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ABSTRACT 

Recent years have seen major advances in medical technology, especially in the areas of 

diagnostics, drug delivery, and photodynamic therapy (PDT). In this thesis, three separate 

chapters addressing these topics will be presented. The first two chapters cover two distinct 

imaging probes targeting atherosclerosis, and the final chapter discusses a polymeric 

photosensitizer for PDT.  

Atherosclerosis is the usual precursor to the deadly cardiovascular diseases, such as heart 

attack and stroke, which are one of the leading causes of death in the western world. Due to 

the absence of early detection tools to prevent the progression of these diseases, development 

for atherosclerosis targeting probes is in high demand. 

In the first chapter, a new peptidic Fšrster resonance energy transfer (FRET) probe 

with a matrix metalloproteinase 2 (MMP2)-cleavable ligand is described. In addition to 

existing bioconjugation methods, ketoacid hydroxylamine (KAHA) ligation under mild 

reaction conditions was employed, allowing the assembly of four components: (1) peptide (2) 

FRET donor (3) FRET acceptor, and (4) water-soluble polymer. A protected ketoacid and a 

benzoylamine derivative were synthesized from a commercially available protected lysine 

derivative. Boc-protected benzoylamine-bearing lysine was successfully incorporated into the 

peptide sequence via solid phase peptide synthesis (SPPS). After its cleavage from the resin 

support, the completely unprotected peptide with a benzoylamine reactive group was 

subjected to KAHA ligation with the FRET donor-bearing ketoacid under an aqueous 

condition, followed by Michael addition to afford the peptidic FRET probe. In vitro enzyme 

test experiments using MMP2 confirmed that the newly synthesized FRET probe was useful 

for the detection of MMP2 by mass spectrometry and fluorescence spectroscopy. 

Second, a biocompatible nanoparticle-type imaging probe for atherosclerosis is discussed. 

The low-density lipoprotein (LDL), a naturally existing nanoparticles was used as a delivery 

vehicle for cholesterol carrier in atherosclerosis. Although modifications of natural LDL for 

biomedical purposes have been reported to achieve higher specificity, the risk of having 

MMP2 cleavable peptide

FRET
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infection from the donor plasma still exists. To address this issue, a synthetic LDL (sLDL)-

precursor nanoparticle was developed using lipidic components such as phosphatidyl choline 

(PC), triolein (TO), and cholesteryl oleate (CO). In addition, oleyl acyl trifluoroborate with a 

chemically reactive functional group (potassium trifluoroborate, KAT) that is capable of 

amide forming reactions was incorporated in the early stage of the nanoparticle preparation. A 

carbamoyl hydroxylamine-fluorescein conjugate was separately synthesized for covalent 

attachment to the newly synthesized KAT-bearing nanoparticles. Ligation reactions were 

performed on nanoparticles with various degrees of KAT-content and subjected to 

fluorescence emission measurement. The fluorescence measurements correlate to the degree 

of KAT incorporation into the nanoparticles, confirming successful functionalization.  

 

 

 

In the final chapter, work where the highly hydrophobic pristine fullerenes (C60 and 

C70) were covalently functionalized with a non-toxic, water-soluble polymer 

poly(vinylpyrrolidone) (PVP), to be accessible for biomedical applications is described. 

Polymers were prepared using different ratios of fullerenes to monomer (N-vinylpyrrolidone, 

NVP), where the molecular weight of the copolymers correlated directly to the composition 

of fullerenes used. This suggests the ability of fullerenes to terminate polymerization 

propagation as an end-capping agent. Furthermore, solubility study indicated that fullerene 

copolymers with higher NVP ratio provides better water solubility. To be considered as a 

photodynamic therapy photosensitizer, C60- and C70-PVP copolymers were required to 

generate reactive oxygen species (ROS). This was confirmed by the ESR spin-trapping 

measurements of aqueous solutions of C60- and C70-PVP copolymers under visible light 

irradiation, where 1O2 generation was observed. 

 

C2n
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SOMMARIO 

Gli ultimi anni hanno visto importanti progressi nella tecnologia medica, in particolare nelle 

aree di diagnostica, drug delivery, e nella terapia fotodinamica (PDT). In questa tesi, questi 

argomenti saranno trattati in tre differenti capitoli. I primi due capitoli tratteranno due distinti 

imaging probe per la diagnostica di patologie aterogeniche mentre l'ultimo capitolo verterˆ 

sullo studio di un fotosensibilizzante polimerico per la PDT. 

LÕaterosclerosi Ž il comune precursore di malattie cardiovascolari mortali, che sono 

una delle principali cause di morte nel mondo occidentale. A causa dellÕassenza di uno 

strumento di diagnosi precