of compound accumulation depends on the physicochemical characteristics of the drug, such as dissociation constant (pKa) and membrane permeability, the lipophilicity of the compound and the pH of the cellular compartment (Duvvuri and Krise, 2005). The difference in pH between the acidic organelles and cytosol favours the protonated lipophilic amine-containing drug to accumulate in the acidic compartments. Similarly, the dissociation constant (pKa) helps in deciding drug uptake by measuring the strength of a base or an acid in a solution. Lipophilicity is a vital parameter of a drug which helps in determining its passive diffusion across the lipid bilayer. Last but not least, the partition coefficient (logP) of a drug is an important factor that measures the solubility of a drug in lipophilic and hydrophilic environments (Nadanaciva et al., 2011). Liver and lungs have more potential to accumulate lysosomotropic molecules, due to the highest abundance of lysosomes in these organs (Kaufmann and Krise, 2007).
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[bookmark: _Toc494787001]Figure 3.14. Representation of the intracellular compartment of a normal cell showing compartments of different pH. 

The acidic environment of a cellular compartment attracts compounds with basic moieties (Goldman et al., 2009). Even though every compound has different functional groups, most of the lysosomotropic molecules harbour a nitrogen atom which is responsible for its weakly basic properties. Figure 3.15 shows how the protonation of lipophilic basic amines favours their accumulation in the lysosome. Weakly basic amines freely diffuse across the membranes only in neutral form or in unionized from (R-NH2), but after protonation (R-NH3+) at acidic pH, these lipophilic amines lose their membrane permeability becoming trapped in these organelles. This phenomenon is known as the “lysosomotropic effect” or “ion trapping” (Marceau et al., 2012).  The accumulation of lipophilic basic drugs in acidic compartments of the cell such as lysosomes can result in cytosolic leakage of lysosomal hydrolases and cell death (Barbosa et al., 2006; Logan et al., 2012). 
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[bookmark: _Toc494787002]Figure 3.15. Representation of lipophilic weak base accumulation in acidic organelles
 R: cationic lipophilic weak base.

It is well established that lysosomotropic compounds contribute to the therapeutic activity of many compounds, such as the antimalarial drug chloroquine (Homewood et al., 1972; Kornhuber et al., 1995). Chloroquine (Figure 3.16) shows its therapeutic activity by accumulating inside the acidic food vacuoles of the malaria parasite and then obstructing essential processes which are necessary for the parasite’s life-cycle (Homewood et al., 1972). Furthermore, research has shown that antidepressant drug (fluoxetine) acts as a lysosomotropic agent, which was further revealed as an anti-metastatic agent with anti-proliferative and pro-apoptotic effects (Peer and Margalit, 2006; Zhou et al., 2012). 



[bookmark: _Toc494787003]Figure 3.16. Structure of chloroquine.

Burger and colleagues (1999), used the lysosomotropic detergent property to synthesise the imidazoacridinone C1311, which shows lysosomal swelling and rupturing of the lysosomal membrane followed by the cytosolic release of proteases and finally resulted in cell death (Figure 3.17) (Burger et al., 1999). 



[bookmark: _Toc494787004]Figure 3.17. Structure of imidazoacridinone C1311.

Kowak and Richardson (2004) have shown that anthracycline derivatives like Dox accumulated in the lysosomes (Kwok and Richardson, 2004). Weakly basic anticancer drugs mitoxantrone and daunorubicin showed effective lysosomal sequestration capacity (Ndolo et al., 2012). Furthermore, weakly basic anticancer drugs with lysosomotropic properties show better selectivity towards cancer cells than do their non-lysosomotropic agents.  Wang and colleagues (2012), developed polyaminoanthraquinones (compound 9b and 9c, Figure 3.18) as anticancer agents; they described the uptake of these polyamines into the lysosomes that resulted in different modes of cell death for each compound (Wang et al., 2012). Both compounds (9b and 9c) destabilised the lysosomal membrane of the lysosome and triggered the release of lysosomal contents into the cytosol, which forces cell death. However, compound 9b resulted in necrosis, while for compound 9b cell death was via apoptosis. This work shows that compound 9b, which has a terminal aminopropyl scaffold, induced cell necrosis, whereas compound 9c, which contained a terminal aminobutyl scaffold in the side chain, was shown to cause mitochondria-mediated cell apoptotic death, suggesting that apparently, very small changes in chemical structure can have a very large impact on cellular localisation and mechanism of cell death (Wang et al., 2012). 



[bookmark: _Toc494787005]Figure 3.18. Structure of polyaminoanthraquinones (compounds 9b and 9c).
Furthermore, in 2013, Shaul and colleagues developed a range of experimental anticancer anthracycline derivatives which were shown to accumulate in the lysosomes. These anthracycline derivatives (compound 1 and compound 2) which differ by the substitution patterns on the anthraquinone segment showed antitumour activity (Figure 3.19) This study supports the possibility that the three ring anthraquinone-based derivatives (compound 1 and compound 2) support the lysosomal pathway to achieve antitumour activity. (Shaul et al., 2013).



[bookmark: _Toc494787006]Figure 3.19. Structure of anthracycline analogues (compound 1 and compound 2). 

Reduction in side effects of current chemotherapeutic agents and their lack of specificity are the main hurdles of the currently available chemotherapeutic treatment effectivity (Cairns et al., 2006). There is a great demand for novel methods which can improve the selectivity and specificity of anticancer agents, a nontoxic theranostic prodrug is therefore highly desirable for accurate diagnosis and treatment of cancer. This motivated us to design our first legumain-based theranostic prodrug Rho-Pro-Ala-Asn~Propyl-Pip-Propyl-AQ (ALS5).





Chapter 3
Results and discussion


[bookmark: _Toc494786834]Results and discussion

This chapter describes the design, synthesis and evaluation of a third generation theranostic prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5). An outline of the prodrug is given in Figure 3.20, showing the fluorophore, a tripeptide (Pro-Ala-Asn) sequence and a cytotoxic anthracenedione (quencher). The following sections in this chapter explain the rational design, synthetic strategy (convergent synthesis method) and synthesis purification and characterization of ASL5 and its legumain mediated cleaved fragments Propyl-Pip-Propyl-AQ(4-OH) (ALS1) and Rho-Pro-Ala-Asn-OH (SM10). The biological evaluation of the prodrug is then presented; incubation of ALS5 with recombinant human legumain, physicochemical properties (partition coefficient), fluorescence studies, cell viability (MTT) assay, morphological studies, flow cytometry analysis and cellular uptake and localization of intact prodrug and cleavage product ALS1.
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[bookmark: _Toc494787007]Figure 3.20. Structure of theranostic prodrug ALS5
P1: Asn; P2: Ala; P3: Pro; fluorophore: rhodamine B; anthracenedione-quencher.

[bookmark: _Toc494786835]Rational design of third generation legumain targeted theranostic prodrug Rho-Pro-Ala-Asn~ Propyl-Pip-Propyl-AQ(4-OH) ALS5

This section describes the design of a third generation prodrug ASL5 as shown in Figure 3.21. From the successful design of first generation fluorogenic probe SM9 (Chapter 1), we have extended to a third generation theranostic prodrug ALS5, wherein ~ indicates the legumain cleavage ‘hot spot’ at the C- terminal side of an asparagine residue in the P1 position. Theranostics is a technology which combines therapeutic application with diagnostic behaviour, which can be achieved by using fluorophores as a diagnostic element attached to the prodrug. In this way, the drug release can be real-time monitored to study the drug delivery efficacy, drug release kinetics and response location (Kim et al., 2014). Towards the rational design of the novel theranostic prodrug (ALS5), Figure 3. 21 shows the representation of prototype rhodamine-based prodrug in its simplest form, where Rho-B (fluorophore) was used to label the N- terminus of a tripeptide (Pro-Ala-Asn) legumain substrate and a cytotoxic, lysosomotropic anthracenedione (ALS1) was used in the C-terminus.

[image: ]
[bookmark: _Toc494787008]Figure 3. 21. Schematic representation of legumain-mediated prodrug ALS5 design and activation fluorophore (rhodamine B), P1: Asn; P2: Ala; P3: Pro, anthracenedione-quencher [Propyl-Pip-Propyl-AQ(4-OH)].

The theranostic prodrug (ALS5) is structurally similar to the SM9 probe, with a different aminoanthraquinone quencher [Propyl-Pip-Propyl-AQ(4-OH)], which is a lysosomotropic agent. A lysosomotropic effect is due to the greater accumulation of a weakly basic, lipophilic compound within the lysosomes than in the cytosol (de-Duve, 1974). The lipophilic amine or weakly basic compounds are known as lysosomotropic molecules because they favour the quick vacuolization of the cell following accumulation inside the acidic cellular compartment. The accumulation of lipophilic basic compound in acidic pH of the lysosome can culminate in rupture of the cell membrane and induces cell death (Barbosa et al., 2006; Logan et al., 2012). Agbandje and colleagues (1992), showed that anthracene-9,10-dione based compounds have been more effective for some types of cancer and are systemically less toxic when compared to anthracycline analogues, such as daunomycin and doxorubicin (Agbandje et al., 1992). For more than over 3 decades, various aminoalkylaminoanthraquinones have been designed in order to reduce cardiotoxic effects caused by doxorubicin. Proof of principle has been established during Chapter 1 that the aminoanthraquinone quencher SM1 shows an IC50 value of 23.27  0.04 µM. So, we have decided to change the aminoanthraquinone moiety to a more toxic agent (here ALS1), which gives better IC50 value in terms of an anticancer agent. 

ALS1 consists of a 4-hydroxyl-anthraquinone substituted in the 1 position by 1,4– bis(3-aminopropyl)piperazine, which has the potential to act as a cytotoxic agent as well as fluorescence quenching chromophore. Piperazines (1, 4-diazacyclohexane) are nitrogen-containing heterocyclic compounds with important pharmacological properties (Siddiqui et al., 2011; Asif, 2015). Piperazine like compounds acquires a flexible binding feature with a general binding motif that provide potent and selective binding to the biological targets (Berkheij et al., 2005).  It is well known that piperazine based molecules have been recognised as anticancer agents (Gillet et al., 1997; Hulme and Cherrier, 1999, Samie et al., 2016). Hatnapure and colleagues (2012) have shown that piperazine based compounds are more active and potent than current available chemotherapeutic agents such doxorubicin and cisplatin against various tumours (Hatnapure et al., 2012). ALS1 contains a piperazine ring which has a potential cytotoxic effect towards prostate cancer cells. Figure 3.22 shows the proposed mechanism for the release of cytotoxic ALS1. The figure shows the hypothetical pathway of prodrug ALS5 and legumain mediated cleaved fragment ALS1 across the cell membrane, becoming protonated once reaching the acidic lysosome resulting in lysosomal sequestration (trapping). This trapping of lipophilic amine ruptures the lysosomal membrane and induces apoptosis.
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[bookmark: _Toc494787009]Figure 3.22. Schematic representation of proposed cytotoxic agent (ALS1) release mechanism. 

As discussed in Chapter 1, the selection of amino acid in the design of prodrug ALS5 remains the same. The fluorophore rhodamine B is attached to a tripeptide chain Pro-Ala-Asn at the P3 position to the N-terminus of proline and aminoanthraquinone quencher at the P1 position to the C-terminus of asparagine, where legumain is expected to cleave the prodrug. It is well known that legumain can only cleave at the C-terminus of asparagine; therefore, asparagine was preferred for the P1 position (Chen et al., 1997; Edgington et al., 2013).

Normally in theranostic prodrugs, the use of a fluorophore is to monitor the release of the drug (Kong et al., 2016). However, in in vivo conditions, a fluorophore such as a coumarin (Maiti et al., 2013), fluorescein and BODIPY used for theranostic prodrugs are not suitable for drug monitoring due to their short wavelength emission, poor photostability and low quantum yield (Kong et al., 2016). Here, we have exploited the well-known fluorescence properties of a ring-opened rhodamine-B-peptide conjugate to create a theranostic prodrug with a novel anthracenedione quencher molecule. Ring-opened rhodamine B shows strong absorption between 540-555 nm and emission between 560-585 nm with high quantum yield (Beija et al., 2009; Kim et al., 2008). The spectroscopic properties of ring open rhodamine-B have been discussed in Chapter 1. To date, there are no theranostic prodrugs that have been designed specifically for legumain. Thus, there is an important need for monitoring drug release in vivo; rhodamine B, which has outstanding spectroscopic properties, has the potential to monitor drug release in vivo. The following sections explain the design and evaluation of novel theranostic prodrug ALS5.

Hence, ALS5 has the potential to be used as both a diagnostic and therapeutic (theranostic) tool for cancer. The present study utilises a novel anthracenedione-rhodamine, fluorescence resonance energy transfer (FRET) pair system to label the termini of a uniquely sensitive Pro-Ala-Asn legumain substrate, which has the potential to be cleaved by the proteolytic action of legumain in the tumour microenvironment. We hypothesis that legumain-triggered theranostic prodrug ALS5 has the potential to selectively target cancer cells and may subsequently be activated in the presence of legumain and produce a fluorescent signal upon disassembly. The prodrug evaluated here is meant to release the cytotoxic agent Propyl-Pip-Propyl-AQ(4-OH) ALS1 upon activation by legumain. The following section explains the synthetic strategy, adopted for the preparation of rhodamine-B based third generation legumain targeted theranostic prodrug Rho-Pro-Ala-Asn~ Propyl-Pip-Propyl-AQ(4-OH) ALS5.

[bookmark: _Toc494786836]Synthetic Strategy

For general discussion on aminoanthraquinone, amino acid coupling, protection and deprotection, see Sections 1.2.2.1. – 1.2.2.3. 

[bookmark: _Toc494786837]Synthetic overview of rhodamine-based theranostic prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5)

The synthesis of the unique rhodamine-B based theranostic prodrug (ALS5) was conducted using convergent synthesis methods (both solution and solution phase peptide) as shown in Scheme 3.1. The prodrug was purified by silica gel column chromatography and characterised by 1H nmr, 13C nmr and high resolution mass spectrometry (HRMS) together with all synthetic intermediates. Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn (Trt)-NovaSyn®TGT resin using SPPS Fmoc strategy and the anthraquinone derivative, Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1), was synthesised using solution chemistry.

The substrate contained a tripeptide (Pro-Ala-Asn) with a fluorophore rhodamine-B attached to the N-terminal proline and a Propyl-Pip-Propyl attached to the asparagine with the scissile bond placed between asparagine and the aminoanthraquinone derivative ALS1. The synthesis of the ALS5 prodrug can be divided into the following steps as shown in Scheme 3.1.

I. The synthesis of ALS1-Boc began by the amination of leucoquinzarin with 1,4-bis(3-aminopropyl)piperazine followed by protection of the primary amino group with Boc2O using MeOH to produce Boc- Propyl-Pip-Propyl-AQ(4-OH) (ALS1-Boc). 
II. Deprotection of Boc protected ALS1-Boc with 100% TFA to yield free amine Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1). 
III. Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn (Trt)-NovaSyn®TGT resin using Fmoc strategy. SM10-Trt was cleaved from resin with a solution of 0.5% TFA in 100mL DCM.
IV. Finally, coupling of ALS1 TFA in DMF with Rho-Pro-Ala-Asn(Trt)-OH, followed by the deportection of the Trt group, gave the final prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5). 


[bookmark: _Toc494787042]Scheme 3.1. Synthesis of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5).
Reagents and conditions: (i) 20% piperidine in DMF, RT, 30 min. (ii) Fmoc-Ala-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (iii) 20% piperidine in DMF, RT, 30 min. (iv) Fmoc-Pro-OH, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (v) 20% piperidine in DMF, RT, 30 min. (vi) Rho-B, PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (vii) 0.5% TFA in DCM, RT, 10 min. (a) 1,4-bis(3-aminopropyl)piperazine, triethylamine, DCM, 95°C, 1 h; Boc2O 20%, MeOH, 0°C 2 h. (b) TFA, RT, 2 h. (viii) Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1), SM10-Trt (Rho-Pro-Ala-Asn(Trt)-OH), PyBOP, HOBt, DIPEA, DMF, RT, 2 h. (ix) TFA, RT, 2 h. 

[bookmark: _Toc494786838]Design of rhodamine-based theranostic prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5)

A convergent method was used to synthesise theranostic Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5). As discussed in Section 1.2.3.2.2, Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) was synthesised on Fmoc-Asn (Trt)-NovaSyn®TGT resin using SPPS Fmoc strategy, however, solution chemistry was used to make Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1).

Synthesis of Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1)

Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1) was synthesised by dissolving leucoquinizarin in dichloromethane, followed by the addition of 1,4-bis(3-aminopropyl)piperazine and then the reaction mixture was heated over a water bath at 95°C for 1 hour. Leucoquinizarin on reaction with amines can give both mono and diaminoanthraquinone derivatives as discussed in Section 1.2.3.1.1. The extent of substitution depends on how many equivalents of amine (here, 3 equivalents) were added during the reaction and reaction time. Addition of a low amount of amine, can only yield the required monoaminoanthraquinone. Once the reaction was complete, trimethylamine was added, followed by aeration (oxidation), whereupon the greenish blue colour of the reduced leuco form of the aminoanthraquinone derivative changed to a typical purple colour providing evidence of the amination of the anthraquinone to introduce the 1,4-bis(3-aminopropyl) piperazine side-chain and retaining the 4-hydroxy group. The crude product was not purified at this stage due to poor solubility. Boc2O in MeOH was added dropwise and the mixture was stirred at 0C for 2 hours. Once the reaction was complete, monitored by TLC, the standard purification method to remove impurities was applied, to give the title N-protected intermediate ALS1-Boc. Subsequent deprotection of the Boc group from compound ALS1-Boc proceeded smoothly in 100% TFA to yield compound H-Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1) (Figure 3.23, Scheme 3.1). Finally, diethyl ether was added into the reaction mixture in order to precipitate ALS1 from solution. The purified compound ALS1 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 423.2377 Da for the species [M]+, that is consistent with the theoretical RMM excluding the trifluoroacetate anion. 



[bookmark: _Toc494787010]Figure 3.23. Reaction scheme for the synthesis of Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1). 
Reagents and conditions: (i) 1,4-bis(3-aminopropyl)piperazine, triethylamine, DCM, 95°C, 1 h; Boc2O 20%, MeOH, 0°C 2 h. (ii) TFA, RT, 2 h.

The structure of ALS1 was further confirmed by its 1H nmr spectrum. The four central methylene protons of both propyl groups were assigned to a multiplet between 1.83- 2.00 ppm. Fourteen methylene protons (adjacent to N) were assigned to signals between 2.50-3.24 ppm and a two-proton quartet was seen at 3.54 ppm (for the methylene group adjacent to N-Aromatic). The aromatic protons were all successfully assigned; the aryl protons at positions 2- and 3- were seen as two separate proton doublets at 7.40 and 7.57 ppm, respectively.  A five-proton multiplet between 7.87-7.99 ppm was assigned to the aryl protons at positions -6, -7 and the NH3+ group. The aryl protons at position -5 and -8 were assigned to a multiplet at 8.28 ppm. A broad singlet centred at 10.30 ppm was assigned to the arylamino proton. The proton of the aryl hydroxyl proton was seen as a singlet at 13.64 ppm.

Additionally, the proton-decoupled, 13C nmr showed signals for all carbon environments. A DEPT experiment clearly distinguished the 10 methylene CH2 carbon signals, 6 methine CH carbon signals, with the remaining 10 quaternary carbon signals being accounted for by difference. The two methylene carbon signals of the propyl spacer were found at 36.65 ppm and 36.79 ppm. The remaining methylene carbon signals of the propyl-piperazine-propyl spacer (adjacent to N) were found at 38.65, 39.48, 49.29 and 49.82 ppm. The four quaternary carbon signals of the anthraquinone skeleton was assigned between 107.63 ppm and 118.58 ppm. The six methine carbons of the anthraquinone skeleton were accounted for at 125.39, 126.04, 126.32, 128.77, 133.08 and 134.67 ppm. The quaternary carbon signal of the carboxyl acid was assigned at 131.90 ppm. The quaternary carbon signal of the trifluoroacetate salt gave a quartet between 157.85 ppm and 159.16 ppm (split by F). The downfield quaternary carbonyl carbon signals were found at 181.99 ppm and 186.82 ppm.

Synthesis of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt)

See Section 1.2.3.2.2 for the synthesis and characterisation of SM10-Trt. 

Synthesis of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5)

The prodrug ALS5, Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) was synthesized by coupling Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt) on to the free amine end of H-Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1) by following a simple peptide coupling procedure (PyBOP, HOBt, DIPEA) in DMF (Figure 3.24, Scheme 3.1). Once the reaction was complete, the vivid pink colour of the peptide substrate changed to a typical dark pinkish-purple colour. The reaction was monitored by TLC and followed by the standard purification method to remove impurities, to give the intermediate Rho-Pro-Ala-Asn(Trt)-Propyl-Pip-Propyl-AQ(4-OH). The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness, followed by subsequent deprotection of the Trt group from the intermediate product by using 100% TFA to yield compound ALS5. The solution was triturated with ether to give ALS5 as a solid precipitate. The compound ALS5 was characterised by its HRMS (ESI) mass spectrum which displayed a signal at m/z 1129.5856 Da for the species [M]+, corresponding to the molecular mass of 1129 Da for prodrug ALS5 (Figure 3.25), which verified that ALS5 had the correct structure.



[bookmark: _Toc494787011]Figure 3. 24. Reaction scheme for the synthesis of Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5). 
Reagents and conditions: (i) Propyl-Pip-Propyl-AQ(4-OH) TFA (ALS1), SM10-Trt (Rho-Pro-Ala-Asn(Trt)-OH), PyBOP, HOBt, DIPEA, DMF, RT, 2 h; TFA, RT, 2 h. 
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[bookmark: _Toc494787012]Figure 3.25. HRMS (ESI+) mass spectrum of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5).

The structure of the compound was further confirmed by its 1H nmr spectrum.  A three-proton doublet was assigned to the methyl proton of alanine at 1.07 ppm. The ten-proton multiplet was assigned to the β-methine and γ-methylene proton of proline and propyl group between 1.64 ppm – 1.92 ppm. A β-methylene proton of asparagine was assigned to a two-proton doublet at 2.41 ppm.  Signals between 2.66 – 3.70 ppm were obscured by solvent. A two-proton unresolved multiplet was assigned to the chiral methine protons of proline and asparagine at 4.02 ppm. The chiral methine proton of alanine was assigned as one proton multiplet at 4.36 ppm. The methyl protons of rhodamine were assigned to a twelve-proton triplet at 1.21 ppm. The aromatic protons were all successfully assigned; the rhodamine protons at positions 4 and 5 were assigned to a two-proton doublet at 6.95 ppm and a five-proton multiplet at 7.11 ppm was assigned to the rhodamine protons at positions 1, 2, 7 and 8 and the amino proton. The H-3’, 4’, 5’ protons were assigned as a three proton multiplet at 7.77 ppm. The rhodamine protons at position H-6’ and the anthraquinone proton at position -3 gave a two-proton doublet at 7.51 ppm. A two-proton multiplet was assigned to the anthraquinone position 2, and the amino proton at 7.38 ppm. The anthraquinone protons at position 6 and 7 were assigned to a multiplet at 7.89 ppm. A signal-proton doublet at 8.19 ppm was assigned to the secondary amino group and a two proton multiplet at 8.26 ppm was assigned to the anthraquinone protons at positions 5 and 8. The anthraquinone amino proton was assigned as a broad singlet at 10.33 ppm. A proton of the anthraquinone hydroxyl proton was assigned as a singlet at 13.67 ppm. 

[bookmark: _Toc494786839]High performance liquid chromatography (HPLC) analysis 

A successful and quick analytical method was developed for the separation and quantification of Propyl-Pip-Propyl-AQ(4-OH) (ALS1), Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) and Rho-Pro-Ala-Asn-OH (SM10). Due to the hydrophilic/polarity of ALS1 compound, we have used a different gradient method which depends on the polarity of the compound (Table 2). For sample preparation, ALS1, ALS5 and SM10 were diluted in filtered 50% ACN in water. Figures 3.26- 3.28 shows the individual and combined chromatogram for ALS1 ALS5 and SM10. Furthermore, Figure 3.29 shows the combined chromatograph of ALS1, ALS2 and SM10 measured together by retention time on an X-bridge shield RP18. The HPLC chromatogram of a mixture of ALS1, ALS5 and SM10 afforded good resolution, with notably different retention times on an X-bridge shield RP18 reverse-phase column. Here, the data shown is representative from one experiment performed in triplicate.

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/ALS1.pdf]
[bookmark: _Toc494787013]Figure 3.26. HPLC chromatogram of Propyl-Pip-Propyl-AQ(4-OH) (ALS1; (50 µM) in 50% ACN in water. Retention time (tR = 4.600 min). 

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/ALS5.pdf]
[bookmark: _Toc494787014]Figure 3.27. HPLC chromatogram of Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5; 50 µM) in 50% ACN in water. Retention time (tR = 8.805 min).

[image: /Volumes/NO NAME/Results/HPLC results/16 NOV 16/SM10 for ALS HPLC IM method.pdf]
[bookmark: _Toc494787015]Figure 3.28. HPLC chromatogram of Rho-Pro-Ala-Asn-OH (SM10; 50 µM) in 50% ACN in water. Retention time (tR = 7.351 min).
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[bookmark: _Toc494787016]Figure 3.29. HPLC chromatogram of ALS1, ALS5 and SM10 (50 µM each) in 50% ACN in water. Retention time (ALS1, tR = 4.451 min; SM10, tR = 7.341 min and SM9, tR = 8.795 min).

[bookmark: _Toc494786840]FRET studies 

As described in Section 1.2.9.3. for the Rho-Pro-Ala-Asn-PEG-AQ(4-OH) probe SM9, a FRET (Forster or fluorescence resonance energy transfer) experiment was carried out to find out whether the emission spectrum of the fluorophore [in this case, Rho-Pro-Ala-Asn-OH (SM10)] overlapped the absorption spectrum of the quencher [in this case, active agent, Propyl-Pip-Propyl-AQ(4-OH) (ALS1)].

Figure 3.30 shows that the maximum wavelength (570 nm) for the absorption spectrum of compound ALS1 and Figure 3.31 showed the maximum fluorescence intensity of SM10 at 583 nm.  As described in Section 1.2.8, rhodamine B has a high quantum yield and is efficiently quenched by aminoanthraquinone group. Fluorescence spectroscopy assay was carried out to reveal that the fluorescence released from the fluorophore (Rho-Pro-Ala-Asn-OH) was perfectly quenched by the ALS1 aminoanthraquinone quencher. Taken together, these results confirm that the legumain based theranostic prodrug ASL5 is an efficient FRET substrate in which rhodamine based (donor) fluorescence is fully quenched by an aminoanthraquinone residue (acceptor). In Figure 3.32 data from fluorophore quenching studies showed that the relative fluorescence intensity of the intact prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5; released no fluorescence) was lower than the fluorophore SM10. This confirmed that ALS5 is an efficient FRET substrate in which rhodamine based donor fluorescence is fully quenched by an aminoanthraquinone residue (acceptor). Here, the data shown is from one experiment performed in triplicate..
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[bookmark: _Toc494787017]Figure 3.30. Absorption Spectrum of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) 
(20 µM in assay buffer, pH 5.0).
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[bookmark: _Toc494787018]Figure 3. 31. Fluorescence Spectrum of Rho-Pro-Ala-Asn-OH (SM10, 1 µM)
in assay buffer, pH 5.0, (λex 540 nm and λem 583 nm).

[image: ]
[bookmark: _Toc494787019]Figure 3.32. Comparison of relative fluorescence spectra of Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5; 1 μM) and Rho-Pro-Ala-Asn-OH (SM10, 1 μM) assay buffer, pH 5; λex 544 nm, λem 583 nm. 


[bookmark: _Toc494786841]Recombinant human legumain mediated cleavage of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5)

As shown previously in Section 1.2.10 for SM9, a fluorimetric assay was developed using human recombinant legumain at 37°C in MES assay buffer (pH 5.0) to demonstrate quenching of the fluorogenic prodrug (ALS5) and strong restoration of rhodamine fluorescence. In Figure 3.33, fluorimetric data showed that there was an increase in relative fluorescence intensity over time, which indicates that the prodrug ALS5 was cleaved by legumain releasing the fluorescent Rho-B labelled tripeptide. However, pre-incubation of legumain with iodoacetamide (1 mM; 15 minutes) inhibited fluorescence release.
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[bookmark: _Toc494787020]Figure 3.33. Recombinant human legumain-mediated cleavage of prodrug ALS5. 
Variation in relative fluorescence intensity with time for Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5; 10 μM) upon incubation with rh-legumain (40 ng) in legumain assay buffer (pH 5.0), λex 544 nm, λem 583 nm; Pre-incubation of rh-legumain with Iodoacetamide (1 mM, 15 min); (n=3).

[bookmark: _Toc494786842]Physiochemical properties

As described in Section 1.2.12. for the probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and its legumain mediated cleavage fragments, PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10), a distribution coefficient experiment was carried out to find out the physicochemical properties of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) and Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) and Rho-Pro-Ala-Asn-OH (SM10).

Data presented in Figure 3.34 shows that ALS5 possessed a greater lipophilicity (Log D +2.45  0.19) than ALS1 (Log D 0.42  0.08) and SM10 (Log D -0.59  0.11). The calibration curves are discussed in Appendix 1. Here, the aminoanthraquinone moiety has been changed to the one used in SM1 [PEG-AQ(4-OH)], by incorporating propyl-pip-propyl to increase the lipophilicity. These results suggest that both the lipophilic prodrug ALS5 and the aminoanthraquinone ALS1 have the ability to passively diffuse across membrane and become protonated once reaching the acidic lysosome (Marceau et al., 2012)
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[bookmark: _Toc494787021]Figure 3.34. Experimentally determined octanol/water partition coefficients. 
Relative lipophilicity/ hydrophobicity of the test compounds (ALS1, ALS5 and SM10); (n=3).

[bookmark: _Toc494786843]Cell viability assay (MTT assay)

As described in Section 1.2.11 for the probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9) and its legumain mediated cleavage fragments, PEG-AQ(4-OH) (SM1) and Rho-Pro-Ala-Asn-OH (SM10), a MTT assay was carried out to find out the in vitro chemosensitivity of the intact prodrug and its legumain mediated cleavage fragments.

Here, the cytotoxicity of the intact prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ (ALS5) and its legumain mediated cleavage fragments Propyl-Pip-Propyl-AQ(4-OH) (ALS1) and Rho-Pro-Ala-Asn-OH (SM10) were measured using an MTT assay against prostate cancer cells (PC-3). PC-3 cells were treated with 0.01, 0.1, 1, 10 and 100 µM of each compound for 96 h. Figure 3.35 shows that in the PC-3 cell line, the aminoanthraquinone ALS1 and prodrug ALS5 have IC50 values of 1.21  0.12 µM and 41.15  0.09 µM, respectively. The legumain-induced cleavage product ALS1 has thirty-five fold greater potency than prodrug ALS5, from which it is derived. ALS1 showed significant anti-proliferative activity at 10 and 100 µM, with an approximate 95% reduction in cell proliferation compared to the control cells (Figures 3.35 and 3.36). However, the ALS5 prodrug shows a very small anti-proliferative activity, only 100 µM, compared to the control cells (Figures 3.35 and 3.37). Also, SM10 does not show any cytotoxicity at the concentrations tested (Figures 3.35 and 3.38). This study revealed that ALS1 is a cytotoxic compound.  These results suggested that intact prodrug ALS5 is nontoxic in the normal, physiological cellular environment, however, legumain mediated cleavage fragment ALS1 shows substantial anti-proliferative activity.
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[bookmark: _Toc494787022]Figure 3.35. Dose-response curve for cell viability of PC-3 cells treated with 
Propyl-Pip-Propyl-AQ(4-OH) (ALS1) compared to prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) and its legumain mediated cleaved fragment Rho-Pro-Ala-Asn-OH (SM10) in PC-3 cells (measured at 540 nm; 96 h incubation); (n=3).
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[bookmark: _Toc494787023]Figure 3.36. MTT analysis results of PC-3 cells treated with different concentrations of Propyl-Pip-Propyl-AQ(4-OH) ALS1; (n=3). 
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[bookmark: _Toc494787024]Figure 3.37. MTT analysis results of PC-3 cells treated with different concentrations of Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5); (n=3).
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[bookmark: _Toc494787025]Figure 3.38. MTT analysis results of PC-3 cells treated with different concentrations of compound Rho-Pro-Ala-Asn-OH (SM10); (n=3).

[bookmark: _Toc494786844]Morphological evaluation 

Here, a more in-depth morphological analysis was carried out using bright field microscopy to determine the morphological characteristics of PC-3 cells after Propyl-Pip-Propyl-AQ(4-OH) (ALS1) (1 µM; 2 - 24 hours post-treatment) in comparison to the untreated control cells, DMSO treated cells (vehicle control) and camptothecin (10 μM; positive control). Figures 3.39 – 3.43 shows that PC-3 cells treated with ALS1 (1 μM) for a duration of 2- 24 hours exhibit more prominent growth inhibition and cell shrinkage compared to untreated cells or cells treated DMSO. This confirmed the result from the previous Section 3.2.9 (Figure 3.44) that ALS1 is a cytotoxic compound with an IC50 values of 1.21  0.12 µM. Although there were no significant morphological changes observed after 24 hours of culture in the presence of DMSO or in the untreated PC-3 cells, there were significant changes observed after 24 hours of culture in the presence of ALS1 (1 μM) and camptothecin (10 μM) (Figure 3.43). Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.
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[bookmark: _Toc494787026]Figure 3.39. Cytotoxic effects of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) on PC-3 cells. 
Bright field microscopy shows changes in cell morphology after treatment with ALS1 (1 µM) 2 h post-treatment. Slide A) normal untreated cells; B) DMSO control; C) camptothecin (CPT)- 10 µM and D) ALS1- 1 µM.
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[bookmark: _Toc494787027]Figure 3. 40. Cytotoxic effects of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) on PC-3 cells. 
Bright field microscopy shows changes in cell morphology after treatment with ALS1 (1 µM) 4 h post-treatment. Slide A) normal untreated cells; B) DMSO control; C) camptothecin (CPT)- 10 µM and D) ALS1- 1 µM.
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[bookmark: _Toc494787028]Figure 3.41. Cytotoxic effects of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) on PC-3 cells. 
Bright field microscopy shows changes in cell morphology after treatment with ALS1 (1 µM) 6 h post-treatment. Slide A) normal untreated cells; B) DMSO control; C) camptothecin (CPT)- 10 µM and D) ALS1- 1 µM.
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[bookmark: _Toc494787029]Figure 3.42. Cytotoxic effects of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) on PC-3 cells. 
Bright field microscopy shows changes in cell morphology after treatment with ALS1 (1µM) 8 h post-treatment. Slide A) normal untreated cells; B) DMSO control; C) camptothecin (CPT)- 10 µM and D) ALS1- 1 µM.
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[bookmark: _Toc494787030]Figure 3.43. Cytotoxic effects of Propyl-Pip-Propyl-AQ(4-OH) (ALS1) on PC-3 cells. 
Bright field microscopy shows changes in cell morphology after treatment with ALS1 (1 µM) 24 h post-treatment. Slide A) Normal untreated cells; B) DMSO control; C) Camptothecin (CPT)- 10 µM and D) ALS1- 1 µM.

[bookmark: _Toc494786845]Flow cytometry 

In this section, flow cytometry was used to investigate the morphological changes with Propyl-Pip-Propyl-AQ(4-OH) (ALS1; 1 μM) post-treatment. Flow cytometric scatter dot plots (Figure 3.44) and histograms (Figure 3.45) were collected to demonstrate subpopulation variability in ALS1 accumulation in PC-3 cell in comparison to the untreated control cells, DMSO treated cells (vehicle control) and camptothecin (10 μM; positive control). 

PC-3 cells were left untreated or treated with DMSO, ALS1 (1 μM) or camptothecin (10 μM) for 24 hours and their effects on apoptosis evaluated using Annexin V/FITC flow cytometry (Figure 3.44). For gating of cells, and to identify any changes in the scatter properties of the cells, FSC-A vs SSC-A plots were used. During apoptosis, cells round up and shrinkage occurs, which correlates with a decrease in forward scatter, while the formation of apoptotic vesicles correlates with an increased in side scatter.  Annexin V FITC vs DAPI plots from the gated cells show the populations corresponding to viable and non-apoptotic (quadrant (Q3); Annexin V–DAPI–), early (quadrant (Q4); Annexin V+DAPI–), late (quadrant (Q2); Annexin V+DAPI+) apoptotic cells and necrotic cells (quadrant (Q1); Annexin V-DAPI+). Quantitative analysis using the Annexin V/DAPI assay showed that in the untreated (control) samples, the majority of cells (99.7%) were viable and non-apoptotic (Annexin V– DAPI–). In contrast, when cells were treated with 1 μM of ALS1 or 10 μM camptothecin for 24 h, 79.3 % and 75% of Annexin V–PI– cells were observed, respectively. Figure 3.45 shows that there was an increase in early apoptotic cell populations (Annexin V+PI–) from untreated to treated ALS1 cells (0.16% to 7.57% Annexin V+PI–, respectively). Furthermore, an increase in the late apoptosis (Annexin V+PI+) population was also observed which indicates late apoptotic or dead cells from untreated to treated ALS1 cells (0.1% to 10.7% Annexin V+PI+, respectively). Late apoptotic necrotic cells showed an increased uptake of DAPI, compared to viable cells.
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[bookmark: _Toc494787031]Figure 3.44. Flow cytometric analysis of apoptosis in PC-3 cells. 
Apoptosis was measured by staining with Annexin V-FITC/DAPI. (A) Untreated PC-3 cells (B) DMSO control (C) camptothecin (CPT),10 µM (D) Propyl-Pip-Propyl-AQ(4-OH) (ALS1), 1 µM. The upper left quadrants (Q1) contain the nonviable, necrotic cells, Annexin V-/DAPI+ uptake. The upper right quadrants (Q2) represent the late apoptotic cells, Annexin V+/DAPI+. The lower left quadrants (Q3) show viable cells, Annexin V-/DAPI-. The lower right quadrants (Q4) represent the early apoptotic cells, Annexin V+/DAPI-. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.
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[bookmark: _Toc494787032]Figure 3.45. Quantification of apoptosis in PC-3 cells. 
Percentage of cell death based on measurement of apoptosis and necrosis by Annexin V/DAPI staining; (n=3).

[bookmark: _Toc494786846]Cellular uptake and localization 

Confocal live-cell imaging was performed to analyse the cellular uptake and localization of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) and its legumain mediated cleaved fragment Propyl-Pip-Propyl-AQ(4-OH) (ALS1) using PC-3 cells. 

Cellular uptake and localization of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) 

In this section, confocal live-cell imaging was performed to analyse the cellular uptake and localization of prodrug Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) in PC-3 live cells in the presence of LysoTracker Green DND26. A similar assay was developed as discussed in Chapter 1 (Section 1.2.13). Figure 3.46 (i) show the cellular uptake of ALS5 after incubation at several time points (0, 30, 60 and 120 minutes). ALS5 compounds show a punctate staining pattern (Figure 3.46 (i), panels E, H and K) and clear colocalization with lysosomes (Figure 3.46 (i), panels F, I and L). There is no localization of the ALS5 observed within the nucleus. To measure the colocalization of ALS5 intact prodrug, a quantitative analysis of confocal images was performed. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localization [Figure 3.46 (ii)]. Here, the data shown is from one experiment (n = 1) and is representative of triplicates.
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[bookmark: _Toc494787033]Figure 3.46. Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5) uptake in the lysosomes of PC-3 cells.
(i) ALS5 (1 μM) localised to the lysosome within 0-120 min as measured by live cell imaging (scale bar = 20 μm). The colocalization of LysoTracker Green with ALS5 (red) is shown as yellow merged. (ii) Degree of colocalization of ALS5; the bar chart represents the Pearson’s and Mendors’s overlap coefficients of ALS5 in the lysosome of PC-3 cells. Images were captured at 63x magnification.

Cellular uptake and localization of legumain mediated cleaved fragment Propyl-Pip-Propyl-AQ(4-OH) ALS1

Here, as in Section 3.2.12.1, confocal live-cell imaging was performed to analyse the cellular uptake and localisation of prodrug ALS1 in PC-3 live cells in the presence of LysoTracker Green DND26. Figure 3.46 (i) show the cellular uptake of ALS5 after incubation at several time points (0, 30, 60 and 120 minutes). Similar to ALS5, ALS1 showed a punctate staining pattern (Figure 3.47 (i), panels E, H and K) and clear colocalization with lysosomes (Figure 3.47 (i), panels F, I and L). Furthermore, PC-3 cells showed morphological changes with ALS1 (1 μM), at 120 minutes post treatment. Figure 3.47 (i), panels I, K and L show shrunken cells with condensed fragmented nuclei (a sign of apoptosis), which supports the results discussed in Section 3.2.9 and 3.2.10. To measure the colocalization of ALS1 intact prodrug, a quantitative analysis of confocal images was performed. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localization [Figure 3.47 (ii)]. Here, the experiments show the representative data from one experiment (n = 1) performed in triplicate.
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[bookmark: _Toc494787034]Figure 3.47. Propyl-Pip-Propyl-AQ(4-OH) (ALS1) uptake in the lysosomes of PC3 cells.
(i) ALS1 (1 μM) localised to the lysosome within 0-120 min as measured by live cell imaging (scale bar = 20 μm). The colocalization of LysoTracker Green with ALS1 (red) is shown as yellow merged. (ii) Degree of colocalization of ALS1; the bar chart represents the Pearson’s and Mendors’s overlap coefficients of ALS1 in the lysosome of PC-3 cells. Images were captured at 63x magnification.

[bookmark: _Toc494786847]Discussion 

For decades, the adverse effects and lack of specificity of chemotherapeutic anticancer agents have been the main hurdles restraining development of effective treatments (Cairns et al., 2006). To improve the specificity of a drug to target a tumour cell, a cell-targeted prodrug therapy approach can be employed (Hu et al., 2010; Zhong et al., 2013). Tumour-associated proteases, such as legumain, play an important role in prodrug activation and release. As discussed in Section 3.1.4.3, to date there are only a small number of legumain targeted prodrugs available and these are still at the pre-clinical stage. Exploiting the activity of the proteases would likely improve the therapeutic index of many available anticancer agents which are otherwise toxic and not suitable for therapy, providing that they have suitable functional groups available for modification into prodrug forms. In recent years, a new approach in the design of prodrugs has been developed called theranostics. Theranostics is a technology which combines a therapeutic application with diagnostic behaviour, which can be achieved by using fluorophores as a diagnostic element attached to the prodrug (Kim et al., 2014).

There is great demand of novel methods which can improve the selectivity and specificity of anticancer agents, thus a nontoxic tumour protease activated theranostic prodrug would be of great value for the accurate diagnosis and treatment of cancer.  In this way, a chemotherapeutic agent can be directly delivered at the target site to achieve its maximum potential. Furthermore, the release of the chemotherapeutic agent can be monitored in real-time to facilitate study of the drug delivery efficacy, drug release kinetics and its tissue and cellular location.  According to Cao and colleagues (2016), this kind of novel approach may have challenges, for example, the attached fluorophores might be incapable in showing the actual drug delivery location of the prodrug because they might be cleaved from the prodrug in the complex biological environment. Furthermore, the conjugation of a fluorophore with drug may change the physical and chemical properties of the original active agent resulting in altered pharmacokinetic and pharmacodynamic properties (Cao et al., 2016). 

There is extensive literature available on the expression of legumain in solid tumours (Section 1.1.4). Additionaly, several groups have reported the design of legumain based prodrugs (Section 3.1.4.3). However, to date, there have been no studies conducted to develop a theranostic prodrug based on legumain. This motivated us to design our first legumain based theranostic prodrug, called ALS5, which has the capacity to respond to the tumour microenvironment where legumain is overexpressed and release the cytotoxic agent in a controlled, specific manner. It is well known that legumain is overexpressed and active in the acidic pH environment of solid tumours (Chen et al., 1997; Dall and Brandstetter, 2015). The major basis of the specificity of legumain for its substrates is the amino acid (Asn) in the P1 position of the scissile bond (Chen et al., 1997).

As discussed in Section 3.2.2. prodrug ALS5 possessed a rhodamine B fluorophore and the tripeptide linker (P1-Asn, P2-Ala, P3- Pro) identical to that in probe SM9 (Chapter 1), both SM9 and ALS5 were fully activated upon incubation with recombinant human legumain (Figure 1.78 and Figure 3.32, respectively). The theranostic prodrug ALS5 was designed by conjugating a Rho-Pro-Ala-Asn tripeptide with a lysosomotropic anthracenedione cytotoxic agent Propyl-Pip-Propyl-AQ(4-OH) (ALS1) via a peptide bond (Figure 3.19) and has the potential to serve as a dual diagnostic tool and therapeutic (theranostic) agent in cancer. ALS1 incorporates a piperazine ring and protonation of piperazine ring in the both ALS5 and ALS1 will enhance lysosomal accumulation. Studies show that piperazine based molecules have been recognised as anticancer agents (Gillet et al., 1997; Hulme and Cherrier, 1999). Yoshida and colleagues (1999) reported effective antitumour activity against breast and colon cancer by using MST-16 [4,4-1,2-(ethanediyl)bis(1-isobutoxycarbonyl-oxy-methyl-2,6-piperazinedione)] and piperazine analogues {ICRF-159 [()-1,2-bis(3,5-dioxopiperazin-1-yl)propane] and ICRF-187 [(+)-1,2-bis(3,5-dioxopiperazinyl-1-yl) propane]} (Yoshida et al., 1999).

This motivated us to exploit the piperazine property by using it as a cytotoxic agent in the design of theranostic prodrug ALS5. Here, we proposed that, in the tumour microenvironments such as those with low pH (Muhammad et al., 2011), where legumain is overexpressed (Chen et al., 1997), the cleavage at the C-terminus of Asn was followed by the release of the cytotoxic agent ALS1 and the activation of the rhodamine fluorophore. The purpose of this strategy is to exploit the proteolytic activity of legumain by improving the specificity and efficacy towards the acid environment where legumain is overexpressed. The anthracenedione chromophore attached to the tripeptide was found to be an excellent quencher of the fluorescence of rhodamine B based on FRET mechanism (Figure 3.32). Figure 3.33 shows that rhodamine B tripeptide fluorescence is suppressed until the carrier of the prodrug is cleaved off, and it was simple to measure the amount of prodrug activated by detecting rhodamine release.  Immediate cleavage of the prodrug ALS5 was observed in vitro upon addition of recombinant human legumain, releasing the rhodamine based fluorophore tripeptide (Figure 3.33). 

For the screening of new compounds, an MTT assay is a suitable method within a short time in order to establish cytotoxicity on cancer cells (Alley et al., 1988). In this study, we determined the chemosensitivity of our prodrug ALS5 and its legumain cleaved fragment ALS1 using MTT assay (Figure 3.35). The anthracenedione ALS1 possessed IC50 1.21  0.12 µM in PC-3 cells, and it was over 30 times more potent than the intact prodrug IC50 41.15  0.09 µM. The cytotoxicity studies revealed that the intact prodrug ALS5 is a smart therapeutic candidate to release cytotoxic agent like ALS1 at the target site in compare to the traditional chemotherapeutic approach.

The MTT cytotoxicity result for ALS1 was further supported with a morphological study using bright field microscopy. Morphological features characteristic of apoptosis [such as rounding up of the cell, cell shrinkage, condensation of chromatin, fragmentation of nuclei, reduction of cellular volume, plasma membrane blebbing and formation of small apoptotic bodies which carries cytoplasmic material (Golstein and Kroemer, 2007)] of the cell were confirmed under bright field microscope (Figure 3.39 – Figure 3.43). The percentage of apoptotic cells treated with ALS1 (1μM) also increased with timeflow. However, there was no change observed with the untreated and DMSO treated PC-3 cells. A positive control, camptothecin also showed an increase in apoptotic cells. According to Doonan and Cotter (2008), these distinctive morphological apoptotic features form the basis of some of the most extensively used techniques for the definition of apoptosis, and thus morphological description using bright field microscopy remains one of the simple ways to define apoptosis (Doonan and Cotter, 2008).

It is well known that change in cell morphology or biochemical action in apoptosis and necrosis are one of the reasons for mammalian cell death (Doyle and Griffiths, 1998). Loss of the plasma membrane integrity is one of the earliest characteristics of cells undergoing apoptosis. In healthy cells, the membrane phospholipid phosphatidylserine (PS) is located inside the plasma membrane, however, in the apoptotic/ necrotic cells, PS is exposed to the external cellular environment by translocation from the inner to the outer leaflet of the plasma membrane (Figure 3.48) (Martin et al., 1995). Annexin V (35-36 kDa) is a Ca2+ dependent phospholipid-binding protein, which has a great affinity for binding to the cells which exposed PS. When Annexin V is conjugated with the fluorophore FITC, retaining its high affinity with PS and used as a sensitive probe for flow cytometric analysis of cells experiencing apoptosis (Vermes et al., 1995). PS translocation proceeds by staining with Annexin V FITC, showing the latest stages of cell death resulting from either apoptotic or necrotic processes. Therefore, for the identification of early, late apoptotic and necrotic cells, PI is typically used in conjunction with Annexin V FITC. Healthy cells with intact PS membrane protein exclude PI, whereas the membranes of dead cells are permeable to PI. Viable/healthy cells with intact membrane exclude both Annexin V FITC and PI (negative), whereas early apoptosis shows Annexin V FITC positive and PI negative, late apoptosis shows Annexin V FITC positive and PI positive and necrotic dead cells are P1 positive only (Vermes et al., 1995). 
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[bookmark: _Toc494787035]Figure 3.48. Schematic representation of the cell. 
Cell marker difference between healthy and apoptotic cells for detection of apoptosis and necrosis.

Flow cytometric analysis was performed to measure the degree of apoptotic changes in cells by staining them with Annexin V/FITC and DAPI (Telford et al., 1994, Cummings et al., 2004). Untreated and treated PC-3 cells with ALS1 were evaluated for apoptosis and necrosis by flow cytometry. Late Apoptotic or necrotic cells, due to a change in membrane permeability, show an increased up-take of the DNA binding dye such as DAPI, compared to live cells. One advantage of using DAPI [Ex/Em (nm): 358/461] is that its excitation and emission wavelengths are different from PI [Ex/Em (nm): 493/636] (Cummings et al., 2004), providing best fit for the ALS1 analysis. Figure 3.44 and Figure 3.45 show that there was an increase in early apoptotic and late apoptotic cell populations (Annexin V+PI–) from untreated compared to treated ALS1 cells (0.16% to 7.57% Annexin V+PI– and 0.1% to 10.7% Annexin V+PI+, respectively). These results correlated with the previous results to suggest that ALS1 induces apoptosis on PC-3 cells more significantly with increasing time. 

Furthermore, using confocal microscopy, we have assessed the cellular uptake of both ALS5 and ALS1. Our results indicate that the prodrug enters the cell in the lysosomes (Figure 3.46), where the legumain is overexpressed. During cancer, legumain was reported to be present extracellularly linked to matrix proteins – the integrins or located near to the cell surface, associated with vesicles concentrated at the invadopodia of tumour cells (Liu et al., 2003). If legumain cleaves the prodrug ALS5 extracellularly it would result in the cytotoxic ALS1. Both prodrug ALS5 and ALS1 are lipophilic basic amines and tend to freely diffuse across the membranes in neutral form or in unionized from (R-NH2), but after protonation (R-NH3+) at acidic pH (late endosome or lysosomes), these lipophilic amines lose their membrane permeability becoming trapped in these organelles (Figure 3.15). This phenomenon is known as a “lysosomotropic effect” or “ion trapping” (Marceau et al., 2012). We predicted that the accumulation of lipophilic basic drugs (here ALS1) in acidic compartment of cell such as lysosome, can rupture the cell membrane resulting in cell death (Barbosa et al., 2006; Logan et al., 2012).

[bookmark: _Toc494786848]Conclusion

Many anti-cancer drugs suffer from poor selectivity to target cells, leading to a high degree of toxicity and potentially life-threatening side effects; therefore, chemotherapy is often prematurely stopped, reducing the chances of a drug achieving its full potential.  Whereas, the ALS5 smart prodrug approach has the potential to increase the selectivity and specificity of cancer drug delivery to tumour cells that overexpress legumain. This is the first study in the design of legumain-based theranostic prodrugs that can be exploited to activate prodrugs and therefore target the tumour cells where legumain is overexpressed. This novel approach can especially be applied to an anticancer agent known to be nonselective for cancer cells and that cause damage to normal tissues. Also, this magic bullet approach would improve the therapeutic index because of reduced toxicity toward normal cells, potentially improving therapy for cancer patients. We have successfully synthesised a theranostic prodrug ALS5 conjugating a Rho-Pro-Ala-Asn tripeptide with a cytotoxic agent ALS1 via a peptide bond. The cytotoxic agent ALS1 and the rhodamine B constitute an efficient FRET system, which has the potential to monitor the release of a cytotoxic agent from the prodrug. During in vitro assay, rhodamine B tripeptide fluorescence is suppressed until the carrier of the prodrug is cleaved off; it is simple to measure the amount of prodrug activated by detecting rhodamine release. Immediate cleavage of the prodrug ALS5 was observed in vitro upon addition of recombinant human legumain, releasing the rhodamine-based fluorophore tripeptide. Also, by flow cytometric analysis, the degree of apoptotic changes in cells caused by cytotoxic agent ALS1 was confirmed by staining them with Annexin V/FITC and DAPI. Compared to intact prodrug ALS5, ALS1 showed effective morphological changes indicative of apoptosis and high cytotoxicity effects in PC-3 cancer cells. This shows the great potential of ALS5 as a promising cancer cell-targeting prodrug platform with high efficacy and reduced side-effects. In addition, the theranostic prodrug can further enhance the treatment efficiency and reduced side effects caused by chemotherapy. This theranostic approach may offer smart tools for early cancer detection and therapy, which improve patient survival. 






Chapter 3
Experimental


[bookmark: _Toc494786849]Experimental 

[bookmark: _Toc494786850]General methods

For the general analytical method details for the chemical synthesis in this chapter see Section 1.3.1.

[bookmark: _Toc494786851]Solution and solid phase peptide synthesis 

For general synthetic method details for the chemical synthesis of compounds in this chapter see Section 1.3.2.

[bookmark: _Toc494786852]Anthraquinone-based solution and solid phase peptide synthesis of prodrug Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5)

Synthesis of Prop-Pip-Prop-AQ(4-OH) (ALS1) 

To a solution of leucoquinzarin (1 g, 4.1 mmol) in DCM (10 mL) was added 1,4-bis(3-aminopropyl)piperazine (2.5 mL, 12.4 mmol) and the reaction mixture was refluxed for 1 h. Triethylamine (50 µL) was added and the solution was aerated at RT. After 2h, the solvent was evaporated in vacuo and the organic layer was washed with water (3×100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo and left to evaporate for two days, which produced a crude compound ALS1 as a purple solid (0.9 g). Rf = 0.4 (Solvent System C).

Synthesis of Boc-ALS1

The crude anthracenedione (ALS1) was dissolved in MeOH (2 mL). Boc2O (1.15 g, 5.3 mmol) in MeOH (2 mL) was added dropwise and the mixture was stirred at 0C for 2 h. The solvent was evaporated and the residue was dissolved in CHCl3 (100 mL). The organic layer was washed with water (3×100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo and purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-7%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness to title compound ALS2 as a purple solid (0.7 g, 41%). Rf = 0.5 (Solvent System C). HRMS (ESI) m/z: [M+H]+ Calcd for [C29H39N4O5]+ 523.2915; Found 523.2906. 

1H nmr spectrum (CDCl3, 300 MHz) δ (ppm): 1.35 (s, 9H, (CH3)3, Boc), 1.54 (m, 2H, CH2CH2CH2), 1.85 (2H, m, CH2CH2CH2), 2.35-2.55 (m,12H, CH2-N x 6), 3.12 (q, 2H, CH2NHCO), 3.49 (q, 2H, AQ-NHCH2), 5.40 (br, s, 1H, NHCO), 7.15-7.25 (m, unresolved, 2H, H-2 and H- 3), 7.65-7.75 (m, unresolved, 2H, H-6 and H-7), 8.22-8.28 (m, unresolved, 2H, H-5 and H-8), 10.35 (t, 1H, AQ-NH), 13.65 (s,1H, OH). 

13C nmr (DMSO-d6, 75.5 MHz) δ (ppm): 26.26 (-ve, CH2), 26.80 (-ve, CH2), 28.46 (+ve, CH3), 39.69 (-ve, CH2-N), 40.87 (-ve, CH2-N), 53.02 (-ve, CH2-N), 53.08 (-ve, CH2-N), 55.59 (-ve, CH2-N), 56.66 (-ve, CH2-N), 79.89 [ab, (CH3)3-C], 108.33 (ab, CAR), 113.60 (ab, CAR), 124.00 (+ve, CHAR), 126.24 (+ve, CHAR), 126.56 (+ve, CHAR), 128.71 (+ve, CHAR), 132.35, (+ve, CHAR) 132.56 (ab, CAR), 134.02, (+ve, CHAR) 135.33 (ab, CAR), 147.56 (ab, CAR), 156.11 (ab, CAR), 156.66 (ab, C=O, Boc), 181.78 (ab, C=O, AQ), 187.29 (ab, C=O, AQ).

Synthesis of Prop-Pip-Prop-AQ(4-OH) TFA (ALS1) 

The Boc protected compound Boc-ALS1 (0.6 g, 1.69 mmol) was treated with TFA (2 mL) for 2 h to give the title compound ALS1 (following method C) as a purple solid (0.45 g, 95%). Rf = 0.4 (Solvent System B). HRMS (ESI) m/z: [M]+ Calcd for [C24H31N4O3]+ 423.2391; Found 423.2377. RP-HPLC tR = 4.600 min.

1H nmr spectrum (DMSO, 300 MHz) δ ppm: 1.83 (m, 2H, CH2CH2CH2); 2.00 (m, 2H, CH2CH2CH2); 2.5-3.24 [m, unresolved, 14H (CH2-N x 6 and CH2NHCO], 3.54 (q, 2H, AQ-NHCH2), 7.40 (d, 1H, J = 9 Hz, H-2); 7.57 (d, 1H, J = 9 Hz, H-3); 7.87-7.99 (m, unresolved, 5H, H-6 and H-7 and NH3); 8.28 (m, unresolved, 2H, H-5 and H-8); 10.30 (brs, 1H, AQ-NH); 13.64 (s, 1H, OH). 

13C nmr (DMSO-d6, 75.5 MHz)  (ppm): 36.65 (-ve, CH2-CH2-CH2), 36.79 (-ve, CH2-CH2-CH2), 38.65 (-ve, CH2-N), 39.48 (-ve, CH2-N), 49.29 (-ve, CH2-N), 49.82 (-ve, CH2-N), 53.12 (-ve, CH2-N), 53.46 (-ve, CH2-N), 107.63 (ab, CAR), 112.95 (ab, CAR), 114.65 (ab, CAR), 118.58 (ab, CAR), 125.39 (+ve, CHAR), 126.04 (+ve, CHAR), 126.32 (+ve, CHAR), 128.77 (+ve, CHAR), 131.90 (ab, COOH), 133.08 (+ve, CHAR), 134.67 (+ve, CHAR), 147.08 (ab, CAR), 156.13 (ab, CAR), 157.85-159.16 (ab, q, CF3), 181.99 (ab, C=O, AQ), 186.82 (ab, C=O, AQ).

Synthesis of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt)

See Section 1.3.4.1 for the synthesis and characterisation of Rho-Pro-Ala-Asn(Trt)-OH (SM10-Trt).

Synthesis of Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) TFA (ALS5)

To a solution of ALS1 TFA (0.1g, 0.18 mmol) in DMF (2 mL) was added SM10-Trt (0.18 g, 0.16 mmol) in the presence of PyBOP (0.15 g, 0.27 mmol), HOBt (0.04 g, 0.27 mmol) and DIPEA (0.15 mL, 0.85 mmol) in DMF (4 mL) at room temperature. After 2 h, the compound was extracted [CHCl3 and H2O (1:1, 100 mL)] then the organic layer was washed with water (3 x 100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo and purified by silica-gel column chromatography [CHCl3 and EtOAc (4:1) plus MeOH (1-10%)]. The fractions containing the major product were combined, filtered, evaporated in vacuo to dryness. The residue was treated with TFA (1 mL) for 2 h. After stirring at room temperature (TLC monitoring), the solution was evaporated in vacuo to dryness. The resulting material was triturated with ether to give compound ALS5 TFA as a purple solid (0.1g, 31%). Rf = 0.5 (Solvent System A). HRMS (ESI) m/z: [M]+ Calcd for [C64H77N10O9]+ 1129.5870; Found 1129.5856. RP-HPLC tR = 8.805 min.

1H nmr (DMSO-d6, 300 MHz):  (ppm) 1.07 (d, 3H, CH3-Ala, J = 6 Hz), 1.21 (t, 12H, 4× CH3-Rho, J = 6, 9 Hz), 1.73 (m, unresolved, 3H, β-CH-Pro, CH2-CH2-CH2), 1.85 (m, 2H, -CH2-Pro), 1.92 (m, unresolved, 3H, β-CH-Pro, CH2-CH2-CH2), 2.43 (d, 2H, β-CH2-Asn, J = 6 Hz), 2.66 – 3.70 (obscured by solvent), 4.02 (m, 2H, α-CH-Pro, α-CH-Asn), 4.36 (m, 1H, α-CH-Ala), 6.95 (d, 2H, H-4, 5, Rho, J = 3 Hz), 7.11 (m, unresolved, 5H, H-1, 2, 7, 8, Rho and NHCO), 7.38 (m, unresolved, 2H, H-2, AQ and NHCO), 7.51 (d, 2H, H-3, AQ; H-6, Rho), 7.77 (3H, H-3, H-4, H-5), 7.89 (m, 2H, H-6, 7, AQ), 8.10 (d, 1H, NHCO), 8.26 (m, 2H, H-5, 8, AQ), 10.33 (br.s, 1H, Ar-NH), 13.67 (s, 1H, OH).

[bookmark: _Toc494786853]High performance liquid chromatography (HPLC) analysis 

Stock solution of Propyl-Pip-Propyl-AQ(4-OH) (ALS1), Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) and Rho-Pro-Ala-Asn-OH (SM10) were prepared in DMSO (1 mg ml-1). The stock solutions were further diluted with 50% ACN in water to achieve 50 µM concentration for each test compound. HPLC was performed on performed on X-bridge shield RP18 column [2.5 µM (2.1 mm X 30 mm), flow rate 2 mL/min] using a gradient mobile phase starting from 100% ACN in 0.1%TFA (A); 100% H2O in 0.08%TFA (B); 20% MeOH (C) and 95% ACN (D) over a 15 min retention time. Both ALS1 and ALS5 were injected separately and together, and the UV detector recorded the absorbance at 585 nm. The chromatographic conditions were set on the gradient method using acetonitrile/water as the mobile phase (Table 3.5).

	Time
	Acetonitrile (%)
	Water (%)

	0
	15
	85

	10
	50
	50

	12
	50
	50

	13
	15
	85

	15
	15
	85


[bookmark: _Toc494787050]Table 3.5. HPLC gradient mobile phase composition.

[bookmark: _Toc494786854]UV–Vis absorption and fluorescence spectroscopy 

The UV-Vis absorption spectra of Prop-Pip-Prop-AQ(4-OH) TFA (ALS1) and Rho-Pro-Ala-Asn-OH (SM10), and fluorescence spectra of Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) and Rho-Pro-Ala-Asn-OH (SM10) were measured following the same method used in Section 1.3.11. 

Final conditions:
I. The absorption spectra of ALS1 (20 µM) and SM10 (1 µM) were recorded using quartz cuvette (3 mL) between 400 to 700 nm with a scan speed of 1200nm/min. 
II. Emission spectra of ALS5 (1 µM) and SM10 (1 µM) were recorded using fluorescence cuvette (3 mL) between 570-700 nm, scan speed 500 nm/min, and Ex slit and Em slits were set to 4.5 nm and 5.5 nm, respectively. Samples were excited at 560 nm.

[bookmark: _Toc494786855]ALS5 prodrug activation using recombinant human legumain 

The Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) fluorimetric assay was carried out following the same method used in Section 1.3.12. 
Final assay conditions per well: 
I. SM10 (10 μM)
II. ALS5 Prodrug (10 μM)
III. Recombinant human legumain (40 ng)
IV. Iodoacetamide inhibitor (1 mM, 15 min) + ALS5 (10 µM)
V. Final volume in each well: 100 µL.

[bookmark: _Toc494786856]Physicochemical properties

The partition coefficient assay of Prop-Pip-Prop-AQ(4-OH) TFA (ALS1), Rho-Pro-Ala-Asn-OH (SM10) and Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) was carried out following the same method used in Section 1.3.14. 

[bookmark: _Toc494786857]In-vitro chemosensitivity assay (MTT colorimetric assay)

An in vitro chemosensitivity assay of Prop-Pip-Prop-AQ(4-OH) TFA (ALS1), Rho-Pro-Ala-Asn-OH (SM10) and Rho-Pro-Ala-Asn-Prop-Pip-Prop-AQ(4-OH) (ALS5) was carried out following the same method used in Section 1.3.11. 

[bookmark: _Toc494786858]Cell morphology studies

Materials
Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma-Aldrich); NaCl (sterile); 35 mm glass bottom micro well dish; Test compound: Stock solutions of the ALS1 (1 mg ml-1; 2364 µM) and camptothecin (1 mg ml-1; 2873 µM) were prepared in DMSO. Morphological studies were performed using a Zeiss microscope (HBO100; 20 x magnification).

Methods

PC-3 cells (1 x 105) were seeded in a 6 well plate and cultured for 24 h. Cells were washed with sterile PBS (x3) and left untreated (negative control) or cultured in the presence of DMSO (0.1%; vehicle control), camptothecin (10 µM; positive control) or ALS1 (1 µM). After 24 h, morphological characteristics of the PC-3 cells were assessed using bright field microscopy. All experiments were performed in triplicate. 

[bookmark: _Toc494786859]Flow cytometry

Materials

Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma-Aldrich); NaCl (sterile); 35 mm glass bottom micro well dish; Test compound: Stock solutions of the ALS1 (1 mg ml-1; 2364 µM) and camptothecin (1 mg ml-1; 2873 µM) were prepared in DMSO. Flow cytometric studies were performed using FACS Calibur flow cytometer (BD Bioscience).

Methods

PC3 cells (1.5 x 105) were seeded in a 12 well plate and cultured for 24 h Cells were washed with sterile PBS (x3) prior to being cultured in the presence of ALS1 (1µM) or a positive control camptothecin (10 µM) for 24h. After 24 h treatment, cells were harvested, washed twice with sterile PBS, re-suspended in Annexin-V binding buffer and stained with 2.5 µL annexin V-FITC (5 mg ml-1) and 0.5 µL DAPI (2.5 mg ml-1), at room temperature for 30 min in the dark. The samples were then diluted with 400 mL PBS and analysed using a FACS Calibur flow cytometer (BD Bioscience) counting a minimum 10,000 cells from each sample. Cells in early apoptosis (Annexin V +/DAPI-, lower right quadrant), late apoptosis Annexin V +/DAPI+, upper right quadrant) and necrosis (Annexin V -/DAPI+, upper left quadrant) were clearly discriminated from untreated cells (Annexin V-/DAPI-, lower left quadrant). Untreated cells and DMSO (0.1%) treated cells were used as negative and vehicle only controls respectively. All experiments were performed in triplicate.

[bookmark: _Toc494786860]Confocal microscopy

Materials

Prostate cancer cells (PC-3), RPMI-1640 medium containing phenol red (Sigma); NaCl (sterile); 35mm glass bottom micro well dish (Ibidi/Thistle Scientific); Lyso Tracker Green DND 26 (Invitrogen); test compounds: Stock solutions of the ALS1 (1 mg ml-1; 2364 µM) and ALS5 (1 mg ml-1; 885 µM) were prepared in DMSO. To study the test compounds, Diode (405 nm), Argon (458, 488, 514 nm), HeNe (543 nm), HeNe (594 nm) and HeNe (633 nm) lasers were used.

Methods

The cellular uptake of ALS1 (1 µM) and ALS5 (1 µM) were measured using confocal microscopy as described in Section 1.3.15. Cells were imaged live using a Zeiss LSM800 confocal laser scanning microscope with a 63.0x1.4 oil-immersion objective lens. Image analysis (field-of-view) was performed using Image J software. The Pearson’s correlation coefficient (POC) and the Mander’s overlap coefficient (MOC) were used to quantify the degree of co-localization.


[bookmark: _Toc494786861]Structure library



H-PEG-AQ(4-OH) TFA (ALS1)



ALS1-Boc (ALS2)



Rho-Pro-Ala-Asn(Trt)-OH [SM10 (Trt)]





Rho-Pro-Ala- Asn(Trt)-Propyl-Pip-Propyl-AQ(4-OH) (ALS4)




Rho-Pro-Ala- Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5)
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Here, the linearity was demonstrated by constructing an HPLC-derived calibration curve using five different concentration (1 µM, 5 µM, 10 µM, 15 µM and 20 µM) of the intact probe Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9)  and its legumain mediated metabolite PEG-AQ(4-OH) (SM1) at retention time 9.4 minutes and 2.7 minutes, respectively.

[image: ../../../../Volumes/NO%20NAME/Results/HPLC%20results/SM1_and_SM9_res]
Figure A.1.1. HPLC chromatogram of 50% ACN blank in water. 

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM1 1µM.pdf]
Figure A.1.2. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 1 µM) in 50% ACN in water. Retention time (tR = 2.868 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM1 5µM.pdf]Figure A.1.3. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 5 µM) in 50% ACN in water. Retention time (tR = 2.786 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM1 10µM.pdf]Figure A.1.4. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 10 µM) in 50% ACN in water. Retention time (tR = 2.786 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM1 15µM.pdf]Figure A.1.5. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 15 µM) in 50% ACN in water. Retention time (tR = 2.786 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM1 20µM.pdf]
Figure A.1.6. HPLC chromatogram of PEG-AQ(4-OH) (SM1; 20 µM) in 50% ACN in water. Retention time (tR = 2.786 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 1µM.pdf]Figure A.1.7. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 1 µM) in 50% ACN in water. Retention time (tR = 9.455 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 5µM.pdf]Figure A.1.8. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 5 µM) in 50% ACN in water. Retention time (tR = 9.445 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 10µM.pdf]
Figure A.1.9. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 10 µM) in 50% ACN in water. Retention time (tR = 9.446 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 15µM.pdf]
Figure A.1.10. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 15 µM) in 50% ACN in water. Retention time (tR = 9.455 min).

[image: /Volumes/NO NAME/Results/HPLC results/9th May 2017/SM9 20µM.pdf]
Figure A.1.11. HPLC chromatogram of Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9; 20µM) in 50% ACN in water. Retention time (tR = 9.447 min).

 Figure A.1.12. Calibration curve of SM1 (area under curve vs. concentration).

Figure A.1.13. Calibration curve of SM9 (area under curve vs. concentration)
.
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Calibration curves of PEG-AQ(4-OH) (SM1), Rho-Pro-Ala-Asn-PEG-AQ(4-OH) (SM9),  Rho-Pro-Ala-Asn-OH (SM10), Rho-Pro-Ala-Asn-Lys-PEG-AQ(4-OH) (SM20), Propyl-Pip-Propyl-AQ(4-OH) (ALS1), Rho-Pro-Ala-Asn-Propyl-Pip-Propyl-AQ(4-OH) (ALS5), Lys-PEG-AQ(4-OH) (SM56) and Lys[DOTA(Gd3+ )]-PEG-AQ(4-OH) (SM59) plotted using octanol-water partition coefficient method.
[image: ]Figure A.2.1. Calibration curve of SM1 and SM9 in PBS and Octanol.

[image: ]Figure A.2.2. Calibration curve of SM20 and SM56 in PBS and Octanol.



[image: ]Figure A.2.3. Calibration curve of ALS1 and ALS5 in PBS and Octanol.

[image: ]Figure A.2.4. Calibration curve of SM10 in PBS and Octanol and SM59 in PBS only.
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Colour reagent for amine detection and SPPS reaction monitoring



HZ22



HZ22 is an active O-pentafluorophenolate ester prepared in-house. The reagent provides a safer and simpler alternative to the use of the Kaiser Colour Test for the detection of primary amines (by amide formation). Furthermore, the reagent is suitable for detection of proline (not accessible to the Kaiser test). HZ22 is used to impart a red colour (λmax 520 nm) to amine-functionalised, solid-phase peptide resins as a sensitive colour test to monitor the progress of peptide synthesis. Resin beads do not take up a red colour when there are no residual amino groups present. 

[image: HZ22_(2)]
Figure A3. Illustration of coloured beads from exposure of H-Ala-Wang-Resin (Merck) with HZ22 (2 mg ml-1) for 4 min. [Scale bar: 200 µm].


pH-3	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.3261	0.31850000000000001	0.31409999999999999	0.31090000000000001	0.30930000000000002	0.30809999999999998	0.3075	0.30690000000000001	0.30640000000000001	0.30470000000000003	0.30270000000000002	0.29899999999999999	0.29430000000000001	0.28649999999999998	0.27779999999999999	0.26790000000000003	0.255	0.24329999999999999	0.23200000000000001	0.21929999999999999	0.20979999999999999	0.2019	0.19470000000000001	0.1893	0.18579999999999999	0.1825	0.18079999999999999	0.1797	0.17849999999999999	0.1777	0.1772	0.17699999999999999	0.17610000000000001	0.1759	0.17469999999999999	0.1741	0.17299999999999999	0.17169999999999999	0.1701	0.16889999999999999	0.16689999999999999	0.16569999999999999	0.1646	0.16309999999999999	0.1618	0.16120000000000001	0.16020000000000001	0.15959999999999999	0.1593	0.159	0.15890000000000001	0.15890000000000001	0.1588	0.15870000000000001	0.1588	0.1585	0.1578	0.1573	0.15540000000000001	0.1532	0.14979999999999999	0.14549999999999999	0.14050000000000001	0.13389999999999999	0.128	0.12130000000000001	0.11360000000000001	0.1077	0.1017	9.5500000000000002E-2	9.3100000000000002E-2	8.3000000000000004E-2	7.8600000000000003E-2	7.4999999999999997E-2	7.1400000000000005E-2	6.8199999999999997E-2	6.6000000000000003E-2	6.3899999999999998E-2	6.2399999999999997E-2	6.13E-2	6.0499999999999998E-2	6.0100000000000001E-2	0.06	6.0100000000000001E-2	6.0699999999999997E-2	6.1899999999999997E-2	6.2600000000000003E-2	6.3399999999999998E-2	6.4199999999999993E-2	6.5100000000000005E-2	6.6299999999999998E-2	6.7299999999999999E-2	6.83E-2	6.93E-2	7.0499999999999993E-2	7.1599999999999997E-2	7.2999999999999995E-2	7.4700000000000003E-2	7.6300000000000007E-2	7.8299999999999995E-2	8.0500000000000002E-2	8.2199999999999995E-2	8.3900000000000002E-2	8.5699999999999998E-2	8.5999999999999993E-2	8.6499999999999994E-2	8.0199999999999994E-2	7.9699999999999993E-2	7.85E-2	7.6200000000000004E-2	7.4399999999999994E-2	7.1400000000000005E-2	6.8400000000000002E-2	6.5100000000000005E-2	6.2300000000000001E-2	5.9200000000000003E-2	5.5500000000000001E-2	5.2999999999999999E-2	4.9799999999999997E-2	4.8000000000000001E-2	4.5900000000000003E-2	4.36E-2	4.2000000000000003E-2	4.0800000000000003E-2	3.9399999999999998E-2	3.8800000000000001E-2	3.78E-2	3.7600000000000001E-2	3.7400000000000003E-2	3.7199999999999997E-2	3.6900000000000002E-2	3.6700000000000003E-2	3.6799999999999999E-2	3.6799999999999999E-2	3.6900000000000002E-2	3.6999999999999998E-2	3.7499999999999999E-2	3.7600000000000001E-2	3.7999999999999999E-2	3.7900000000000003E-2	3.7999999999999999E-2	3.85E-2	3.9E-2	3.9399999999999998E-2	0.04	0.04	4.0599999999999997E-2	4.0800000000000003E-2	4.1200000000000001E-2	4.1599999999999998E-2	4.1300000000000003E-2	4.1599999999999998E-2	4.1700000000000001E-2	4.1500000000000002E-2	4.1500000000000002E-2	4.1500000000000002E-2	4.1399999999999999E-2	4.1000000000000002E-2	4.0800000000000003E-2	4.0599999999999997E-2	4.02E-2	3.9899999999999998E-2	3.9800000000000002E-2	3.9699999999999999E-2	3.9100000000000003E-2	4.1399999999999999E-2	4.1000000000000002E-2	4.07E-2	4.0500000000000001E-2	4.02E-2	0.04	3.9899999999999998E-2	3.95E-2	3.9300000000000002E-2	3.9100000000000003E-2	3.8800000000000001E-2	3.8699999999999998E-2	3.8300000000000001E-2	3.7900000000000003E-2	3.7499999999999999E-2	3.6999999999999998E-2	3.6700000000000003E-2	3.61E-2	3.5400000000000001E-2	3.49E-2	3.4200000000000001E-2	3.3599999999999998E-2	3.2899999999999999E-2	3.2399999999999998E-2	3.1600000000000003E-2	3.1E-2	3.04E-2	2.9700000000000001E-2	2.92E-2	2.87E-2	2.8299999999999999E-2	2.7900000000000001E-2	2.75E-2	2.7300000000000001E-2	2.7099999999999999E-2	2.69E-2	2.69E-2	2.6800000000000001E-2	2.6800000000000001E-2	2.7E-2	2.7099999999999999E-2	2.7300000000000001E-2	2.76E-2	2.8000000000000001E-2	2.8299999999999999E-2	2.87E-2	2.93E-2	0.03	3.0800000000000001E-2	3.1699999999999999E-2	3.2599999999999997E-2	3.3799999999999997E-2	3.4799999999999998E-2	3.5999999999999997E-2	3.7499999999999999E-2	3.8800000000000001E-2	4.0500000000000001E-2	4.2099999999999999E-2	4.3799999999999999E-2	4.5499999999999999E-2	4.7500000000000001E-2	4.9200000000000001E-2	5.1200000000000002E-2	5.3400000000000003E-2	5.5300000000000002E-2	5.7500000000000002E-2	5.96E-2	6.1800000000000001E-2	6.3899999999999998E-2	6.6199999999999995E-2	6.8500000000000005E-2	7.0599999999999996E-2	7.2999999999999995E-2	7.51E-2	7.7499999999999999E-2	7.9799999999999996E-2	8.2500000000000004E-2	8.5199999999999998E-2	8.7999999999999995E-2	9.11E-2	9.4100000000000003E-2	9.8000000000000004E-2	0.10150000000000001	0.10580000000000001	0.1108	0.11550000000000001	0.121	0.1268	0.1333	0.1401	0.1474	0.1552	0.16270000000000001	0.1719	0.18090000000000001	0.1893	0.19950000000000001	0.20830000000000001	0.21790000000000001	0.22800000000000001	0.2366	0.24560000000000001	0.254	0.26229999999999998	0.26960000000000001	0.2762	0.28239999999999998	0.28770000000000001	0.29210000000000003	0.29609999999999997	0.29899999999999999	0.3019	0.3044	0.30620000000000003	0.30830000000000002	0.31040000000000001	0.31259999999999999	0.31559999999999999	0.31909999999999999	0.32300000000000001	0.3286	0.33529999999999999	0.3422	0.35189999999999999	0.36280000000000001	0.37369999999999998	0.38829999999999998	0.40260000000000001	0.41920000000000002	0.439	0.45789999999999997	0.47889999999999999	0.50349999999999995	0.52610000000000001	0.55079999999999996	0.57879999999999998	0.6038	0.63009999999999999	0.65880000000000005	0.68389999999999995	0.6956	0.73680000000000001	0.76019999999999999	0.77810000000000001	0.79700000000000004	0.81110000000000004	0.81989999999999996	0.82499999999999996	0.8236	0.81930000000000003	0.81089999999999995	0.79710000000000003	0.77859999999999996	0.75649999999999995	0.72840000000000005	0.69799999999999995	0.66559999999999997	0.629	0.59160000000000001	0.54979999999999996	0.51319999999999999	0.47489999999999999	0.43380000000000002	0.39929999999999999	0.3644	0.32779999999999998	0.29530000000000001	0.26869999999999999	0.2389	0.21299999999999999	0.1903	0.1694	0.14979999999999999	0.13289999999999999	0.1163	0.1037	9.1600000000000001E-2	0.08	7.0499999999999993E-2	6.2899999999999998E-2	5.5E-2	4.8599999999999997E-2	4.3099999999999999E-2	3.8300000000000001E-2	3.4099999999999998E-2	3.0499999999999999E-2	2.7099999999999999E-2	2.46E-2	2.23E-2	2.01E-2	1.83E-2	1.6799999999999999E-2	1.55E-2	1.43E-2	1.3299999999999999E-2	1.24E-2	1.17E-2	1.0999999999999999E-2	1.0500000000000001E-2	9.9000000000000008E-3	9.4000000000000004E-3	9.1000000000000004E-3	8.6999999999999994E-3	8.3999999999999995E-3	8.2000000000000007E-3	8.0000000000000002E-3	7.7999999999999996E-3	7.4999999999999997E-3	7.4000000000000003E-3	7.3000000000000001E-3	7.1000000000000004E-3	7.1000000000000004E-3	7.0000000000000001E-3	6.8999999999999999E-3	6.7999999999999996E-3	6.7000000000000002E-3	6.6E-3	6.6E-3	6.4999999999999997E-3	6.4999999999999997E-3	6.4000000000000003E-3	6.3E-3	6.3E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.0000000000000001E-3	6.1000000000000004E-3	6.0000000000000001E-3	6.0000000000000001E-3	6.0000000000000001E-3	6.0000000000000001E-3	6.0000000000000001E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1999999999999998E-3	6.1000000000000004E-3	6.1000000000000004E-3	6.0000000000000001E-3	6.0000000000000001E-3	6.0000000000000001E-3	5.8999999999999999E-3	5.7999999999999996E-3	5.5999999999999999E-3	5.4999999999999997E-3	5.5999999999999999E-3	5.5999999999999999E-3	5.7000000000000002E-3	5.5999999999999999E-3	5.4999999999999997E-3	5.4000000000000003E-3	5.5999999999999999E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.5999999999999999E-3	5.7000000000000002E-3	5.5999999999999999E-3	5.5999999999999999E-3	5.5999999999999999E-3	5.5999999999999999E-3	5.5999999999999999E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.7000000000000002E-3	5.7999999999999996E-3	5.7999999999999996E-3	5.7999999999999996E-3	5.7999999999999996E-3	5.7999999999999996E-3	5.7999999999999996E-3	pH-4	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.2843	0.28149999999999997	0.28100000000000003	0.28100000000000003	0.28139999999999998	0.28170000000000001	0.28239999999999998	0.28270000000000001	0.2828	0.28170000000000001	0.28000000000000003	0.2772	0.27300000000000002	0.2656	0.2576	0.24840000000000001	0.2359	0.22509999999999999	0.21460000000000001	0.20319999999999999	0.1943	0.18709999999999999	0.18029999999999999	0.1757	0.17249999999999999	0.1699	0.16839999999999999	0.16750000000000001	0.1668	0.1666	0.1663	0.16619999999999999	0.16569999999999999	0.16569999999999999	0.1648	0.16439999999999999	0.1638	0.16270000000000001	0.1615	0.16039999999999999	0.1588	0.15790000000000001	0.15659999999999999	0.15529999999999999	0.1545	0.15390000000000001	0.15329999999999999	0.1527	0.1522	0.15190000000000001	0.152	0.15190000000000001	0.152	0.15190000000000001	0.1517	0.15160000000000001	0.15079999999999999	0.14990000000000001	0.14849999999999999	0.1462	0.14319999999999999	0.13869999999999999	0.13389999999999999	0.1275	0.12189999999999999	0.11550000000000001	0.1082	0.1023	9.6799999999999997E-2	9.06E-2	8.8300000000000003E-2	7.9100000000000004E-2	7.4800000000000005E-2	7.17E-2	6.8500000000000005E-2	6.5299999999999997E-2	6.3399999999999998E-2	6.1400000000000003E-2	5.9900000000000002E-2	5.8900000000000001E-2	5.8200000000000002E-2	5.8099999999999999E-2	5.7799999999999997E-2	5.79E-2	5.8500000000000003E-2	5.9200000000000003E-2	6.0100000000000001E-2	6.0699999999999997E-2	6.1499999999999999E-2	6.2300000000000001E-2	6.3500000000000001E-2	6.4199999999999993E-2	6.5000000000000002E-2	6.6100000000000006E-2	6.6799999999999998E-2	6.7500000000000004E-2	6.9199999999999998E-2	7.0300000000000001E-2	7.1800000000000003E-2	7.3499999999999996E-2	7.5499999999999998E-2	7.6999999999999999E-2	7.8600000000000003E-2	8.0100000000000005E-2	8.0500000000000002E-2	8.0799999999999997E-2	7.4899999999999994E-2	7.4499999999999997E-2	7.3400000000000007E-2	7.1199999999999999E-2	6.9400000000000003E-2	6.6199999999999995E-2	6.3100000000000003E-2	6.0400000000000002E-2	5.6899999999999999E-2	5.4100000000000002E-2	5.0999999999999997E-2	4.8500000000000001E-2	4.5499999999999999E-2	4.3499999999999997E-2	4.1399999999999999E-2	3.9399999999999998E-2	3.7900000000000003E-2	3.6799999999999999E-2	3.5700000000000003E-2	3.4799999999999998E-2	3.4099999999999998E-2	3.39E-2	3.3599999999999998E-2	3.3399999999999999E-2	3.32E-2	3.32E-2	3.3099999999999997E-2	3.32E-2	3.32E-2	3.3300000000000003E-2	3.3799999999999997E-2	3.4000000000000002E-2	3.4299999999999997E-2	3.4200000000000001E-2	3.4299999999999997E-2	3.4799999999999998E-2	3.5200000000000002E-2	3.56E-2	3.61E-2	3.6200000000000003E-2	3.6499999999999998E-2	3.6799999999999999E-2	3.7400000000000003E-2	3.7600000000000001E-2	3.7400000000000003E-2	3.7699999999999997E-2	3.78E-2	3.7900000000000003E-2	3.78E-2	3.7699999999999997E-2	3.7600000000000001E-2	3.7199999999999997E-2	3.7100000000000001E-2	3.6799999999999999E-2	3.6499999999999998E-2	3.6200000000000003E-2	3.61E-2	3.5799999999999998E-2	3.5499999999999997E-2	3.7100000000000001E-2	3.6799999999999999E-2	3.6400000000000002E-2	3.61E-2	3.5999999999999997E-2	3.5799999999999998E-2	3.56E-2	3.5400000000000001E-2	3.5099999999999999E-2	3.49E-2	3.4700000000000002E-2	3.4500000000000003E-2	3.4099999999999998E-2	3.3799999999999997E-2	3.3399999999999999E-2	3.3000000000000002E-2	3.27E-2	3.2199999999999999E-2	3.1600000000000003E-2	3.1E-2	3.04E-2	2.9899999999999999E-2	2.92E-2	2.86E-2	2.8000000000000001E-2	2.7400000000000001E-2	2.6800000000000001E-2	2.6200000000000001E-2	2.5700000000000001E-2	2.52E-2	2.4799999999999999E-2	2.4400000000000002E-2	2.4199999999999999E-2	2.3800000000000002E-2	2.3800000000000002E-2	2.35E-2	2.35E-2	2.35E-2	2.35E-2	2.3599999999999999E-2	2.3800000000000002E-2	2.4E-2	2.4299999999999999E-2	2.46E-2	2.5000000000000001E-2	2.5399999999999999E-2	2.5899999999999999E-2	2.6599999999999999E-2	2.7400000000000001E-2	2.8299999999999999E-2	2.9100000000000001E-2	3.0300000000000001E-2	3.1399999999999997E-2	3.2500000000000001E-2	3.4000000000000002E-2	3.5299999999999998E-2	3.6900000000000002E-2	3.8399999999999997E-2	4.0099999999999997E-2	4.1700000000000001E-2	4.36E-2	4.53E-2	4.7300000000000002E-2	4.9500000000000002E-2	5.1299999999999998E-2	5.3400000000000003E-2	5.5399999999999998E-2	5.7500000000000002E-2	5.9400000000000001E-2	6.1699999999999998E-2	6.3799999999999996E-2	6.5799999999999997E-2	6.8099999999999994E-2	7.0099999999999996E-2	7.2300000000000003E-2	7.4499999999999997E-2	7.6999999999999999E-2	7.9500000000000001E-2	8.2199999999999995E-2	8.5099999999999995E-2	8.7900000000000006E-2	9.1600000000000001E-2	9.5000000000000001E-2	9.9000000000000005E-2	0.1038	0.1082	0.1134	0.11890000000000001	0.12509999999999999	0.13170000000000001	0.1386	0.14610000000000001	0.15329999999999999	0.16209999999999999	0.17080000000000001	0.1789	0.18859999999999999	0.1971	0.20630000000000001	0.21609999999999999	0.22439999999999999	0.2329	0.2409	0.24879999999999999	0.25580000000000003	0.26200000000000001	0.26790000000000003	0.27260000000000001	0.27679999999999999	0.28039999999999998	0.28299999999999997	0.28560000000000002	0.2878	0.28939999999999999	0.29120000000000001	0.29299999999999998	0.29499999999999998	0.29759999999999998	0.30080000000000001	0.3044	0.30959999999999999	0.31580000000000003	0.32240000000000002	0.33150000000000002	0.34200000000000003	0.3523	0.36620000000000003	0.38	0.39600000000000002	0.41499999999999998	0.43319999999999997	0.45340000000000003	0.47710000000000002	0.49909999999999999	0.52270000000000005	0.54969999999999997	0.57399999999999995	0.59930000000000005	0.62690000000000001	0.65100000000000002	0.66239999999999999	0.70289999999999997	0.72560000000000002	0.7429	0.76090000000000002	0.77429999999999999	0.78239999999999998	0.81720000000000004	0.78559999999999997	0.78080000000000005	0.77170000000000005	0.75760000000000005	0.73909999999999998	0.7167	0.68889999999999996	0.65859999999999996	0.62670000000000003	0.5907	0.55420000000000003	0.51349999999999996	0.47810000000000002	0.44109999999999999	0.40150000000000002	0.36840000000000001	0.3352	0.30049999999999999	0.26979999999999998	0.2447	0.2167	0.1925	0.17130000000000001	0.152	0.13389999999999999	0.1183	0.10299999999999999	9.1399999999999995E-2	8.0500000000000002E-2	6.9900000000000004E-2	6.13E-2	5.45E-2	4.7399999999999998E-2	4.1599999999999998E-2	3.6799999999999999E-2	3.2500000000000001E-2	2.87E-2	2.5600000000000001E-2	2.2599999999999999E-2	2.0299999999999999E-2	1.8200000000000001E-2	1.6400000000000001E-2	1.4800000000000001E-2	1.34E-2	1.23E-2	1.1299999999999999E-2	1.04E-2	9.5999999999999992E-3	8.9999999999999993E-3	8.3999999999999995E-3	7.9000000000000008E-3	7.4000000000000003E-3	7.0000000000000001E-3	6.7000000000000002E-3	6.4000000000000003E-3	6.1000000000000004E-3	5.8999999999999999E-3	5.7000000000000002E-3	5.4999999999999997E-3	5.3E-3	5.1999999999999998E-3	5.0000000000000001E-3	4.8999999999999998E-3	4.7999999999999996E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4000000000000003E-3	4.4000000000000003E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.5000000000000001E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.5000000000000001E-3	3.3999999999999998E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.5999999999999999E-3	3.5999999999999999E-3	3.5999999999999999E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.8E-3	3.8E-3	3.8E-3	pH-5	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.30759999999999998	0.31019999999999998	0.31330000000000002	0.31669999999999998	0.31969999999999998	0.32219999999999999	0.32400000000000001	0.32519999999999999	0.32590000000000002	0.3251	0.32319999999999999	0.32	0.31480000000000002	0.30609999999999998	0.29609999999999997	0.28549999999999998	0.2707	0.25740000000000002	0.24490000000000001	0.23069999999999999	0.22020000000000001	0.21149999999999999	0.2031	0.1976	0.19350000000000001	0.18990000000000001	0.18779999999999999	0.18640000000000001	0.18509999999999999	0.18459999999999999	0.18390000000000001	0.1837	0.183	0.1827	0.182	0.18129999999999999	0.1804	0.1794	0.17810000000000001	0.1769	0.17549999999999999	0.17430000000000001	0.1731	0.17199999999999999	0.1711	0.17080000000000001	0.17	0.16980000000000001	0.1694	0.1696	0.16969999999999999	0.16980000000000001	0.1704	0.1701	0.17030000000000001	0.1704	0.16950000000000001	0.16880000000000001	0.16700000000000001	0.1643	0.16070000000000001	0.156	0.15029999999999999	0.14280000000000001	0.1363	0.12889999999999999	0.1205	0.11360000000000001	0.1075	0.10050000000000001	9.7699999999999995E-2	8.7300000000000003E-2	8.2000000000000003E-2	7.8399999999999997E-2	7.4899999999999994E-2	7.1400000000000005E-2	6.93E-2	6.6900000000000001E-2	6.5299999999999997E-2	6.4600000000000005E-2	6.3700000000000007E-2	6.3299999999999995E-2	6.3200000000000006E-2	6.3500000000000001E-2	6.4299999999999996E-2	6.54E-2	6.6400000000000001E-2	6.7500000000000004E-2	6.8400000000000002E-2	6.9199999999999998E-2	7.0599999999999996E-2	7.1999999999999995E-2	7.2700000000000001E-2	7.3899999999999993E-2	7.4999999999999997E-2	7.6100000000000001E-2	7.8100000000000003E-2	7.9600000000000004E-2	8.1299999999999997E-2	8.3500000000000005E-2	8.5699999999999998E-2	8.7599999999999997E-2	8.9499999999999996E-2	9.1300000000000006E-2	9.1999999999999998E-2	9.2299999999999993E-2	8.7599999999999997E-2	8.7300000000000003E-2	8.5500000000000007E-2	8.3000000000000004E-2	8.1199999999999994E-2	7.7499999999999999E-2	7.3999999999999996E-2	7.0699999999999999E-2	6.7000000000000004E-2	6.3799999999999996E-2	0.06	5.7200000000000001E-2	5.3600000000000002E-2	5.1200000000000002E-2	4.87E-2	4.65E-2	4.4600000000000001E-2	4.3099999999999999E-2	4.1700000000000001E-2	4.1000000000000002E-2	4.0300000000000002E-2	3.9800000000000002E-2	3.95E-2	3.9199999999999999E-2	3.8800000000000001E-2	3.8800000000000001E-2	3.8800000000000001E-2	3.8699999999999998E-2	3.8699999999999998E-2	3.8800000000000001E-2	3.9199999999999999E-2	3.9399999999999998E-2	3.9899999999999998E-2	3.9699999999999999E-2	3.9800000000000002E-2	4.0099999999999997E-2	4.0800000000000003E-2	4.1099999999999998E-2	4.1700000000000001E-2	4.2000000000000003E-2	4.24E-2	4.2700000000000002E-2	4.3099999999999999E-2	4.3400000000000001E-2	4.3299999999999998E-2	4.3400000000000001E-2	4.3499999999999997E-2	4.36E-2	4.3499999999999997E-2	4.3400000000000001E-2	4.3200000000000002E-2	4.2900000000000001E-2	4.2700000000000002E-2	4.24E-2	4.19E-2	4.1799999999999997E-2	4.1399999999999999E-2	4.1099999999999998E-2	4.07E-2	4.1500000000000002E-2	4.1200000000000001E-2	4.0899999999999999E-2	4.0599999999999997E-2	4.0300000000000002E-2	4.0099999999999997E-2	3.9899999999999998E-2	3.9600000000000003E-2	3.9300000000000002E-2	3.8899999999999997E-2	3.8699999999999998E-2	3.8399999999999997E-2	3.7999999999999999E-2	3.7699999999999997E-2	3.7199999999999997E-2	3.6700000000000003E-2	3.6299999999999999E-2	3.56E-2	3.5000000000000003E-2	3.44E-2	3.3700000000000001E-2	3.3099999999999997E-2	3.2300000000000002E-2	3.1699999999999999E-2	3.09E-2	3.0200000000000001E-2	2.9600000000000001E-2	2.8899999999999999E-2	2.8199999999999999E-2	2.7799999999999998E-2	2.7300000000000001E-2	2.6800000000000001E-2	2.6499999999999999E-2	2.6200000000000001E-2	2.6100000000000002E-2	2.58E-2	2.58E-2	2.5700000000000001E-2	2.58E-2	2.5899999999999999E-2	2.5999999999999999E-2	2.63E-2	2.6700000000000002E-2	2.7099999999999999E-2	2.75E-2	2.8000000000000001E-2	2.86E-2	2.9399999999999999E-2	3.0300000000000001E-2	3.1399999999999997E-2	3.2300000000000002E-2	3.3599999999999998E-2	3.5000000000000003E-2	3.6299999999999999E-2	3.7900000000000003E-2	3.95E-2	4.1200000000000001E-2	4.2999999999999997E-2	4.4900000000000002E-2	4.6800000000000001E-2	4.9000000000000002E-2	5.0900000000000001E-2	5.3199999999999997E-2	5.5599999999999997E-2	5.7799999999999997E-2	6.0199999999999997E-2	6.25E-2	6.4899999999999999E-2	6.7100000000000007E-2	6.9800000000000001E-2	7.2300000000000003E-2	7.46E-2	7.7299999999999994E-2	7.9500000000000001E-2	8.2199999999999995E-2	8.48E-2	8.7599999999999997E-2	9.06E-2	9.3700000000000006E-2	9.7100000000000006E-2	0.1004	0.1046	0.1086	0.1133	0.1188	0.124	0.12989999999999999	0.1363	0.14360000000000001	0.15110000000000001	0.15909999999999999	0.16789999999999999	0.17610000000000001	0.18629999999999999	0.19650000000000001	0.20569999999999999	0.217	0.22689999999999999	0.23749999999999999	0.24879999999999999	0.25840000000000002	0.26829999999999998	0.27760000000000001	0.2868	0.29499999999999998	0.30220000000000002	0.309	0.31469999999999998	0.3196	0.32390000000000002	0.32700000000000001	0.33019999999999999	0.3327	0.3347	0.33689999999999998	0.33910000000000001	0.34129999999999999	0.34439999999999998	0.34810000000000002	0.35220000000000001	0.35809999999999997	0.36509999999999998	0.37259999999999999	0.38300000000000001	0.39489999999999997	0.40660000000000002	0.42249999999999999	0.43830000000000002	0.45639999999999997	0.47820000000000001	0.49880000000000002	0.52200000000000002	0.54910000000000003	0.57399999999999995	0.60109999999999997	0.63190000000000002	0.65939999999999999	0.68840000000000001	0.7198	0.74719999999999998	0.76029999999999998	0.80549999999999999	0.83109999999999995	0.85070000000000001	0.87109999999999999	0.88639999999999997	0.89570000000000005	0.90039999999999998	0.89810000000000001	0.89219999999999999	0.8821	0.86609999999999998	0.84489999999999998	0.81950000000000001	0.78769999999999996	0.75349999999999995	0.71699999999999997	0.67610000000000003	0.63460000000000005	0.58819999999999995	0.54790000000000005	0.50560000000000005	0.46060000000000001	0.4229	0.38500000000000001	0.34539999999999998	0.31019999999999998	0.28149999999999997	0.2495	0.2218	0.19750000000000001	0.17530000000000001	0.1545	0.1366	0.11899999999999999	0.1057	9.3100000000000002E-2	8.09E-2	7.0900000000000005E-2	6.3E-2	5.4699999999999999E-2	4.8000000000000001E-2	4.2299999999999997E-2	3.7400000000000003E-2	3.3000000000000002E-2	2.93E-2	2.58E-2	2.3199999999999998E-2	2.0799999999999999E-2	1.8499999999999999E-2	1.67E-2	1.5100000000000001E-2	1.37E-2	1.26E-2	1.1599999999999999E-2	1.06E-2	9.9000000000000008E-3	9.1999999999999998E-3	8.6E-3	8.0999999999999996E-3	7.6E-3	7.1999999999999998E-3	6.8999999999999999E-3	6.4999999999999997E-3	6.3E-3	6.1000000000000004E-3	5.7999999999999996E-3	5.5999999999999999E-3	5.4999999999999997E-3	5.3E-3	5.1000000000000004E-3	5.0000000000000001E-3	5.0000000000000001E-3	4.7999999999999996E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4000000000000003E-3	4.3E-3	4.3E-3	4.3E-3	4.1999999999999997E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.0000000000000001E-3	4.0000000000000001E-3	3.8999999999999998E-3	3.8E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.8E-3	3.8E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.5000000000000001E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.5999999999999999E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.7000000000000002E-3	3.8E-3	3.7000000000000002E-3	3.8E-3	3.8E-3	3.8E-3	pH-6	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.30199999999999999	0.30740000000000001	0.3125	0.31780000000000003	0.32269999999999999	0.32550000000000001	0.32850000000000001	0.33029999999999998	0.33100000000000002	0.33079999999999998	0.32879999999999998	0.32569999999999999	0.32029999999999997	0.3115	0.30159999999999998	0.29049999999999998	0.2752	0.26169999999999999	0.24909999999999999	0.23469999999999999	0.22370000000000001	0.21479999999999999	0.20630000000000001	0.20050000000000001	0.1961	0.19270000000000001	0.1905	0.1893	0.1883	0.18790000000000001	0.18729999999999999	0.18709999999999999	0.18629999999999999	0.1862	0.1855	0.185	0.1842	0.18329999999999999	0.18179999999999999	0.18079999999999999	0.17929999999999999	0.1784	0.17749999999999999	0.1762	0.17560000000000001	0.17510000000000001	0.1744	0.17419999999999999	0.17399999999999999	0.17430000000000001	0.1744	0.17460000000000001	0.1749	0.17499999999999999	0.17519999999999999	0.17519999999999999	0.17460000000000001	0.1736	0.17169999999999999	0.16900000000000001	0.16539999999999999	0.16	0.1545	0.14649999999999999	0.13980000000000001	0.13200000000000001	0.1234	0.1162	0.1096	0.1026	9.9699999999999997E-2	8.9099999999999999E-2	8.3699999999999997E-2	7.9799999999999996E-2	7.5999999999999998E-2	7.2599999999999998E-2	7.0400000000000004E-2	6.7900000000000002E-2	6.6299999999999998E-2	6.5299999999999997E-2	6.4500000000000002E-2	6.4000000000000001E-2	6.3899999999999998E-2	6.4500000000000002E-2	6.5100000000000005E-2	6.6500000000000004E-2	6.7599999999999993E-2	6.8599999999999994E-2	6.9699999999999998E-2	7.0599999999999996E-2	7.1800000000000003E-2	7.3200000000000001E-2	7.4200000000000002E-2	7.5399999999999995E-2	7.6700000000000004E-2	7.8E-2	7.9500000000000001E-2	8.1299999999999997E-2	8.3099999999999993E-2	8.5199999999999998E-2	8.77E-2	8.9599999999999999E-2	9.1700000000000004E-2	9.35E-2	9.4299999999999995E-2	9.4600000000000004E-2	8.6999999999999994E-2	8.6199999999999999E-2	8.4699999999999998E-2	8.2000000000000003E-2	8.0199999999999994E-2	7.6799999999999993E-2	7.3099999999999998E-2	6.9400000000000003E-2	6.5699999999999995E-2	6.2399999999999997E-2	5.8700000000000002E-2	5.57E-2	5.1900000000000002E-2	4.9799999999999997E-2	4.7100000000000003E-2	4.4699999999999997E-2	4.3200000000000002E-2	4.1399999999999999E-2	0.04	3.9100000000000003E-2	3.8300000000000001E-2	3.78E-2	3.7499999999999999E-2	3.7199999999999997E-2	3.7100000000000001E-2	3.6900000000000002E-2	3.6799999999999999E-2	3.6900000000000002E-2	3.6799999999999999E-2	3.6999999999999998E-2	3.7400000000000003E-2	3.7699999999999997E-2	3.7999999999999999E-2	3.78E-2	3.7900000000000003E-2	3.85E-2	3.9100000000000003E-2	3.95E-2	3.9899999999999998E-2	4.0099999999999997E-2	4.07E-2	4.1000000000000002E-2	4.1599999999999998E-2	4.19E-2	4.1799999999999997E-2	4.19E-2	4.2000000000000003E-2	4.19E-2	4.19E-2	4.19E-2	4.1799999999999997E-2	4.1399999999999999E-2	4.1099999999999998E-2	4.0899999999999999E-2	4.0300000000000002E-2	4.02E-2	3.9899999999999998E-2	3.9699999999999999E-2	3.9199999999999999E-2	4.2700000000000002E-2	4.24E-2	4.2099999999999999E-2	4.1700000000000001E-2	4.1599999999999998E-2	4.1200000000000001E-2	4.1099999999999998E-2	4.0800000000000003E-2	4.0399999999999998E-2	4.02E-2	0.04	3.9600000000000003E-2	3.9199999999999999E-2	3.8800000000000001E-2	3.8300000000000001E-2	3.78E-2	3.7499999999999999E-2	3.6799999999999999E-2	3.6200000000000003E-2	3.5499999999999997E-2	3.49E-2	3.4099999999999998E-2	3.3500000000000002E-2	3.2800000000000003E-2	3.2099999999999997E-2	3.15E-2	3.0800000000000001E-2	0.03	2.9499999999999998E-2	2.8899999999999999E-2	2.8500000000000001E-2	2.81E-2	2.76E-2	2.7199999999999998E-2	2.7099999999999999E-2	2.69E-2	2.6800000000000001E-2	2.6700000000000002E-2	2.6800000000000001E-2	2.7E-2	2.7099999999999999E-2	2.7400000000000001E-2	2.7699999999999999E-2	2.81E-2	2.8500000000000001E-2	2.9100000000000001E-2	2.98E-2	3.0599999999999999E-2	3.15E-2	3.2500000000000001E-2	3.3599999999999998E-2	3.5000000000000003E-2	3.6299999999999999E-2	3.7600000000000001E-2	3.9399999999999998E-2	4.0899999999999999E-2	4.2700000000000002E-2	4.4699999999999997E-2	4.6600000000000003E-2	4.8599999999999997E-2	5.0900000000000001E-2	5.2900000000000003E-2	5.5300000000000002E-2	5.79E-2	6.0199999999999997E-2	6.2700000000000006E-2	6.5199999999999994E-2	6.7699999999999996E-2	7.0000000000000007E-2	7.2700000000000001E-2	7.5399999999999995E-2	7.7700000000000005E-2	8.0500000000000002E-2	8.2900000000000001E-2	8.5699999999999998E-2	8.8400000000000006E-2	9.1300000000000006E-2	9.4399999999999998E-2	9.7500000000000003E-2	0.1011	0.1045	0.1089	0.113	0.1178	0.1235	0.1288	0.13500000000000001	0.14169999999999999	0.1492	0.157	0.1653	0.1744	0.18290000000000001	0.19350000000000001	0.20399999999999999	0.2137	0.22539999999999999	0.23569999999999999	0.2467	0.25850000000000001	0.26840000000000003	0.2787	0.28839999999999999	0.29809999999999998	0.30649999999999999	0.31419999999999998	0.32140000000000002	0.32740000000000002	0.33260000000000001	0.33710000000000001	0.34050000000000002	0.34389999999999998	0.34660000000000002	0.3488	0.35120000000000001	0.35349999999999998	0.35589999999999999	0.35909999999999997	0.3629	0.36720000000000003	0.37330000000000002	0.38069999999999998	0.38840000000000002	0.39910000000000001	0.41139999999999999	0.42349999999999999	0.44	0.45629999999999998	0.47510000000000002	0.49759999999999999	0.51900000000000002	0.54300000000000004	0.57089999999999996	0.59670000000000001	0.62480000000000002	0.65659999999999996	0.68520000000000003	0.71519999999999995	0.74760000000000004	0.7762	0.78959999999999997	0.83750000000000002	0.86399999999999999	0.88439999999999996	0.90539999999999998	0.92110000000000003	0.93059999999999998	0.93569999999999998	0.93300000000000005	0.92710000000000004	0.91659999999999997	0.89980000000000004	0.87780000000000002	0.85170000000000001	0.81879999999999997	0.7833	0.74570000000000003	0.70340000000000003	0.66039999999999999	0.61240000000000006	0.57050000000000001	0.52669999999999995	0.48	0.441	0.40160000000000001	0.3604	0.32400000000000001	0.29409999999999997	0.26079999999999998	0.2321	0.20680000000000001	0.1837	0.16200000000000001	0.14330000000000001	0.1249	0.1111	9.7900000000000001E-2	8.5199999999999998E-2	7.4700000000000003E-2	6.6500000000000004E-2	5.79E-2	5.0900000000000001E-2	4.4999999999999998E-2	3.9800000000000002E-2	3.5200000000000002E-2	3.1300000000000001E-2	2.7699999999999999E-2	2.4899999999999999E-2	2.23E-2	0.02	1.7999999999999999E-2	1.6400000000000001E-2	1.49E-2	1.37E-2	1.26E-2	1.1599999999999999E-2	1.0800000000000001E-2	1.01E-2	9.4000000000000004E-3	8.8999999999999999E-3	8.3999999999999995E-3	8.0000000000000002E-3	7.6E-3	7.3000000000000001E-3	7.0000000000000001E-3	6.7999999999999996E-3	6.4999999999999997E-3	6.3E-3	6.1000000000000004E-3	6.0000000000000001E-3	5.7999999999999996E-3	5.7000000000000002E-3	5.5999999999999999E-3	5.4999999999999997E-3	5.4000000000000003E-3	5.1999999999999998E-3	5.1999999999999998E-3	5.1000000000000004E-3	5.0000000000000001E-3	4.8999999999999998E-3	4.8999999999999998E-3	4.7999999999999996E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4000000000000003E-3	4.3E-3	4.1999999999999997E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1999999999999997E-3	4.4000000000000003E-3	4.1999999999999997E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.3E-3	4.3E-3	4.3E-3	4.3E-3	pH-7	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.30990000000000001	0.31740000000000002	0.32400000000000001	0.33029999999999998	0.3357	0.33950000000000002	0.34289999999999998	0.34499999999999997	0.34610000000000002	0.34560000000000002	0.34379999999999999	0.34050000000000002	0.33479999999999999	0.32579999999999998	0.31559999999999999	0.30409999999999998	0.28849999999999998	0.27479999999999999	0.2621	0.24790000000000001	0.23719999999999999	0.2283	0.21970000000000001	0.21360000000000001	0.2092	0.2054	0.2034	0.20180000000000001	0.20039999999999999	0.19980000000000001	0.19900000000000001	0.1986	0.1978	0.1978	0.19700000000000001	0.1961	0.1953	0.1943	0.19309999999999999	0.19170000000000001	0.1905	0.1895	0.1883	0.18720000000000001	0.18679999999999999	0.1862	0.18540000000000001	0.18540000000000001	0.18529999999999999	0.18559999999999999	0.1857	0.186	0.18629999999999999	0.18629999999999999	0.1862	0.18629999999999999	0.18579999999999999	0.1847	0.18260000000000001	0.17960000000000001	0.1754	0.17019999999999999	0.16439999999999999	0.15640000000000001	0.14960000000000001	0.1414	0.13270000000000001	0.1258	0.1188	0.1115	0.1085	9.6299999999999997E-2	9.06E-2	8.6699999999999999E-2	8.3000000000000004E-2	7.9200000000000007E-2	7.6600000000000001E-2	7.4700000000000003E-2	7.2999999999999995E-2	7.17E-2	7.0900000000000005E-2	7.0599999999999996E-2	7.0300000000000001E-2	7.0800000000000002E-2	7.1599999999999997E-2	7.2800000000000004E-2	7.3700000000000002E-2	7.4700000000000003E-2	7.5999999999999998E-2	7.6999999999999999E-2	7.8399999999999997E-2	7.9600000000000004E-2	8.0500000000000002E-2	8.1900000000000001E-2	8.3299999999999999E-2	8.43E-2	8.6400000000000005E-2	8.7900000000000006E-2	8.9700000000000002E-2	9.1999999999999998E-2	9.4500000000000001E-2	9.6600000000000005E-2	9.8400000000000001E-2	0.10059999999999999	0.1012	0.10199999999999999	9.64E-2	9.6100000000000005E-2	9.4799999999999995E-2	9.1899999999999996E-2	8.9700000000000002E-2	8.6300000000000002E-2	8.2799999999999999E-2	7.8899999999999998E-2	7.4999999999999997E-2	7.1499999999999994E-2	6.7299999999999999E-2	6.4199999999999993E-2	6.0900000000000003E-2	5.8200000000000002E-2	5.5399999999999998E-2	5.3400000000000003E-2	5.16E-2	4.9599999999999998E-2	4.8399999999999999E-2	4.7199999999999999E-2	4.6399999999999997E-2	4.6100000000000002E-2	4.5699999999999998E-2	4.5400000000000003E-2	4.4900000000000002E-2	4.4999999999999998E-2	4.5100000000000001E-2	4.48E-2	4.4699999999999997E-2	4.5100000000000001E-2	4.5400000000000003E-2	4.5699999999999998E-2	4.5900000000000003E-2	4.5900000000000003E-2	4.5999999999999999E-2	4.6399999999999997E-2	4.7E-2	4.7399999999999998E-2	4.8300000000000003E-2	4.8300000000000003E-2	4.87E-2	4.9000000000000002E-2	4.9700000000000001E-2	4.99E-2	4.9799999999999997E-2	0.05	5.0200000000000002E-2	5.0200000000000002E-2	5.0200000000000002E-2	5.0299999999999997E-2	5.0200000000000002E-2	4.9700000000000001E-2	4.9500000000000002E-2	4.9200000000000001E-2	4.8599999999999997E-2	4.8500000000000001E-2	4.82E-2	4.7800000000000002E-2	4.7500000000000001E-2	4.87E-2	4.8300000000000003E-2	4.8000000000000001E-2	4.7600000000000003E-2	4.7500000000000001E-2	4.7100000000000003E-2	4.6899999999999997E-2	4.6699999999999998E-2	4.6399999999999997E-2	4.5999999999999999E-2	4.58E-2	4.5499999999999999E-2	4.5100000000000001E-2	4.4600000000000001E-2	4.41E-2	4.3499999999999997E-2	4.3099999999999999E-2	4.24E-2	4.1799999999999997E-2	4.1099999999999998E-2	4.0399999999999998E-2	3.9699999999999999E-2	3.8899999999999997E-2	3.8100000000000002E-2	3.73E-2	3.6700000000000003E-2	3.5900000000000001E-2	3.5200000000000002E-2	3.44E-2	3.3799999999999997E-2	3.3300000000000003E-2	3.2899999999999999E-2	3.2500000000000001E-2	3.2099999999999997E-2	3.2000000000000001E-2	3.1699999999999999E-2	3.1699999999999999E-2	3.1600000000000003E-2	3.1600000000000003E-2	3.1800000000000002E-2	3.1899999999999998E-2	3.2199999999999999E-2	3.2599999999999997E-2	3.2899999999999999E-2	3.3399999999999999E-2	3.4000000000000002E-2	3.4599999999999999E-2	3.5499999999999997E-2	3.6600000000000001E-2	3.7699999999999997E-2	3.8800000000000001E-2	4.0300000000000002E-2	4.1700000000000001E-2	4.3299999999999998E-2	4.5100000000000001E-2	4.6699999999999998E-2	4.8599999999999997E-2	5.0500000000000003E-2	5.2600000000000001E-2	5.4600000000000003E-2	5.6899999999999999E-2	5.8999999999999997E-2	6.1499999999999999E-2	6.4100000000000004E-2	6.6400000000000001E-2	6.8900000000000003E-2	7.1499999999999994E-2	7.4200000000000002E-2	7.6600000000000001E-2	7.9399999999999998E-2	8.2199999999999995E-2	8.4599999999999995E-2	8.7499999999999994E-2	8.9899999999999994E-2	9.2799999999999994E-2	9.5500000000000002E-2	9.8500000000000004E-2	0.1017	0.105	0.1086	0.11210000000000001	0.1166	0.1208	0.1258	0.13159999999999999	0.1371	0.14349999999999999	0.15029999999999999	0.15809999999999999	0.16619999999999999	0.17469999999999999	0.18410000000000001	0.19289999999999999	0.2039	0.21479999999999999	0.2248	0.2369	0.2475	0.25900000000000001	0.2712	0.28149999999999997	0.2923	0.30230000000000001	0.31230000000000002	0.32119999999999999	0.32919999999999999	0.33660000000000001	0.34300000000000003	0.34839999999999999	0.3533	0.35680000000000001	0.3604	0.3634	0.36570000000000003	0.36820000000000003	0.37080000000000002	0.37319999999999998	0.37659999999999999	0.3805	0.38490000000000002	0.39119999999999999	0.3987	0.40660000000000002	0.41770000000000002	0.43020000000000003	0.44269999999999998	0.4597	0.4763	0.49569999999999997	0.51870000000000005	0.54079999999999995	0.5655	0.59419999999999995	0.62080000000000002	0.64970000000000006	0.68259999999999998	0.71189999999999998	0.74270000000000003	0.77610000000000001	0.80549999999999999	0.81950000000000001	0.86850000000000005	0.89539999999999997	0.9163	0.93820000000000003	0.95409999999999995	0.96399999999999997	0.96899999999999997	0.96630000000000005	0.96009999999999995	0.94950000000000001	0.93220000000000003	0.90969999999999995	0.88319999999999999	0.84919999999999995	0.81289999999999996	0.77429999999999999	0.73070000000000002	0.68640000000000001	0.63700000000000001	0.59389999999999998	0.54879999999999995	0.50060000000000004	0.46029999999999999	0.41959999999999997	0.37719999999999998	0.33939999999999998	0.30859999999999999	0.2742	0.24440000000000001	0.21820000000000001	0.19420000000000001	0.17180000000000001	0.15240000000000001	0.1333	0.11890000000000001	0.1052	9.1899999999999996E-2	8.1100000000000005E-2	7.2499999999999995E-2	6.3500000000000001E-2	5.6300000000000003E-2	0.05	4.4600000000000001E-2	3.9800000000000002E-2	3.5799999999999998E-2	3.1899999999999998E-2	2.9000000000000001E-2	2.63E-2	2.3900000000000001E-2	2.18E-2	2.01E-2	1.8599999999999998E-2	1.72E-2	1.61E-2	1.4999999999999999E-2	1.4200000000000001E-2	1.35E-2	1.2800000000000001E-2	1.2200000000000001E-2	1.17E-2	1.12E-2	1.0800000000000001E-2	1.0500000000000001E-2	1.0200000000000001E-2	0.01	9.7000000000000003E-3	9.4000000000000004E-3	9.2999999999999992E-3	8.9999999999999993E-3	8.8999999999999999E-3	8.6999999999999994E-3	8.6E-3	8.5000000000000006E-3	8.3999999999999995E-3	8.3000000000000001E-3	8.2000000000000007E-3	8.0999999999999996E-3	8.0000000000000002E-3	7.9000000000000008E-3	7.9000000000000008E-3	7.7999999999999996E-3	7.7000000000000002E-3	7.7000000000000002E-3	7.6E-3	7.6E-3	7.4999999999999997E-3	7.4999999999999997E-3	7.6E-3	7.4999999999999997E-3	7.4999999999999997E-3	7.4999999999999997E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4999999999999997E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4999999999999997E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.4000000000000003E-3	7.3000000000000001E-3	7.3000000000000001E-3	7.3000000000000001E-3	7.1999999999999998E-3	7.1999999999999998E-3	7.1000000000000004E-3	7.0000000000000001E-3	6.7999999999999996E-3	6.8999999999999999E-3	6.8999999999999999E-3	7.0000000000000001E-3	6.8999999999999999E-3	6.7999999999999996E-3	6.7000000000000002E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.8999999999999999E-3	6.8999999999999999E-3	6.8999999999999999E-3	6.8999999999999999E-3	6.8999999999999999E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7000000000000002E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.7999999999999996E-3	6.8999999999999999E-3	6.7999999999999996E-3	6.7999999999999996E-3	pH-8	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	0.32190000000000002	0.32840000000000003	0.33429999999999999	0.34050000000000002	0.34549999999999997	0.34939999999999999	0.35299999999999998	0.35549999999999998	0.35649999999999998	0.35670000000000002	0.3553	0.35239999999999999	0.34699999999999998	0.33810000000000001	0.3281	0.3165	0.30109999999999998	0.28720000000000001	0.27400000000000002	0.25879999999999997	0.24759999999999999	0.23810000000000001	0.2293	0.22259999999999999	0.21809999999999999	0.21429999999999999	0.21210000000000001	0.2099	0.2084	0.20730000000000001	0.20630000000000001	0.2054	0.20430000000000001	0.2036	0.2026	0.20119999999999999	0.2001	0.19869999999999999	0.1971	0.1953	0.19350000000000001	0.19209999999999999	0.1908	0.1893	0.188	0.18720000000000001	0.18659999999999999	0.186	0.1855	0.1855	0.18559999999999999	0.18540000000000001	0.18579999999999999	0.18559999999999999	0.18579999999999999	0.1855	0.18459999999999999	0.18379999999999999	0.1817	0.17860000000000001	0.17469999999999999	0.1694	0.16339999999999999	0.15540000000000001	0.14810000000000001	0.1401	0.13120000000000001	0.12379999999999999	0.11700000000000001	0.1089	0.10589999999999999	9.5699999999999993E-2	8.9800000000000005E-2	8.5900000000000004E-2	8.1900000000000001E-2	7.8E-2	7.5300000000000006E-2	7.2700000000000001E-2	7.1099999999999997E-2	6.9800000000000001E-2	6.9099999999999995E-2	6.8500000000000005E-2	6.8400000000000002E-2	6.8599999999999994E-2	6.9500000000000006E-2	7.0699999999999999E-2	7.1499999999999994E-2	7.2300000000000003E-2	7.3700000000000002E-2	7.4899999999999994E-2	7.6100000000000001E-2	7.7399999999999997E-2	7.8399999999999997E-2	7.9500000000000001E-2	8.0799999999999997E-2	8.2000000000000003E-2	8.4000000000000005E-2	8.5599999999999996E-2	8.7599999999999997E-2	8.9700000000000002E-2	9.2399999999999996E-2	9.4399999999999998E-2	9.6299999999999997E-2	9.8199999999999996E-2	9.9000000000000005E-2	9.9599999999999994E-2	9.1700000000000004E-2	9.0399999999999994E-2	8.8900000000000007E-2	8.6400000000000005E-2	8.4099999999999994E-2	8.0600000000000005E-2	7.6799999999999993E-2	7.2900000000000006E-2	6.9099999999999995E-2	6.5299999999999997E-2	6.0999999999999999E-2	5.8099999999999999E-2	5.4300000000000001E-2	5.1799999999999999E-2	4.9000000000000002E-2	4.6399999999999997E-2	4.4699999999999997E-2	4.2900000000000001E-2	4.1399999999999999E-2	4.0599999999999997E-2	3.95E-2	3.9E-2	3.8699999999999998E-2	3.8300000000000001E-2	3.8100000000000002E-2	3.78E-2	3.78E-2	3.7699999999999997E-2	3.7600000000000001E-2	3.8100000000000002E-2	3.8300000000000001E-2	3.8600000000000002E-2	3.8899999999999997E-2	3.8800000000000001E-2	3.9E-2	3.9399999999999998E-2	4.02E-2	4.0599999999999997E-2	4.1000000000000002E-2	4.1200000000000001E-2	4.19E-2	4.2200000000000001E-2	4.2599999999999999E-2	4.3200000000000002E-2	4.2900000000000001E-2	4.3200000000000002E-2	4.3200000000000002E-2	4.3200000000000002E-2	4.3200000000000002E-2	4.3400000000000001E-2	4.3200000000000002E-2	4.2599999999999999E-2	4.24E-2	4.2200000000000001E-2	4.19E-2	4.1700000000000001E-2	4.1200000000000001E-2	4.1000000000000002E-2	4.0599999999999997E-2	4.41E-2	4.3700000000000003E-2	4.3499999999999997E-2	4.3400000000000001E-2	4.3400000000000001E-2	4.3200000000000002E-2	4.2999999999999997E-2	4.2900000000000001E-2	4.2500000000000003E-2	4.2299999999999997E-2	4.2000000000000003E-2	4.1700000000000001E-2	4.1200000000000001E-2	4.07E-2	4.0399999999999998E-2	3.9699999999999999E-2	3.9199999999999999E-2	3.8699999999999998E-2	3.7999999999999999E-2	3.73E-2	3.6499999999999998E-2	3.5700000000000003E-2	3.5000000000000003E-2	3.4200000000000001E-2	3.32E-2	3.2599999999999997E-2	3.1800000000000002E-2	3.1099999999999999E-2	3.0300000000000001E-2	2.98E-2	2.93E-2	2.8899999999999999E-2	2.8400000000000002E-2	2.81E-2	2.7900000000000001E-2	2.7799999999999998E-2	2.7699999999999999E-2	2.76E-2	2.7699999999999999E-2	2.8000000000000001E-2	2.81E-2	2.8400000000000002E-2	2.8799999999999999E-2	2.93E-2	2.98E-2	3.04E-2	3.1E-2	3.1899999999999998E-2	3.2899999999999999E-2	3.39E-2	3.5000000000000003E-2	3.6499999999999998E-2	3.7999999999999999E-2	3.95E-2	4.1300000000000003E-2	4.2999999999999997E-2	4.4999999999999998E-2	4.7E-2	4.9099999999999998E-2	5.1200000000000002E-2	5.3699999999999998E-2	5.5800000000000002E-2	5.8400000000000001E-2	6.1100000000000002E-2	6.3500000000000001E-2	6.6199999999999995E-2	6.88E-2	7.1499999999999994E-2	7.3999999999999996E-2	7.6899999999999996E-2	7.9699999999999993E-2	8.2100000000000006E-2	8.5099999999999995E-2	8.7599999999999997E-2	9.0499999999999997E-2	9.3299999999999994E-2	9.64E-2	9.9500000000000005E-2	0.1028	0.1065	0.11	0.1145	0.1187	0.12379999999999999	0.12959999999999999	0.13519999999999999	0.1416	0.14860000000000001	0.15640000000000001	0.1646	0.17330000000000001	0.18279999999999999	0.1918	0.2029	0.214	0.22420000000000001	0.23649999999999999	0.24740000000000001	0.25890000000000002	0.27139999999999997	0.28210000000000002	0.29299999999999998	0.30330000000000001	0.31340000000000001	0.32250000000000001	0.33069999999999999	0.33839999999999998	0.34489999999999998	0.35049999999999998	0.35539999999999999	0.35909999999999997	0.36280000000000001	0.36580000000000001	0.36820000000000003	0.37080000000000002	0.37330000000000002	0.37580000000000002	0.37930000000000003	0.38329999999999997	0.38769999999999999	0.39419999999999999	0.40189999999999998	0.4098	0.4209	0.43369999999999997	0.44650000000000001	0.46360000000000001	0.48049999999999998	0.50019999999999998	0.52370000000000005	0.54610000000000003	0.57120000000000004	0.60040000000000004	0.62739999999999996	0.65690000000000004	0.69020000000000004	0.72019999999999995	0.75160000000000005	0.78569999999999995	0.81569999999999998	0.82979999999999998	0.87980000000000003	0.90759999999999996	0.92900000000000005	0.95120000000000005	0.9677	0.97770000000000001	0.98280000000000001	0.98009999999999997	0.97389999999999999	0.96319999999999995	0.94599999999999995	0.92320000000000002	0.8962	0.86209999999999998	0.82509999999999994	0.78590000000000004	0.74170000000000003	0.69669999999999999	0.64639999999999997	0.60250000000000004	0.55659999999999998	0.50760000000000005	0.46650000000000003	0.42509999999999998	0.38179999999999997	0.34329999999999999	0.31180000000000002	0.2767	0.24629999999999999	0.2195	0.1951	0.1721	0.1522	0.1328	0.1181	0.104	9.0499999999999997E-2	7.9399999999999998E-2	7.0599999999999996E-2	6.1400000000000003E-2	5.3999999999999999E-2	4.7600000000000003E-2	4.2099999999999999E-2	3.7199999999999997E-2	3.3000000000000002E-2	2.9100000000000001E-2	2.6100000000000002E-2	2.3300000000000001E-2	2.0799999999999999E-2	1.8700000000000001E-2	1.7000000000000001E-2	1.54E-2	1.41E-2	1.29E-2	1.18E-2	1.0999999999999999E-2	1.0200000000000001E-2	9.4999999999999998E-3	8.8999999999999999E-3	8.3999999999999995E-3	8.0000000000000002E-3	7.4999999999999997E-3	7.1999999999999998E-3	6.8999999999999999E-3	6.6E-3	6.4000000000000003E-3	6.1000000000000004E-3	6.0000000000000001E-3	5.7999999999999996E-3	5.5999999999999999E-3	5.4999999999999997E-3	5.3E-3	5.1999999999999998E-3	5.1000000000000004E-3	5.0000000000000001E-3	4.8999999999999998E-3	4.8999999999999998E-3	4.7000000000000002E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4000000000000003E-3	4.3E-3	4.3E-3	4.3E-3	4.3E-3	4.3E-3	4.3E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.3E-3	4.1999999999999997E-3	4.1999999999999997E-3	4.3E-3	4.3E-3	4.3E-3	4.3E-3	4.4000000000000003E-3	4.4000000000000003E-3	4.4999999999999997E-3	4.5999999999999999E-3	4.7999999999999996E-3	5.0000000000000001E-3	5.1000000000000004E-3	5.1999999999999998E-3	5.1999999999999998E-3	5.1000000000000004E-3	5.1000000000000004E-3	5.0000000000000001E-3	5.0000000000000001E-3	4.8999999999999998E-3	4.7999999999999996E-3	4.5999999999999999E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.5999999999999999E-3	4.7000000000000002E-3	4.5999999999999999E-3	4.3E-3	4.3E-3	4.4000000000000003E-3	4.4000000000000003E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4000000000000003E-3	4.3E-3	4.1999999999999997E-3	4.0000000000000001E-3	4.0000000000000001E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8999999999999998E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.0000000000000001E-3	Wavelength(nm)

Absorbance
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Absorbance



SM10 (µM)	3	4	5	6	7	8	0.89500000000000002	0.90720000000000001	0.91039999999999999	0.93569999999999998	0.95899999999999996	0.98109999999999997	SM10-A (40µM)	3	4	5	6	7	8	0.34310000000000002	0.36509999999999998	0.37069999999999997	0.22989999999999999	6.8900000000000003E-2	1.78E-2	pH

Absorbance



pH-8	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	589.58500000000004	601.22670000000005	618.08130000000006	636.024	654.48990000000003	673.54909999999938	691.02009999999996	708.02519999999936	723.98350000000005	737.3667999999974	749.48109999999997	762.40430000000003	772.68920000000003	781.64589999999998	790.32749999999737	798.70060000000001	806.09879999999998	811.75980000000004	816.6028	821.31359999999938	824.35579999999936	827.17780000000005	829.05809999999997	830.04919999999936	830.7921	830.57399999999996	830.08749999999998	829.46759999998255	827.04159999999786	824.05159999999739	820.56590000000006	816.13340000000005	811.41639999999938	805.85849999999937	800.5619999999974	794.65719999999737	787.99009999999998	781.07299999999998	774.13990000000001	767.32749999999737	760.26559999999938	753.17330000000004	746.35509999999738	738.61109999999996	731.03959999999938	722.21349999999995	714.04649999999936	705.84089999999787	696.74450000000002	687.77530000000002	678.63319999999999	669.76789999999937	660.1164	651.7242	643.15470000000005	634.05669999999736	623.99879999999996	614.19100000000003	604.78570000000002	596.0320999999974	587.00810000000001	579.31779999999787	570.9384	562.85239999999737	554.33609999999737	546.36619999998152	538.79840000000002	531.31789999999739	524.44839999999999	516.2817	507.8845	499.68029999999999	492.1499	484.97250000000003	478.52449999999999	472.05369999999999	466.24639999999891	459.3843	452.74900000000002	446.26150000000001	440.48930000000001	433.92230000000001	428.27109999999891	422.23559999999861	415.8922	409.79270000000002	404.10140000000001	398.21789999999999	392.99829999999861	387.55919999999992	382.96499999999992	378.23360000000002	373.23360000000002	368.34500000000008	363.55900000000008	358.6343	353.62830000000002	348.77440000000001	343.6968	339.06200000000001	334.35149999999999	329.23379999999861	324.53429999999992	319.74270000000001	314.73689999999891	310.0652	305.35090000000002	300.73389999999961	296.07409999999999	291.68729999999999	286.9744	282.03989999999999	277.39609999999891	272.95400000000001	268.34820000000002	263.59989999999999	259.16419999999999	255.14670000000001	250.46729999999999	245.93520000000001	241.79669999999999	237.87090000000001	233.70750000000001	229.39869999999999	225.3099	221.02959999999999	216.48509999999999	211.8717	207.48429999999999	203.46600000000001	199.57740000000001	195.6782	192.0547	188.6412	185.36580000000001	181.8956	178.22810000000001	174.75620000000001	171.2799	167.9205	164.40440000000001	161.4709	158.48500000000001	155.36750000000001	152.1747	149.21360000000001	146.1979	143.3597	140.1506	137.28200000000001	134.54810000000001	131.78700000000001	129.37559999999999	126.86579999999999	124.20189999999999	121.8017	119.23309999999999	116.7822	114.3386	111.80500000000001	109.7046	107.4419	105.26730000000001	103.3372	101.4252	99.400300000000001	97.163799999999981	95.067899999999995	93.130499999999998	91.13679999999998	89.388299999999987	87.670699999999982	86.226399999999998	84.631900000000002	82.909400000000005	81.14279999999998	79.265900000000002	77.4679	75.836399999999998	74.3416	72.864000000000004	71.332399999999978	69.928100000000001	68.640199999999993	67.298199999999994	66.185399999999348	65.176499999999848	64.231399999999994	63.140800000000013	61.922600000000003	60.816099999999999	59.658499999999997	58.3917	57.2089	56.171600000000012	55.164400000000001	54.262300000000003	53.368899999999996	52.473500000000001	51.528500000000001	50.645899999999997	49.730499999999999	48.828299999999999	47.815100000000001	46.8476	45.984499999999997	45.210800000000013	44.3001	43.523000000000003	42.7667	41.916400000000003	41.025700000000001	40.208500000000001	39.400300000000001	38.6721	37.839100000000002	37.176499999999997	36.479799999999997	35.756700000000002	35.139499999999998	34.570500000000003	33.883899999999997	33.2119	32.595100000000002	31.974699999999981	31.369800000000001	30.728000000000002	30.091899999999999	29.460599999999879	28.806799999999999	28.183	27.627500000000001	27.1388	26.698799999999981	26.119700000000009	25.522600000000001	25.0105	24.531500000000001	23.977900000000009	23.499600000000001	23.088899999999999	22.667300000000001	22.210599999999999	21.794699999999999	21.392800000000001	20.864599999999999	20.265899999999981	19.758900000000001	19.3446	18.863299999999999	18.573799999999981	18.284199999999981	17.896599999999999	17.449100000000001	17.020099999999999	16.6538	16.2928	15.9053	15.6967	15.375400000000001	15.022399999999999	14.6518	14.2224	13.812099999999999	13.4321	13.0708	12.7799	12.4604	12.2094	12.0258	11.8658	11.646000000000001	11.4186	11.165100000000001	10.935	10.680400000000001	10.457100000000001	10.282500000000001	10.0594	9.8219000000000012	9.5849000000000011	9.3162000000000003	9.0744000000000007	8.8616000000000028	8.6435000000000013	8.4530000000000012	8.2688000000000006	8.1822000000000035	8.0543000000000013	7.8891999999999998	7.7854999999999999	7.6070999999999946	7.3785999999999996	7.1622999999999966	6.9692999999999996	6.8243999999999856	6.6539999999999857	6.5103	6.3863000000000003	6.2359999999999998	6.1066000000000003	5.9598000000000004	5.8419999999999996	5.7854000000000001	5.7016	5.6006	5.4618000000000002	5.3864999999999998	5.2859999999999996	5.1630999999999956	5.0286	4.9156000000000004	4.8049999999999846	4.6786000000000003	4.5739999999999998	4.5358000000000001	4.4626999999999999	4.3982000000000001	4.3136999999999999	4.2335000000000003	4.1432000000000002	4.0529999999999946	3.9813000000000001	3.93	3.8549000000000002	3.7774999999999999	3.6977000000000002	3.6263999999999998	3.5659999999999998	3.5240999999999998	3.4289999999999998	3.317099999999999	3.2492999999999999	3.1703999999999999	3.1065	3.0623999999999998	3.0516000000000001	3.011499999999999	2.9422000000000001	2.8932000000000002	2.806	pH-7	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	509.64600000000002	520.89159999999936	536.22860000000003	551.2636	566.47299999999996	582.02080000000001	596.07190000000003	609.16359999999997	621.54459999999938	632.91570000000002	643.05989999999997	654.21979999999996	663.88459999999998	672.79020000000003	680.97199999999998	688.26119999999787	694.60749999999996	700.30109999999786	705.01159999999936	709.50390000000004	711.57539999999995	712.40639999999996	712.59410000000003	712.24649999999997	712.14340000000004	711.81059999999786	712.32579999999996	711.42109999999786	709.40739999999937	707.18470000000002	703.7636	699.49869999999999	695.15070000000003	690.26779999999997	685.74580000000003	679.95119999999736	673.89289999999937	669.01219999999739	662.35389999999938	656.61969999999997	651.39390000000003	645.38430000000005	638.39739999999938	631.26599999999996	623.7713	616.31830000000002	608.71510000000001	602.36539999999786	595.62850000000003	588.50810000000001	580.72389999999996	574.05579999999998	565.52249999999788	557.74739999999997	550.24659999999938	543.27719999999999	535.90830000000005	528.32519999999738	520.64490000000001	513.39109999999937	504.8571	497.84210000000002	490.37310000000002	484.13639999999862	477.14499999999998	469.78899999999891	463.05410000000001	456.39350000000002	449.62099999999992	442.88310000000001	436.57990000000001	430.72629999999862	424.8143	419.06200000000001	413.2346	407.02100000000002	400.71730000000002	394.40219999999891	388.56549999999999	382.81049999999999	377.5342	372.46350000000001	366.92299999999892	361.99759999999861	357.44109999999961	353.04599999999999	348.76080000000002	344.42720000000003	339.899	335.39159999999862	330.68349999999992	326.58359999999891	322.8143	319.03579999999891	314.94740000000002	310.45060000000001	305.85739999999993	301.32109999999892	296.4556	292.27319999999861	288.5206	284.58309999999892	280.19760000000002	275.74790000000002	271.53500000000003	267.54919999999993	263.625	260.22500000000002	256.43290000000002	252.7458	249.13	245.2149	241.0292	236.57300000000001	232.39420000000001	228.60140000000001	224.67070000000001	221.0078	217.3415	213.29640000000001	209.3621	205.34299999999999	201.727	198.29660000000001	194.65539999999999	190.66929999999999	186.87989999999999	183.20330000000001	180.08969999999999	177.04679999999999	174.19120000000001	171.21250000000001	167.9385	164.2739	161.0616	157.72239999999999	154.71729999999999	151.7689	148.81659999999999	146.23509999999999	143.22839999999999	140.2697	137.5753	134.84100000000001	132.32830000000001	129.82679999999999	127.06659999999999	124.637	121.9127	119.5025	117.1347	114.857	112.4691	110.4053	108.1658	105.974	103.7886	101.67140000000001	99.321999999999974	96.969899999999996	94.774199999999993	92.974400000000003	91.337100000000007	89.769000000000005	88.290700000000001	86.974800000000002	85.230199999999996	83.600899999999982	81.869900000000001	79.974400000000003	78.232699999999994	76.644599999999997	75.288899999999998	74.0839	72.5458	71.066800000000001	69.485100000000003	67.986400000000003	66.603200000000001	65.359300000000005	64.308299999999974	63.204700000000003	61.984499999999997	60.771900000000002	59.815199999999997	58.927700000000002	57.991	56.888500000000001	55.7804	54.703499999999998	53.689100000000003	52.621600000000001	51.8245	50.742699999999999	49.930999999999997	49.050600000000003	48.0349	47.133699999999997	46.157899999999998	45.174200000000013	44.5017	43.654000000000003	43.135200000000012	42.461100000000002	41.627000000000002	40.8294	39.994400000000013	39.2209	38.550400000000003	37.854499999999973	37.114699999999999	36.371000000000002	35.5946	34.918799999999997	34.3568	33.793700000000001	33.263300000000001	32.690400000000011	32.035499999999999	31.416699999999999	30.779	30.100100000000001	29.574000000000009	29.004200000000001	28.498100000000001	27.864899999999999	27.2897	26.73	26.189499999999999	25.582100000000001	25.081800000000001	24.566099999999999	24.116700000000009	23.668800000000001	23.344200000000001	22.871300000000009	22.430800000000001	21.932500000000001	21.459800000000001	20.9937	20.490100000000002	20.087399999999999	19.777799999999999	19.329000000000001	18.8855	18.424099999999999	18.060600000000001	17.6798	17.299600000000002	16.9192	16.706800000000001	16.436499999999999	16.012599999999999	15.626899999999999	15.298999999999999	14.936400000000001	14.5829	14.198	13.955500000000001	13.743399999999999	13.430199999999999	13.1472	12.919700000000001	12.617000000000001	12.298400000000001	11.963100000000001	11.6877	11.4983	11.243499999999999	10.9619	10.7453	10.4839	10.2371	10.0444	9.918000000000001	9.7402999999999977	9.4883000000000006	9.1454000000000004	8.8933999999999997	8.6197000000000035	8.420300000000001	8.2981999999999978	8.2173999999999996	8.0876000000000001	7.9414999999999996	7.7005999999999997	7.5431999999999997	7.3456999999999999	7.2366000000000001	7.1036000000000001	7.0042999999999997	6.9238	6.7619999999999987	6.5392000000000001	6.3556999999999997	6.1951999999999856	6.0664999999999996	5.9522000000000004	5.8639999999999857	5.7953999999999999	5.6382000000000003	5.4894999999999996	5.3837999999999999	5.2820999999999998	5.1917999999999997	5.1438999999999986	5.0570999999999966	4.9401999999999999	4.7835999999999999	4.6142999999999956	4.4984000000000002	4.3983999999999996	4.3182	4.2775999999999996	4.2385000000000002	4.1788999999999996	4.0894000000000004	3.9921999999999991	3.9432	3.8942999999999981	3.8184	3.7492999999999999	3.698	3.6345000000000001	3.5528	3.4693000000000001	3.4228999999999981	3.4243999999999999	3.379	3.316399999999998	3.2578	3.1932	3.1196000000000002	2.978699999999999	2.9180000000000001	2.845499999999999	2.7404999999999999	2.6842999999999999	2.6230000000000002	2.5497000000000001	2.645	pH-6	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	257.33699999999891	261.66359999999992	267.637	274.03899999999891	280.45030000000003	287.52140000000003	294.18380000000002	300.47989999999999	306.10500000000002	311.56580000000002	316.279	321.37299999999999	325.00380000000001	328.85230000000001	332.13499999999999	335.27870000000001	337.99119999998788	340.33829999999921	342.58550000000002	345.1354	346.16739999999999	347.4228	347.96449999999999	347.92259999999891	347.78579999999891	347.19009999999992	346.84780000000001	346.36689999999999	345.64229999999998	344.72059999999891	343.5797	341.77499999999992	340.54360000000008	338.77089999999993	336.77519999999862	334.59969999999993	332.42139999998858	330.15260000000001	327.37650000000002	324.29809999999861	321.3467	318.08589999999992	314.8879	311.87490000000008	308.89569999999992	306.21069999999992	303.23889999999892	300.31420000000008	297.0634	293.65269999999998	290.33280000000002	286.83850000000001	283.41559999999862	280.16809999999992	276.32260000000002	272.99959999999862	268.96319999999861	265.28050000000002	261.6336	258.21460000000002	255.07300000000001	252.10659999999999	248.6816	245.98750000000001	242.488	239.32210000000001	235.81489999999999	232.86359999999999	229.41810000000001	226.51939999999999	223.84630000000001	221.04949999999999	218.22909999999999	215.6902	212.96029999999999	210.51759999999999	207.74629999999999	205.3946	202.7192	199.67859999999999	197.10290000000001	194.54910000000001	191.8707	189.54949999999999	187.6122	185.56649999999999	183.54409999999999	181.35740000000001	179.56530000000001	177.50970000000001	175.4238	173.43899999999999	171.41890000000001	169.17169999999999	167.1808	164.9905	162.7775	160.3819	158.291	156.1781	154.1756	152.42869999999999	150.8503	149.07320000000001	147.02090000000001	144.7647	142.72790000000001	140.535	138.447	136.64689999999999	134.78919999999999	132.6396	130.92330000000001	129.0385	127.2392	125.075	123.09650000000001	121.185	119.01390000000001	116.6258	114.84950000000001	112.9221	110.93989999999999	109.0645	107.4235	105.6005	103.70699999999999	101.90730000000001	100.22709999999999	98.3613	96.393199999999993	94.709500000000006	92.908900000000003	91.11839999999998	89.614400000000003	88.170499999999848	86.674699999999973	85.1935	83.9161	82.553799999999981	80.955100000000002	79.367800000000003	77.676899999999748	76.022799999999748	74.430700000000002	73.036699999999996	71.824299999999994	70.4833	69.215000000000003	67.968100000000007	66.781000000000006	65.568299999999994	64.330100000000002	63.115400000000001	61.860300000000002	60.747	59.832500000000003	58.800199999999997	57.804499999999997	56.6751	55.580599999999997	54.6479	53.693800000000003	52.731999999999999	51.858699999999999	50.759500000000003	49.758200000000002	48.799200000000013	47.860400000000013	47.140500000000003	46.370899999999999	45.571399999999997	44.914499999999997	44.205800000000011	43.555999999999997	42.7624	41.851799999999997	41.054000000000002	40.351199999999999	39.656200000000013	38.933500000000002	38.503100000000003	37.902299999999997	37.294200000000011	36.658099999999997	35.997200000000007	35.457700000000003	34.816899999999997	34.124200000000002	33.6616	33.034999999999997	32.501600000000003	32.0214	31.477900000000009	30.968499999999679	30.397600000000001	29.773900000000001	29.220500000000001	28.716200000000001	28.334800000000001	27.965499999999679	27.5776	27.212900000000001	26.843699999999981	26.290400000000002	25.825700000000001	25.326899999999991	24.870200000000001	24.382300000000001	23.982399999999679	23.715299999999999	23.43	22.985699999999479	22.6462	22.247199999999999	21.827000000000009	21.323399999999999	20.8825	20.471800000000009	19.978200000000001	19.5625	19.250900000000001	19.0593	18.829999999999991	18.5623	18.309699999999999	17.953600000000002	17.5519	17.155200000000001	16.7867	16.530799999999999	16.1663	15.8362	15.5664	15.352399999999999	15.132999999999999	14.828900000000001	14.6396	14.434699999999999	14.091699999999999	13.7446	13.4933	13.264799999999999	12.9937	12.7164	12.537699999999999	12.298	12.0002	11.7402	11.456	11.1835	10.9696	10.7814	10.6128	10.4237	10.208	10.011100000000001	9.7403999999999993	9.5745000000000005	9.4341000000000008	9.3323999999999998	9.1714000000000002	8.934800000000001	8.7237000000000009	8.4972000000000012	8.2795000000000005	8.0790000000000006	7.8712999999999997	7.7576999999999998	7.6071999999999846	7.4409999999999998	7.3498000000000001	7.2417999999999996	7.1265999999999856	6.9859999999999998	6.8444999999999956	6.7030000000000003	6.6297999999999977	6.5091000000000001	6.3937999999999997	6.2446000000000002	6.07	5.9059999999999997	5.7232000000000003	5.5458999999999996	5.4878	5.4242999999999997	5.3916000000000004	5.3108999999999966	5.1987999999999994	5.09	4.9127000000000001	4.8098999999999998	4.7561999999999998	4.7078999999999986	4.6436999999999999	4.569	4.4870000000000001	4.3883999999999999	4.2252999999999998	4.1474999999999964	4.0804	3.9937999999999998	3.8934000000000002	3.8279999999999998	3.7627000000000002	3.6850999999999998	3.5960000000000001	3.5586000000000002	3.5335999999999999	3.4935999999999998	3.4236	3.3271999999999999	3.2353000000000001	3.1637	3.0916000000000001	3.0495000000000001	3.0426000000000002	3.0124	3.0019	2.9258000000000002	2.8443000000000001	2.7669000000000001	2.7086999999999999	2.6412	2.6107999999999998	2.556	2.569	2.5219	2.4689000000000001	2.4060000000000001	2.3767	2.3115999999999981	2.2534000000000001	2.2202999999999999	2.2008000000000001	2.1656	2.1273	2.0903	2.0411000000000001	2.0419999999999998	pH-5	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	70.571999999999974	71.793400000000005	73.2209	74.497	75.787800000000004	76.906999999999996	78.0548	78.971999999999994	79.965999999999994	81.0916	82.016499999999994	82.707700000000003	83.438599999999994	84.006699999999995	84.471199999999996	84.976100000000002	85.496499999999997	85.965900000000005	86.215400000000002	86.438000000000002	86.832499999999982	87.035399999999981	87.196700000000007	87.297700000000006	87.399500000000003	87.273399999999981	87.085699999999974	86.982399999999998	86.724599999999995	86.304599999999994	85.837700000000012	85.402299999999997	85.184999999999974	84.864900000000006	84.599199999999996	84.388899999999978	83.943100000000001	83.488100000000003	83.013000000000005	82.627700000000004	82.184600000000003	81.724700000000013	81.176399999999347	80.660499999999999	80.146600000000007	79.709100000000007	79.241600000000005	78.737700000000004	78.067800000000005	77.55589999999998	77.0518	76.556799999999981	76.036600000000007	75.528899999999979	74.908000000000001	74.285899999999998	73.614999999999995	73.13979999999998	72.637600000000006	72.093400000000003	71.503500000000003	71.057500000000005	70.5749	70.078699999999984	69.451099999999997	69.048599999999993	68.738500000000002	68.337999999999994	67.870099999999979	67.610699999999994	67.247299999999996	66.563900000000004	65.883700000000005	65.521000000000001	65.218599999999995	64.7761	64.309299999999993	63.921400000000013	63.355800000000002	62.625900000000001	62.279200000000003	62.040300000000002	61.681600000000003	61.238300000000002	60.878999999999998	60.464300000000001	59.907800000000002	59.323	59.017499999999998	58.662100000000002	58.226100000000002	57.8386	57.513599999999997	57.144799999999996	56.489800000000002	55.860500000000002	55.210800000000013	54.720600000000012	54.317399999999999	53.902800000000013	53.552999999999997	53.169000000000011	52.575499999999998	51.930100000000003	51.207900000000002	50.653799999999997	50.058	49.488	49.065300000000001	48.5959	48.034400000000012	47.455199999999998	46.881500000000003	46.218800000000002	45.6004	45.069299999999998	44.477200000000003	43.876600000000003	43.235700000000001	42.638800000000003	42.132899999999999	41.6066	41.1372	40.684199999999997	40.0334	39.351799999999997	38.738700000000001	38.123100000000001	37.652099999999997	37.185400000000001	36.745699999999999	36.292499999999997	35.643300000000011	35.131400000000014	34.705100000000002	34.181100000000001	33.701999999999998	33.153599999999997	32.6205	32.0366	31.523	31.232900000000001	30.848299999999981	30.439299999999999	30.067799999999981	29.552399999999999	29.015999999999991	28.6157	28.311399999999999	27.916799999999981	27.517800000000001	27.157299999999999	26.737400000000001	26.282299999999779	25.84069999999998	25.604900000000001	25.3474	24.942900000000002	24.623100000000001	24.275400000000001	23.918600000000001	23.609400000000001	23.2303	22.8627	22.515799999999999	22.156099999999999	21.806999999999999	21.547499999999999	21.337700000000009	21.1004	20.836400000000001	20.534800000000001	20.257899999999999	19.958400000000001	19.658999999999999	19.425999999999981	19.1496	18.818100000000001	18.584800000000001	18.344100000000001	18.0764	17.773499999999981	17.5061	17.2851	17.0474	16.8033	16.634899999999998	16.482199999999679	16.342700000000001	16.232800000000001	16.122	16.021000000000001	15.8003	15.473000000000001	15.229200000000001	14.9718	14.7538	14.5601	14.4132	14.2545	14.0253	13.8155	13.709300000000001	13.5687	13.4001	13.1562	12.9255	12.6494	12.423400000000001	12.2674	12.1304	12.0481	11.8918	11.693899999999999	11.561	11.4101	11.281599999999999	11.1487	11.0129	10.8668	10.646000000000001	10.435499999999999	10.229900000000001	10.040900000000001	9.8641000000000005	9.6977000000000011	9.5626000000000104	9.4216000000000015	9.2960000000000012	9.1385999999999985	8.9600000000000026	8.8392000000000035	8.7230000000000008	8.6254000000000008	8.4809000000000001	8.3505000000000003	8.2312999999999974	8.0672000000000015	7.8852000000000002	7.7656000000000001	7.6473999999999966	7.56	7.4394999999999998	7.3613	7.2389000000000001	7.0799000000000003	6.8933999999999997	6.7712000000000003	6.6255999999999746	6.5636999999999999	6.5195999999999996	6.4580000000000002	6.3576999999999986	6.2380000000000004	6.0610999999999997	5.8973999999999966	5.7384000000000004	5.6386000000000003	5.5532000000000004	5.4600999999999997	5.3848999999999956	5.2953999999999999	5.1670999999999756	5.0862999999999996	5.0232999999999999	4.9267000000000003	4.8493000000000004	4.7458999999999998	4.6587999999999976	4.5732999999999997	4.4939999999999998	4.4413	4.3681999999999856	4.2523999999999997	4.1792999999999996	4.1307	4.0437000000000003	3.9712999999999981	3.9161000000000001	3.8471000000000002	3.7715000000000001	3.6958000000000002	3.6629	3.6480000000000001	3.5503999999999998	3.4598	3.419	3.3683000000000001	3.3267999999999991	3.2690999999999999	3.198	3.1707000000000001	3.09	3.0259999999999998	3.0285000000000002	3.015699999999998	2.9569000000000001	2.881899999999999	2.7854000000000001	2.7311999999999999	2.6400999999999999	2.5842999999999998	2.5701000000000001	2.5404	2.4977	2.4841000000000002	2.4773000000000001	2.450299999999999	2.410099999999999	2.3382000000000001	2.2665000000000002	2.1884999999999999	2.1446000000000001	2.1126	2.0851000000000002	2.0714000000000001	2.0463	1.9731000000000001	1.9471000000000001	1.9411	1.9218	1.8762000000000001	1.821	1.7853000000000001	1.7325999999999999	1.6677	1.6525000000000001	1.6327	1.5984	1.5672999999999999	1.5444	1.5395000000000001	1.5363	1.5364	1.5412999999999999	1.5304	1.5273000000000001	1.484	1.4466000000000001	1.391	1.3	pH-4	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	26.175000000000001	26.424199999999999	26.6753	26.924600000000002	27.162099999999999	27.448499999999779	27.682500000000001	27.954599999999999	28.235600000000002	28.5336	28.822500000000002	28.9544	29.174600000000009	29.300599999999999	29.384499999999999	29.3766	29.394300000000001	29.504899999999999	29.531700000000001	29.520199999999999	29.668500000000002	29.645399999999981	29.598800000000001	29.5229	29.4938	29.4238	29.398700000000002	29.370100000000001	29.3901	29.325099999999999	29.261299999999981	29.288399999999779	29.272500000000001	29.148399999999999	29.162800000000001	29.090800000000009	29.0029	28.7578	28.5504	28.342099999999981	28.127300000000009	28.0182	27.9556	28.051400000000001	28.0869	27.993300000000001	27.9072	27.780799999999779	27.660599999999999	27.6143	27.5032	27.505099999999999	27.440799999999879	27.4832	27.338899999999999	27.324100000000001	27.297599999999999	27.3004	27.187899999999999	27.088200000000001	26.938500000000001	26.8569	26.596599999999999	26.614799999999999	26.652699999999999	26.7194	26.75	26.741399999999999	26.697199999999999	26.576000000000001	26.395800000000001	26.259	26.088699999999779	25.932099999999981	25.856100000000001	25.742599999999879	25.730799999999981	25.767199999999999	25.7104	25.6448	25.653700000000001	25.6523	25.541899999999991	25.454999999999991	25.353200000000001	25.2638	25.0517	24.924399999999981	24.849499999999999	24.713200000000001	24.498000000000001	24.367899999999999	24.185099999999981	24.035	23.893899999999999	23.882899999999999	23.8765	23.904499999999999	23.788399999999779	23.601800000000001	23.2699	22.927099999999999	22.595099999999999	22.332000000000001	22.1433	22.0261	21.972100000000001	21.914100000000001	21.738099999999999	21.533999999999999	21.248799999999779	20.971800000000009	20.769200000000001	20.443000000000001	20.3017	20.108799999999999	19.927900000000001	19.7182	19.448	19.301400000000001	19.140699999999999	18.792200000000001	18.5092	18.2271	17.9361	17.691700000000001	17.445499999999779	17.292000000000002	17.101900000000001	16.8688	16.719799999999999	16.512799999999999	16.229800000000001	15.9778	15.6928	15.4337	15.2486	15.0589	14.966799999999999	14.824199999999999	14.6717	14.4801	14.281599999999999	14.1	13.9552	13.7445	13.5341	13.301500000000001	13.0968	12.897600000000001	12.782500000000001	12.6883	12.6479	12.6214	12.5204	12.3665	12.185700000000001	11.964	11.7417	11.4924	11.307399999999999	11.138199999999999	11.0153	10.9612	10.915900000000001	10.896800000000001	10.742599999999999	10.5616	10.385300000000001	10.228	10.1097	10.0503	9.9922000000000004	9.9825000000000053	9.8450000000000006	9.6777000000000015	9.5295000000000005	9.3940000000000001	9.2537000000000003	9.1715	9.1231000000000009	9.0971000000000011	9.0286000000000008	8.8973999999999993	8.7901000000000007	8.6591000000000005	8.4974000000000007	8.3852000000000046	8.2954000000000008	8.2176000000000009	8.1640000000000015	8.0857000000000028	7.9924999999999997	7.8562000000000003	7.7088000000000001	7.5792999999999999	7.4737999999999998	7.4202000000000004	7.4115000000000002	7.3536999999999999	7.2413999999999996	7.1494	7.0194999999999999	6.8804999999999996	6.7974999999999977	6.7161	6.6649999999998917	6.5915999999999997	6.4607000000000001	6.4408000000000003	6.3311000000000002	6.2218999999999998	6.1356999999999999	6.0304000000000002	5.9503000000000004	5.9035000000000002	5.8353999999999999	5.8267999999999986	5.7373000000000003	5.6067	5.4878	5.3711000000000002	5.2861000000000002	5.1882999999999999	5.1308999999999996	5.0796999999999999	5.0629999999999846	5.0006000000000004	4.9584000000000001	4.9280999999999997	4.8856999999999999	4.7737999999999996	4.6982999999999997	4.6070999999999946	4.5570999999999966	4.4972000000000003	4.3769999999999998	4.3372999999999999	4.2630999999999997	4.1734	4.1021999999999954	3.9891999999999999	3.8839000000000001	3.8246000000000002	3.7462	3.7563	3.7294	3.7054	3.6698	3.5811999999999999	3.5032000000000001	3.4634	3.4068000000000001	3.3418000000000001	3.2587000000000002	3.1905000000000001	3.152899999999998	3.1240000000000001	3.1065	3.0510000000000002	2.9525000000000001	2.8439999999999999	2.7850999999999999	2.7275999999999998	2.6960999999999982	2.6509999999999998	2.6009000000000002	2.5457000000000001	2.5129000000000001	2.4992000000000001	2.5186999999999991	2.511699999999998	2.4864000000000002	2.4338000000000002	2.4049	2.345499999999999	2.3007	2.2404999999999999	2.1686000000000001	2.1067	2.051299999999999	1.9910000000000001	1.9732000000000001	1.9291	1.9021999999999999	1.8731	1.8625	1.8446	1.8194999999999999	1.7713000000000001	1.7336	1.7052	1.6626000000000001	1.6204000000000001	1.5931	1.5637000000000001	1.5316000000000001	1.5038	1.4895	1.4967999999999999	1.5004999999999999	1.4983	1.504	1.4991000000000001	1.4766999999999999	1.4471000000000001	1.4036999999999991	1.383	1.3785000000000001	1.3572	1.3280000000000001	1.3055000000000001	1.2823	1.2618	1.2350000000000001	1.2411000000000001	1.2363999999999999	1.1878	1.1302000000000001	1.0903	1.0603	1.0347999999999999	1.0209999999999999	1.0262	1.0246999999999999	0.99960000000000004	0.9899	0.97789999999999999	0.9798	0.97189999999999999	0.96089999999999998	0.9294	0.90310000000000001	0.85699999999999998	0.82430000000000003	0.79649999999999999	0.78539999999999999	0.77980000000000005	0.76649999999999996	0.76619999999999999	0.76300000000000001	pH-3	510	510.5	511	511.5	512	512.5	513	513.5	514	514.5	515	515.5	516	516.5	517	517.5	518	518.5	519	519.5	520	520.5	521	521.5	522	522.5	523	523.5	524	524.5	525	525.5	526	526.5	527	527.5	528	528.5	529	529.5	530	530.5	531	531.5	532	532.5	533	533.5	534	534.5	535	535.5	536	536.5	537	537.5	538	538.5	539	539.5	540	540.5	541	541.5	542	542.5	543	543.5	544	544.5	545	545.5	546	546.5	547	547.5	548	548.5	549	549.5	550	550.5	551	551.5	552	552.5	553	553.5	554	554.5	555	555.5	556	556.5	557	557.5	558	558.5	559	559.5	560	560.5	561	561.5	562	562.5	563	563.5	564	564.5	565	565.5	566	566.5	567	567.5	568	568.5	569	569.5	570	570.5	571	571.5	572	572.5	573	573.5	574	574.5	575	575.5	576	576.5	577	577.5	578	578.5	579	579.5	580	580.5	581	581.5	582	582.5	583	583.5	584	584.5	585	585.5	586	586.5	587	587.5	588	588.5	589	589.5	590	590.5	591	591.5	592	592.5	593	593.5	594	594.5	595	595.5	596	596.5	597	597.5	598	598.5	599	599.5	600	600.5	601	601.5	602	602.5	603	603.5	604	604.5	605	605.5	606	606.5	607	607.5	608	608.5	609	609.5	610	610.5	611	611.5	612	612.5	613	613.5	614	614.5	615	615.5	616	616.5	617	617.5	618	618.5	619	619.5	620	620.5	621	621.5	622	622.5	623	623.5	624	624.5	625	625.5	626	626.5	627	627.5	628	628.5	629	629.5	630	630.5	631	631.5	632	632.5	633	633.5	634	634.5	635	635.5	636	636.5	637	637.5	638	638.5	639	639.5	640	640.5	641	641.5	642	642.5	643	643.5	644	644.5	645	645.5	646	646.5	647	647.5	648	648.5	649	649.5	650	650.5	651	651.5	652	652.5	653	653.5	654	654.5	655	655.5	656	656.5	657	657.5	658	658.5	659	659.5	660	660.5	661	661.5	662	662.5	663	663.5	664	664.5	665	665.5	666	666.5	667	667.5	668	668.5	669	669.5	670	670.5	671	671.5	672	672.5	673	673.5	674	674.5	675	675.5	676	676.5	677	677.5	678	678.5	679	679.5	680	10.035	10.211600000000001	10.2897	10.4033	10.5228	10.6021	10.732100000000001	10.855600000000001	10.922800000000001	11.0268	11.196400000000001	11.354100000000001	11.378	11.3817	11.405200000000001	11.430400000000001	11.364699999999999	11.3919	11.5115	11.6557	11.6417	11.6685	11.709099999999999	11.7456	11.6995	11.741899999999999	11.7441	11.7888	11.735300000000001	11.7149	11.686199999999999	11.699199999999999	11.657299999999999	11.680400000000001	11.6751	11.709099999999999	11.6808	11.626200000000001	11.5609	11.492100000000001	11.475	11.457599999999999	11.5038	11.5366	11.4894	11.381	11.3277	11.266299999999999	11.241899999999999	11.1911	11.1898	11.1805	11.119899999999999	11.1119	11.1206	11.159700000000001	11.167299999999999	11.1973	11.2158	11.234299999999999	11.196999999999999	11.1821	11.126200000000001	11.0905	11.0479	11.0006	10.9534	10.9483	10.887600000000001	10.8941	10.898199999999999	10.862399999999999	10.8095	10.7447	10.6929	10.6531	10.6335	10.7287	10.777100000000001	10.808199999999999	10.8155	10.778700000000001	10.7028	10.6142	10.554399999999999	10.526300000000001	10.4712	10.440099999999999	10.4064	10.3405	10.297499999999999	10.323399999999999	10.3498	10.3522	10.255000000000001	10.1561	9.9819999999999993	9.8514000000000053	9.7705000000000002	9.75	9.7467000000000006	9.7294	9.6613000000000007	9.6241999999999983	9.5290000000000017	9.5362000000000009	9.491200000000001	9.4517000000000007	9.4214000000000002	9.3472000000000008	9.1957000000000004	9.0579000000000001	8.9090000000000007	8.8130000000000006	8.66	8.6001000000000012	8.5893999999999995	8.5411999999999981	8.4540000000000006	8.3831000000000007	8.2891000000000012	8.2212999999999976	8.08	8.0065000000000008	7.9287999999999998	7.8477999999999994	7.7789999999999999	7.7164000000000001	7.6731999999999987	7.6171999999999747	7.4776999999999996	7.3684999999999956	7.2206000000000001	7.1167999999999996	7.04	6.9732000000000003	6.9500999999999999	6.8550999999999966	6.7539999999999987	6.6953999999999967	6.6297999999999977	6.5697999999999999	6.4653999999999998	6.3837000000000002	6.3064	6.1780999999999997	6.0785	6.0030000000000001	5.9748999999999999	5.8917000000000002	5.7835999999999999	5.6948999999999756	5.6106999999999987	5.5339	5.4635999999999996	5.4074999999999998	5.3646999999999956	5.2947999999999986	5.2723000000000004	5.2472000000000003	5.2061999999999999	5.1419999999999986	5.0983000000000001	5.0554999999999994	4.9901	4.8860999999999999	4.8052000000000001	4.7135999999999987	4.6444999999999856	4.6129999999999747	4.6353	4.6470999999999947	4.6342999999999996	4.5446999999999997	4.4518000000000004	4.3554999999999966	4.3219999999999956	4.2762000000000002	4.2431999999999999	4.2069000000000001	4.18	4.0934999999999997	4.0198	3.9657	3.913899999999999	3.8691	3.8391000000000002	3.8117000000000001	3.8043999999999998	3.7433000000000001	3.6768999999999981	3.6145999999999998	3.5369000000000002	3.5004	3.4630000000000001	3.422099999999999	3.4268999999999981	3.3953000000000002	3.3613	3.3498999999999981	3.3422000000000001	3.3197999999999981	3.2888999999999999	3.2412000000000001	3.1968999999999981	3.1347999999999998	3.0991	3.0737000000000001	3.0407000000000002	3.0219	2.9689000000000001	2.9297	2.8509000000000002	2.7869999999999999	2.7555999999999998	2.7094	2.6490999999999998	2.6191	2.5693999999999999	2.5438000000000001	2.4885999999999999	2.4649999999999999	2.495899999999998	2.4681000000000002	2.4415	2.4125999999999981	2.3643999999999998	2.3174000000000001	2.3003999999999998	2.2774999999999999	2.256699999999999	2.2103999999999999	2.1556999999999991	2.0865999999999998	2.0028000000000001	1.9662999999999999	1.9661999999999999	1.9621999999999999	1.946	1.9374	1.9185000000000001	1.8555999999999999	1.8221000000000001	1.806	1.7888999999999999	1.7715000000000001	1.7398	1.6988000000000001	1.665	1.6061000000000001	1.5763	1.5447	1.524	1.5184	1.5145999999999999	1.5093000000000001	1.5046999999999999	1.4996	1.4847999999999999	1.4742999999999999	1.4609000000000001	1.405	1.3667	1.3411999999999999	1.3189	1.3157000000000001	1.2794000000000001	1.2799	1.25	1.1791	1.1452	1.1032	1.0745	1.0848	1.0662	1.0871999999999999	1.0807	1.0710999999999999	1.0601	1.0296000000000001	1.0099	1.0093000000000001	1.0036	0.99890000000000001	0.98909999999999998	0.9899	0.9929	0.97750000000000004	0.93089999999999995	0.89490000000000003	0.84540000000000004	0.79649999999999999	0.77259999999999995	0.74260000000000004	0.72740000000000005	0.70609999999999995	0.67910000000000004	0.68240000000000001	0.66020000000000001	0.64710000000000001	0.64029999999999998	0.61670000000000003	0.59960000000000002	0.58699999999999997	0.5887	0.58960000000000001	0.57250000000000001	0.55869999999999997	0.53969999999999996	0.53220000000000001	0.51780000000000004	0.50890000000000002	0.50919999999999999	0.50600000000000001	0.50360000000000005	0.50380000000000003	0.50319999999999998	0.50380000000000003	0.50529999999999997	0.50660000000000005	0.50639999999999996	0.50649999999999995	0.50600000000000001	0.50429999999999997	0.50360000000000005	0.50370000000000004	0.50249999999999995	0.50270000000000004	0.50229999999999997	0.50570000000000004	0.50970000000000004	0.50180000000000002	0.47810000000000002	0.44850000000000001	0.42409999999999998	0.41570000000000001	0.4234	0.44369999999999998	0.46050000000000002	0.46939999999999998	0.44800000000000001	Wavelength (nm)
Fluorescence intensity
Rho-B	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	1.6000000000000001E-3	1.6999999999999999E-3	1.8E-3	1.9E-3	2.0999999999999999E-3	2.2000000000000001E-3	2.5000000000000001E-3	2.7000000000000001E-3	3.0999999999999999E-3	3.3999999999999998E-3	3.8E-3	4.3E-3	4.8999999999999998E-3	5.3E-3	6.0000000000000001E-3	6.4999999999999997E-3	7.3000000000000001E-3	8.0999999999999996E-3	8.8000000000000005E-3	9.5999999999999992E-3	1.0699999999999999E-2	1.1599999999999999E-2	1.2699999999999999E-2	1.37E-2	1.49E-2	1.61E-2	1.7399999999999999E-2	1.8700000000000001E-2	1.9900000000000001E-2	2.1399999999999999E-2	2.2599999999999999E-2	2.41E-2	2.5499999999999998E-2	2.7E-2	2.8400000000000002E-2	3.0099999999999998E-2	3.1600000000000003E-2	3.3500000000000002E-2	3.5400000000000001E-2	3.7400000000000003E-2	3.9699999999999999E-2	4.19E-2	4.4499999999999998E-2	4.7100000000000003E-2	5.0299999999999997E-2	5.3600000000000002E-2	5.6899999999999999E-2	6.0900000000000003E-2	6.4600000000000005E-2	6.9000000000000006E-2	7.3499999999999996E-2	7.8299999999999995E-2	8.3299999999999999E-2	8.8400000000000006E-2	9.3899999999999997E-2	9.8799999999999999E-2	0.1048	0.1099	0.11550000000000001	0.12139999999999999	0.12640000000000001	0.13159999999999999	0.1366	0.1416	0.1462	0.1507	0.15509999999999999	0.1588	0.16309999999999999	0.1671	0.1706	0.1749	0.1787	0.183	0.188	0.19259999999999999	0.19819999999999999	0.20419999999999999	0.21129999999999999	0.219	0.22720000000000001	0.2369	0.2472	0.2581	0.27060000000000001	0.2823	0.29720000000000002	0.31240000000000001	0.3261	0.34310000000000002	0.35980000000000001	0.37459999999999999	0.3921	0.40870000000000001	0.42270000000000002	0.43859999999999999	0.45279999999999998	0.46410000000000001	0.47589999999999999	0.48530000000000001	0.49159999999999998	0.49709999999999999	0.49959999999999999	0.49990000000000001	0.49740000000000001	0.4929	0.48570000000000002	0.47520000000000001	0.46379999999999999	0.44979999999999998	0.43230000000000002	0.41549999999999998	0.39639999999999997	0.3745	0.35439999999999999	0.34439999999999998	0.307	0.28349999999999997	0.26340000000000002	0.23949999999999999	0.21740000000000001	0.19900000000000001	0.17780000000000001	0.1585	0.14299999999999999	0.12570000000000001	0.1106	9.7299999999999998E-2	8.5400000000000004E-2	7.3999999999999996E-2	6.4299999999999996E-2	5.5800000000000002E-2	4.7600000000000003E-2	4.0899999999999999E-2	3.4500000000000003E-2	2.9600000000000001E-2	2.5100000000000001E-2	2.0799999999999999E-2	1.7600000000000001E-2	1.47E-2	1.2E-2	9.7999999999999997E-3	8.0999999999999996E-3	6.4000000000000003E-3	5.1000000000000004E-3	3.8999999999999998E-3	3.0000000000000001E-3	2.2000000000000001E-3	1.5E-3	8.9999999999999998E-4	4.0000000000000002E-4	0	-2.9999999999999997E-4	-5.9999999999999995E-4	-8.9999999999999998E-4	-1.1000000000000001E-3	-1.2999999999999999E-3	-1.4E-3	-1.6000000000000001E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	SM10	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	4.3E-3	4.4000000000000003E-3	4.3E-3	4.1999999999999997E-3	4.3E-3	4.3E-3	4.4000000000000003E-3	4.4000000000000003E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.5999999999999999E-3	4.7000000000000002E-3	4.8999999999999998E-3	4.8999999999999998E-3	5.1000000000000004E-3	5.1000000000000004E-3	5.3E-3	5.3E-3	5.4000000000000003E-3	5.5999999999999999E-3	5.7999999999999996E-3	5.8999999999999999E-3	5.8999999999999999E-3	6.0000000000000001E-3	6.1999999999999998E-3	6.4999999999999997E-3	6.8999999999999999E-3	7.3000000000000001E-3	7.7000000000000002E-3	8.3000000000000001E-3	8.8000000000000005E-3	9.4999999999999998E-3	1.0200000000000001E-2	1.09E-2	1.17E-2	1.2500000000000001E-2	1.3299999999999999E-2	1.4E-2	1.4800000000000001E-2	1.5599999999999999E-2	1.6400000000000001E-2	1.72E-2	1.8100000000000002E-2	1.9E-2	1.9900000000000001E-2	2.0799999999999999E-2	2.1600000000000001E-2	2.2499999999999999E-2	2.35E-2	2.46E-2	2.58E-2	2.7099999999999999E-2	2.8500000000000001E-2	2.9899999999999999E-2	3.1600000000000003E-2	3.3300000000000003E-2	3.5299999999999998E-2	3.7600000000000001E-2	3.9800000000000002E-2	4.2200000000000001E-2	4.48E-2	4.7699999999999999E-2	5.0700000000000002E-2	5.3600000000000002E-2	5.6899999999999999E-2	5.9900000000000002E-2	6.3500000000000001E-2	6.7000000000000004E-2	7.0000000000000007E-2	7.3599999999999999E-2	7.6700000000000004E-2	7.9699999999999993E-2	8.2900000000000001E-2	8.5400000000000004E-2	8.7800000000000003E-2	0.09	9.1999999999999998E-2	9.3600000000000003E-2	9.5000000000000001E-2	9.6199999999999994E-2	9.7199999999999995E-2	9.8100000000000007E-2	9.9000000000000005E-2	9.98E-2	0.1008	0.1019	0.10299999999999999	0.1047	0.1067	0.1087	0.1116	0.11509999999999999	0.11849999999999999	0.1231	0.12839999999999999	0.13339999999999999	0.1401	0.14729999999999999	0.15409999999999999	0.16270000000000001	0.1711	0.18010000000000001	0.1905	0.19989999999999999	0.21	0.22120000000000001	0.2311	0.2412	0.25180000000000002	0.26090000000000002	0.26950000000000002	0.27789999999999998	0.28460000000000002	0.28739999999999999	0.2949	0.2974	0.29799999999999999	0.29670000000000002	0.29349999999999998	0.28899999999999998	0.28160000000000002	0.27239999999999998	0.26329999999999998	0.25140000000000001	0.23849999999999999	0.22520000000000001	0.2117	0.19670000000000001	0.18229999999999999	0.16830000000000001	0.15340000000000001	0.13969999999999999	0.12540000000000001	0.1134	0.1016	8.9800000000000005E-2	0.08	7.0800000000000002E-2	6.1600000000000002E-2	5.3600000000000002E-2	4.7399999999999998E-2	4.07E-2	3.5000000000000003E-2	3.0300000000000001E-2	2.6100000000000002E-2	2.2200000000000001E-2	1.9099999999999999E-2	1.61E-2	1.38E-2	1.18E-2	9.9000000000000008E-3	8.3000000000000001E-3	7.1000000000000004E-3	6.0000000000000001E-3	5.0000000000000001E-3	4.1999999999999997E-3	3.5000000000000001E-3	2.8999999999999998E-3	2.3999999999999998E-3	Wavelength (nm)


Absorbance




Rho-B	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	1.5699999999999999E-2	1.5599999999999999E-2	1.54E-2	1.5299999999999999E-2	1.52E-2	1.4999999999999999E-2	1.4800000000000001E-2	1.46E-2	1.44E-2	1.4200000000000001E-2	1.4E-2	1.37E-2	1.38E-2	1.34E-2	1.32E-2	1.2699999999999999E-2	1.24E-2	1.2200000000000001E-2	1.18E-2	1.1599999999999999E-2	1.1299999999999999E-2	1.0800000000000001E-2	1.04E-2	9.9000000000000008E-3	9.4000000000000004E-3	8.9999999999999993E-3	8.5000000000000006E-3	7.9000000000000008E-3	7.4000000000000003E-3	6.8999999999999999E-3	6.4999999999999997E-3	6.0000000000000001E-3	5.4999999999999997E-3	5.3E-3	4.8999999999999998E-3	4.7000000000000002E-3	4.4000000000000003E-3	4.1000000000000003E-3	4.1000000000000003E-3	3.8999999999999998E-3	3.8999999999999998E-3	3.8E-3	3.7000000000000002E-3	3.8999999999999998E-3	4.0000000000000001E-3	4.0000000000000001E-3	4.1999999999999997E-3	4.4000000000000003E-3	4.7999999999999996E-3	5.1000000000000004E-3	5.4999999999999997E-3	5.8999999999999999E-3	6.4000000000000003E-3	6.8999999999999999E-3	7.4999999999999997E-3	8.0999999999999996E-3	8.8000000000000005E-3	9.5999999999999992E-3	1.03E-2	1.11E-2	1.21E-2	1.2999999999999999E-2	1.41E-2	1.5299999999999999E-2	1.6500000000000001E-2	1.78E-2	1.9400000000000001E-2	2.0899999999999998E-2	2.23E-2	2.41E-2	2.5600000000000001E-2	2.7300000000000001E-2	2.8899999999999999E-2	3.0599999999999999E-2	3.2199999999999999E-2	3.4099999999999998E-2	3.5700000000000003E-2	3.7600000000000001E-2	3.9699999999999999E-2	4.1700000000000001E-2	4.41E-2	4.6300000000000001E-2	4.8899999999999999E-2	5.1400000000000001E-2	5.4600000000000003E-2	5.7799999999999997E-2	6.0999999999999999E-2	6.5000000000000002E-2	6.8599999999999994E-2	7.2900000000000006E-2	7.7299999999999994E-2	8.2199999999999995E-2	8.7300000000000003E-2	9.2499999999999999E-2	9.8199999999999996E-2	0.10340000000000001	0.1099	0.11550000000000001	0.12180000000000001	0.1285	0.13439999999999999	0.14069999999999999	0.1469	0.15329999999999999	0.15939999999999999	0.1653	0.17119999999999999	0.17630000000000001	0.18210000000000001	0.1875	0.19220000000000001	0.1976	0.20219999999999999	0.20710000000000001	0.21260000000000001	0.21740000000000001	0.22270000000000001	0.2283	0.23469999999999999	0.24129999999999999	0.2485	0.25669999999999998	0.26550000000000001	0.27489999999999998	0.28570000000000001	0.29599999999999999	0.30919999999999997	0.32269999999999999	0.33550000000000002	0.3513	0.36730000000000002	0.38179999999999997	0.39939999999999998	0.4168	0.43190000000000001	0.44979999999999998	0.4667	0.48089999999999999	0.49709999999999999	0.51149999999999995	0.52290000000000003	0.53520000000000001	0.54430000000000001	0.55210000000000004	0.55830000000000002	0.56159999999999999	0.56299999999999994	0.56179999999999997	0.55840000000000001	0.55230000000000001	0.54279999999999995	0.53220000000000001	0.51880000000000004	0.50190000000000001	0.48530000000000001	0.47670000000000001	0.44400000000000001	0.42009999999999997	0.39850000000000002	0.372	0.34599999999999997	0.32340000000000002	0.2964	0.2707	0.24929999999999999	0.22489999999999999	0.20250000000000001	0.18229999999999999	0.16350000000000001	0.14510000000000001	0.12889999999999999	0.1142	0.10009999999999999	8.7900000000000006E-2	7.5999999999999998E-2	6.6799999999999998E-2	5.8099999999999999E-2	4.9700000000000001E-2	4.3400000000000001E-2	3.7499999999999999E-2	3.1899999999999998E-2	2.7199999999999998E-2	2.3800000000000002E-2	0.02	1.7100000000000001E-2	1.46E-2	1.2500000000000001E-2	1.06E-2	8.9999999999999993E-3	7.4999999999999997E-3	6.4999999999999997E-3	5.5999999999999999E-3	4.7000000000000002E-3	4.0000000000000001E-3	3.5000000000000001E-3	2.8999999999999998E-3	2.5999999999999999E-3	2.2000000000000001E-3	1.9E-3	1.6999999999999999E-3	1.5E-3	1.2999999999999999E-3	1.1999999999999999E-3	1.1000000000000001E-3	1E-3	8.9999999999999998E-4	8.0000000000000004E-4	8.0000000000000004E-4	6.9999999999999999E-4	6.9999999999999999E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	2.9999999999999997E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	4.0000000000000002E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	4.0000000000000002E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	6.9999999999999999E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	6.9999999999999999E-4	5.9999999999999995E-4	6.9999999999999999E-4	6.9999999999999999E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	6.9999999999999999E-4	6.9999999999999999E-4	5.9999999999999995E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.9999999999999995E-4	5.9999999999999995E-4	6.9999999999999999E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.9999999999999995E-4	5.9999999999999995E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	5.0000000000000001E-4	4.0000000000000002E-4	4.0000000000000002E-4	SM10-A	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	4.5499999999999999E-2	4.5400000000000003E-2	4.48E-2	4.4499999999999998E-2	4.4200000000000003E-2	4.3799999999999999E-2	4.3400000000000001E-2	4.2900000000000001E-2	4.24E-2	4.1700000000000001E-2	4.1200000000000001E-2	4.07E-2	4.02E-2	3.9600000000000003E-2	3.9199999999999999E-2	3.61E-2	3.56E-2	3.5099999999999999E-2	3.4500000000000003E-2	3.4299999999999997E-2	3.3599999999999998E-2	3.3000000000000002E-2	3.2399999999999998E-2	3.1800000000000002E-2	3.1199999999999999E-2	3.0700000000000002E-2	2.9899999999999999E-2	2.9399999999999999E-2	2.87E-2	2.8000000000000001E-2	2.7400000000000001E-2	2.6700000000000002E-2	2.6100000000000002E-2	2.5499999999999998E-2	2.4799999999999999E-2	2.4299999999999999E-2	2.3800000000000002E-2	2.3300000000000001E-2	2.3099999999999999E-2	2.2700000000000001E-2	2.2499999999999999E-2	2.24E-2	2.23E-2	2.2499999999999999E-2	2.2499999999999999E-2	2.2599999999999999E-2	2.2800000000000001E-2	2.3199999999999998E-2	2.3699999999999999E-2	2.4E-2	2.46E-2	2.53E-2	2.6100000000000002E-2	2.69E-2	2.7799999999999998E-2	2.87E-2	2.9700000000000001E-2	3.0800000000000001E-2	3.1899999999999998E-2	3.3099999999999997E-2	3.4500000000000003E-2	3.5799999999999998E-2	3.7400000000000003E-2	3.9E-2	4.0800000000000003E-2	4.2500000000000003E-2	4.48E-2	4.6899999999999997E-2	4.9000000000000002E-2	5.1499999999999997E-2	5.3699999999999998E-2	5.6300000000000003E-2	5.8700000000000002E-2	6.13E-2	6.3799999999999996E-2	6.6900000000000001E-2	6.9500000000000006E-2	7.2499999999999995E-2	7.5800000000000006E-2	7.8700000000000006E-2	8.2000000000000003E-2	8.5300000000000001E-2	8.8999999999999996E-2	9.2399999999999996E-2	9.6500000000000002E-2	0.1007	0.1046	0.1095	0.1139	0.11899999999999999	0.1242	0.13009999999999999	0.13619999999999999	0.14249999999999999	0.14940000000000001	0.156	0.1641	0.17150000000000001	0.1797	0.189	0.19719999999999999	0.2064	0.21560000000000001	0.22539999999999999	0.2351	0.2447	0.25469999999999998	0.26340000000000002	0.27379999999999999	0.28349999999999997	0.29199999999999998	0.30170000000000002	0.30980000000000002	0.31819999999999998	0.3271	0.33450000000000002	0.34229999999999999	0.34970000000000001	0.35749999999999998	0.36509999999999998	0.37280000000000002	0.38100000000000001	0.38929999999999998	0.39810000000000001	0.4078	0.41699999999999998	0.4289	0.44140000000000001	0.4531	0.46820000000000001	0.48399999999999999	0.49880000000000002	0.51749999999999996	0.53659999999999997	0.55420000000000003	0.57609999999999995	0.59799999999999998	0.61760000000000004	0.64159999999999995	0.66490000000000005	0.68530000000000002	0.70940000000000003	0.73019999999999996	0.751	0.77290000000000003	0.79059999999999997	0.80740000000000001	0.82350000000000001	0.83579999999999999	0.84550000000000003	0.85299999999999998	0.85670000000000002	0.85709999999999997	0.85360000000000003	0.84750000000000003	0.84319999999999995	0.82299999999999995	0.80389999999999995	0.78420000000000001	0.75719999999999998	0.72789999999999999	0.70030000000000003	0.66420000000000001	0.62709999999999999	0.59440000000000004	0.55549999999999999	0.51729999999999998	0.48070000000000002	0.44500000000000001	0.40799999999999997	0.37369999999999998	0.34110000000000001	0.3085	0.27889999999999998	0.2485	0.22409999999999999	0.20019999999999999	0.17630000000000001	0.15740000000000001	0.1394	0.1215	0.1062	9.4399999999999998E-2	8.1500000000000003E-2	7.0800000000000002E-2	6.1800000000000001E-2	5.3600000000000002E-2	4.6300000000000001E-2	4.0099999999999997E-2	3.4099999999999998E-2	2.9700000000000001E-2	2.5600000000000001E-2	2.1700000000000001E-2	1.8599999999999998E-2	1.6199999999999999E-2	1.3599999999999999E-2	1.1599999999999999E-2	9.9000000000000008E-3	8.3999999999999995E-3	7.1000000000000004E-3	6.0000000000000001E-3	4.8999999999999998E-3	4.1000000000000003E-3	3.5000000000000001E-3	2.8E-3	2.2000000000000001E-3	1.8E-3	1.4E-3	1E-3	6.9999999999999999E-4	5.0000000000000001E-4	2.9999999999999997E-4	1E-4	-2.0000000000000001E-4	-2.9999999999999997E-4	-4.0000000000000002E-4	-5.0000000000000001E-4	-6.9999999999999999E-4	-8.0000000000000004E-4	-8.0000000000000004E-4	-8.9999999999999998E-4	-1E-3	-1.1000000000000001E-3	-1.1000000000000001E-3	-1.1999999999999999E-3	-1.1999999999999999E-3	-1.2999999999999999E-3	-1.2999999999999999E-3	-1.4E-3	-1.4E-3	-1.5E-3	-1.5E-3	-1.5E-3	-1.6000000000000001E-3	-1.6000000000000001E-3	-1.6000000000000001E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.6999999999999999E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.8E-3	-1.9E-3	-1.9E-3	-1.9E-3	-2E-3	-2E-3	-2E-3	-2.0999999999999999E-3	-2.0999999999999999E-3	-2.2000000000000001E-3	-2.0999999999999999E-3	-2.2000000000000001E-3	-2.2000000000000001E-3	-2.3E-3	-2.2000000000000001E-3	-2.2000000000000001E-3	-2.2000000000000001E-3	-2.3E-3	-2.3E-3	-2.3E-3	-2.3E-3	-2.3E-3	-2.3999999999999998E-3	-2.3999999999999998E-3	-2.3999999999999998E-3	-2.3999999999999998E-3	-2.5000000000000001E-3	-2.5999999999999999E-3	-2.5999999999999999E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.5999999999999999E-3	-2.7000000000000001E-3	-2.5999999999999999E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.8E-3	-2.7000000000000001E-3	-2.7000000000000001E-3	-2.8E-3	-2.8E-3	-2.8E-3	-2.8E-3	-2.8E-3	Wavelength (nm)

Absorbance
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Absorbance
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Absorbance
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Absorbance



Rho-B	y = 75566x + 1668.3

1.6930000000000001E-2	4.9730000000000003E-2	6.8070000000000006E-2	8.2140000000000005E-2	2928.8519999999999	4968.5403000000006	6595.0877999999984	7440.6073000000006	Absorbance


Integrated Fluorescence Intensity




SM10	
2.189E-2	4.086E-2	6.1699999999999998E-2	8.301E-2	2354.1837999999998	4441.0475999999999	6464.9427999999998	8407.7494000000006	Absorbance


Integrated Fluorescence Intensity




SM10-A	
1.008E-2	2.597E-2	3.6830000000000002E-2	4.4339999999999997E-2	1511.4691	3038.9065000000001	4639.8427000000001	5411.4615000000003	Absorbance


Integrated Fluorescence Intensity




SM1	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	701	702	703	704	705	706	707	708	709	710	711	712	713	714	715	716	717	718	719	720	721	722	723	724	725	726	727	728	729	730	731	732	733	734	735	736	737	738	739	740	741	742	743	744	745	746	747	748	749	750	751	752	753	754	755	756	757	758	759	760	761	762	763	764	765	766	767	768	769	770	771	772	773	774	775	776	777	778	779	780	781	782	783	784	785	786	787	788	789	790	791	792	793	794	795	796	797	798	799	800	12.3370107	12.2223811	12.136408899999999	12.107751499999999	12.050436700000001	12.0217793	11.9214784	11.864163599999999	11.864163599999999	11.8784923	11.8784923	11.9644645	11.9931219	11.9931219	12.0074506	12.0217793	12.079094100000001	12.165066299999999	12.2653672	12.351339400000001	12.465968999999999	12.5949273	12.709556900000001	12.8528439	13.010459600000001	13.1250892	13.311362300000001	13.468978	13.640922399999999	13.8415242	14.013468599999999	14.199741700000001	14.4290009	14.615273999999999	14.844533200000001	15.0737924	15.3173803	15.5609682	15.818884799999999	16.091130100000001	16.334717999999999	16.6356207	16.965180799999999	17.2374261	17.566986199999999	17.896546300000001	18.226106399999999	18.555666500000001	18.913883999999999	19.243444100000001	19.6159903	19.988536499999679	20.375411400000001	20.733628899999999	21.163489899999981	21.5360361	21.965897099999999	22.38142939999998	22.825619100000001	23.2698088	23.771313299999999	24.229831699999991	24.745664900000001	25.275826800000001	25.8059887	26.3361506	26.937956	27.5397614	28.098580699999999	28.7577009	29.330848899999999	30.0042978	30.6347606	31.3082095	31.9386723	32.683764699999998	33.328556200000001	34.030662499999998	34.790083600000003	35.434875099999999	36.151310100000003	36.8534164	37.569851399999997	38.228971600000001	39.002721400000013	39.747813800000003	40.406934	41.209341199999997	41.911447499997429	42.670868600000013	43.458947100000003	44.275683000000001	45.092418899999998	45.952140900000003	46.826191600000001	47.642927500000013	48.660265199999998	49.548644600000003	50.537324900000002	51.626306100000001	52.600657699999999	53.660981500000013	54.749962699999998	55.881929999999997	56.999568600000003	58.10287850000001	59.263503200000002	60.266512200000001	61.484451699999973	62.6020903	63.590770599999999	64.722737899996702	65.682760799998547	66.657112400000003	67.674450099999348	68.505514700000006	69.350907999999848	70.153315199998246	70.927064999999999	71.643500000000003	72.331277600000007	73.019055199999983	73.635189300000008	74.236994699999997	74.881786199998047	75.426276799999982	76.099725699999993	76.773174600000004	77.374980000000008	78.120072399996644	78.865164800000002	79.55294239999877	80.441321799999997	81.315372499998276	82.146437099999147	83.178103499999978	84.238427299999998	85.169792799998447	86.33041750000001	87.491042199999981	88.522708599997159	89.75497679999998	90.858286700000008	91.990253999999993	93.1938648	94.211202499999999	95.228540199999046	96.274535300000011	97.105599900000001	97.865021000000013	98.59578470000001	99.125946599998713	99.52715019999998	99.813724199999982	99.971339900000004	99.999997300000004	99.78506680000001	99.46983539999998	99.054303100000013	98.438169000000002	97.721734000000012	96.947984199999993	95.859003000000016	94.755693100000002	93.910299800000004	92.864304700000005	91.818309600000006	90.829629299999993	89.840948999999981	88.82361130000001	87.920903199999998	87.118495999999979	86.244445299999995	85.513681599999998	84.754260500000001	84.181112500000012	83.679607999999448	83.235418299999978	82.977501700000005	82.748242500000003	82.547640700000002	82.41868239999998	82.404353700000001	82.504654599999995	82.647941599999982	82.776899900000004	82.920186900000004	83.049145199999998	83.206760900000006	83.3643766	83.493334899999979	83.564978400000015	83.564978400000015	83.479006200000001	83.321390499999978	83.034816500000005	82.662270299999648	82.146437099999147	81.501645600000003	80.684909700000006	79.7678729	78.578590799999247	77.446623500000001	76.085396999999247	74.451925200000005	72.818453399999981	71.056023300000007	69.236278400000003	67.287575200000006	65.252899800000009	63.031951300000003	61.111905499999999	58.948271800000001	56.627022400000001	54.477717400000003	52.271097599999997	50.164778699999999	48.044131100000001	45.923483500000003	43.731192400000012	41.7538318	39.776471200000003	37.956726300000007	36.165638800000011	34.38888	32.597792499999997	30.992978099999991	29.574436800000001	28.012608499999999	26.622724600000002	25.247169400000001	23.9002716	22.7109895	21.636337000000001	20.490041000000002	19.472703299999779	18.484023000000001	17.524000099999999	16.678606800000001	15.847542199999999	15.1024498	14.4003435	13.683908499999999	13.010459600000001	12.437311599999999	11.835506199999999	11.2910156	10.846825900000001	10.3596501	9.9011317000000005	9.4999280999999982	9.0987245000000012	8.7261782999999973	8.4109469000000008	8.0670581000000006	7.7948127999999857	7.5368962000000002	7.2503222000000003	7.0067342999999944	6.7774751000000002	6.5338872000000006	6.3332854000000003	6.1326836	5.9464105000000007	5.7887947999999998	5.6168503999999766	5.4592346999999997	5.3159477000000006	5.1726606999999998	5.0293736999999998	4.9004154	4.7714571000000001	4.6568274999999977	4.5851839999999946	4.4992118000000003	4.3989108999998656	4.29861	4.2126378000000004	4.1409942999999254	4.0836794999999997	4.0406934000000003	3.969049899999999	3.897406399999999	3.8400916	3.7684481000000001	3.7254619999999998	3.6824758999999991	3.6394898000000002	3.5965037	3.5678462999999998	3.5248602	3.4818741000000002	3.4532167	3.4245592999999999	3.3959019000000001	3.3672445	3.352915799999999	3.3385870999999998	3.3099297000000001	3.2812722999999999	3.2669435999999998	3.2526149000000002	3.2382862000000001	3.2239575	3.2096287999999999	3.1953000999999999	3.1953000999999999	3.1809713999999998	3.1809713999999998	3.1809713999999998	3.1809713999999998	3.1953000999999999	3.1809713999999998	3.1953000999999999	3.2239575	3.2382862000000001	3.2526149000000002	3.2812722999999999	3.295601	3.3099297000000001	3.3242583999999971	3.352915799999999	3.3815732000000001	3.3959019000000001	3.4245592999999999	3.4675454000000001	3.5105314999999999	3.5678462999999998	3.6108324000000001	3.6824758999999991	3.7397906999999999	3.7971054999999998	3.8544203000000001	3.897406399999999	3.9117351	3.811434199999999	3.8400916	3.8544203000000001	3.8544203000000001	3.8544203000000001	3.8544203000000001	3.8544203000000001	3.8400916	3.8400916	3.8257628999999991	3.8257628999999991	3.811434199999999	3.811434199999999	3.7971054999999998	3.7827768000000002	3.7827768000000002	3.7684481000000001	3.7684481000000001	3.7541194	3.7541194	3.7541194	3.7541194	3.7397906999999999	3.7254619999999998	3.7111333000000002	3.6968046000000001	3.6824758999999991	3.6824758999999991	3.6681471999999999	3.6538184999999981	3.6394898000000002	3.6251611000000001	3.6108324000000001	3.5965037	3.5821749999999999	3.5678462999999998	3.5535176000000002	3.5391889000000001	3.5105314999999999	3.4962027999999981	3.4818741000000002	3.4532167	3.4245592999999999	3.4102305999999998	3.3959019000000001	3.3672445	3.3385870999999998	3.3242583999999971	3.295601	3.2812722999999999	3.2669435999999998	3.2239575	3.2239575	3.1953000999999999	3.1809713999999998	3.1523140000000001	3.1236565999999999	3.1236565999999999	3.0949992000000002	3.0806705000000001	3.0663418	3.052013099999999	3.0376843999999998	3.0233557000000002	3.0090270000000001	3.0090270000000001	SM10	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	649	650	651	652	653	654	655	656	657	658	659	660	661	662	663	664	665	666	667	668	669	670	671	672	673	674	675	676	677	678	679	680	681	682	683	684	685	686	687	688	689	690	691	692	693	694	695	696	697	698	699	700	701	702	703	704	705	706	707	708	709	710	711	712	713	714	715	716	717	718	719	720	721	722	723	724	725	726	727	728	729	730	731	732	733	734	735	736	737	738	739	740	741	742	743	744	745	746	747	748	749	750	751	752	753	754	755	756	757	758	759	760	761	762	763	764	765	766	767	768	769	770	771	772	773	774	775	776	777	778	779	780	781	782	783	784	785	786	787	788	789	790	791	792	793	794	795	796	797	798	799	800	73.810567522657053	81.533850529599448	87.314079495988494	92.240017126603547	94.564342001977721	95.506305240944812	100	100.4067568531903	98.277145158166178	97.2464905752704	96.555309757067278	95.432905508038303	92.33686399641158	90.463131925825493	88.959456841976504	86.360902408938443	83.163936264565251	79.789587432333548	76.893356304730148	74.813697205712955	72.350728390401159	66.883467729603552	64.055539131232578	59.932920799649303	57.965400181460453	54.125166933420331	50.397072166209632	46.326445312101782	44.598493266593941	42.338393157513799	38.8243809446138	36.471511728665647	33.612999908250337	32.828030542444417	30.566910992629431	28.233411150642759	25.6725760247928	24.68677683422872	22.13817499719654	21.458208027076349	20.270559571019319	18.51100486273231	16.679069862273561	15.663706890399929	15.011264820119679	14.254839794888531	13.395451255441269	12.385185487241699	11.76230719827103	10.430917598605401	10.290234777201229	9.7305618137889542	9.3248244013333981	8.7213154863237321	7.9618321388886049	7.953676613010102	7.1921543841048798	6.8944776895395066	6.5468483989683302	6.4357293588737221	5.7618790331624066	5.22157544371158	4.9697735822127971	4.7628271130457787	4.6833107357303776	4.1542209943624906	3.854505418327506	3.583334182867278	3.577217538458402	3.2397826552353379	2.9421059606699771	2.8462785315975641	2.6627791993312471	2.4629688153079221	2.16631156147738	1.971598381128113	1.9665011774540491	1.872712629851264	1.6158135646784171	1.5628026464681479	1.517947254136381	1.5311999836889481	1.4139642991853121	1.12138480829417	1.0041491237906901	0.95113820558041895	0.93176883161897395	0.92871050941453503	0.79312489168442202	0.68200585158981797	0.73195844759564899	0.73297788833046196	0.58312010031296801	0.53622582651157602	0.571906252230027	0.48729267124055697	0.43937895670435201	0.43530119376510001	0.385348597759269	0.30583222044386399	0.26913235399060098	0.24568521708990401	0.30889054264830301	0.26199626884691102	0.147818906547868	0.17636324712262899	0.18044101006187999	0.20388814696257601	0.18146045079669301	0.1661688397745	0.13660505846492599	0.17432436565300299	0.15597443242637099	0.146799465813055	0.107041277155353	0.103982954950914	0.115196803033856	0.114177362299043	9.2769106867972198E-2	5.40303589450827E-2	5.3010918210269799E-2	6.7283088497650204E-2	7.4419173641340403E-2	6.0147003353959998E-2	Wavelength (nm)
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Name Protease Construct 
Cancer types 
or models 



Clinical 
status References 



 
 
ICT2588 MMPs 



-Arg-Ser-Cit-
Gly-Hof-Tyr-
Leu- 
 



Colorectal, 
breast, lung 
and prostate 
Cancers Phase I 



Gill et al., 2008; 
Gill et al., 2014 



OPAXIOTM 
(CT-2103)  



Cathepsin 
B  



Poly-Glu -
PTX  



Non-small-cell 
lung cancer Phase III 



Chipman et al., 
2006; O'brien et 
al., 2008; Paz-
Ares et al., 2008. 



PK1 (FCE 
28068)  



Cathepsin 
B  



HPMAcp-
Gly-Phe-Leu-
Gly-Dox  Cancer 



Phase I / 
II 



Seymour et al., 
2009 



PK2 (FCE 
28069)  



Cathepsin 
B  



GAL-
HPMAcp-
Gly-Phe-Leu-
Gly-Dox Liver cancer 



Phase I / 
II 



Seymour et al., 
2002 
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Protease Parent drug 
or Agent 



Cleavable  
linker 



Cancer 
types or 
models 



Main 
findings 



Ref. 
 



MMP-2 
and 
MMP-9 



Dextran 
scaffold and 
methotrexate 
(MTX) 



Pro-Val-Gly-
Leu-Iso-Gly 



In vitro 
digestion and 
cytotoxicity 
experiments 
with human 
fibrosarcoma 
cells 
(HT1080) and 
breast tumor 



MTX was 
released in 
presence of 
MMP- 2 and 
MMP-9 (in 
vitro). In vivo, 
Improved 
efficacy over 
free MTX and 
lower toxicity.  



Chau et 
al., 
2004; 
Chau et 
al., 
2006; 
Chau et 
al., 2006 



MMP-2 Nanoparticles 
with NIR 
fluorophore 



Lys(TAMRA) 
-Gly-Pro-Leu 
-Gly-Val-
Arg-Gly-Cys 



Human 
fibrosarcoma 
cells 
(HT1080) and 
subcutaneous 
tumors in 
mice 



Accumulation 
in tumor 
vasculature 
and tissue. 



Harris et 
al., 2008 



All MMPs MMP 
sensitive gold 
nanoparticles 
with 
quenched 
NIR 
fluorophore 



Pro-Leu-Gly-
Val-Arg-Gly-
Cys 



Mice bearing 
SCC7 tumors 



Good 
performance 
in vitro and in 
vivo 
experiments, 
detects 
nanomolar 
amount of 
protease.  



Lee et 
al., 2008 



MMP-2 NP with 
Paclitaxel 
(PTX) 



Gly-Pro-Leu-
Gly-Val-Arg-
Gly-Cys 



ovarian 
cancer cells 
(SKOV-3) 



Nanoparticles 
with PTX 
exposes a 
cell-
interactive 
TAT-modified 
surface in 
response to 
MMP-2. 



Gullotti 
et al., 
2013 
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 Protease 
Parent drug 
or agent  



Cleavable 
linker  



Cancer  
types or 
models  



Main 
findings  Ref. 



Cathepsins 
B  



Prodrug- 
Doxorubicin 
(PDox) 
 



Acetyl-Phe-
Lys-Pro-Ala-
Asn-Cys-Dox  



Hepato 
cellular 
carcinoma 
(HCC) 
model  



PDox shows 
increased 
anti-tumour 
effects and 
reduced side 
effects over 
free Dox.  



Dubow 
chik et 
al., 
1998; 
Wang et 
al., 2013 



Cathepsins 
B and D  Floxuridine  



5¢-O-Phe-Tyr- 
floxuridine  



Human  
primary 
pancreatic 
adeno 
carcinoma 
(Capan-2  
cells) 



Prodrug 
activated by 
Capan-2 
cells  



Tsume 
et al., 
2012 



HDAC/ 
Cathepsin 
L  



Puromycin  Lys(Acetyl)-
Puro  



HCT116 
xenograft  



Serial 
activation of 
prodrug by 
HDAC and 
Cathepsin L 
to liberate 
Puromycin, 
which shows 
the activity 
against 
xenografts 
(human 
tumour). 



Ueki et 
al., 2013 



Cathepsin 
B  Gemcitabine  



Cholesteryl 
hemisuccinate–
gemcitabine 
(CHSdFdC) 



Human  
primary 
pancreatic 
adeno 
carcinoma 
(Bxpc-3  
cells) 



In vitro, 
CHSdFdC 
nanoparticles 
shown 
increased 
ability to 
inhibit cell 
growth 
compared 
with 
gemcitabine.   
CHSdFdC 
enhanced 
the cellular 
uptake of 
gemcitabine.  



Xu et 
al., 2015 
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agent 



Ref. 
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Dox 



Liu et 



al., 2003 
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Ala 
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al., 2006 
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CBZ Ala Ala Asn   Chen et 



al, 2015 
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Smith et 



al., 2014 
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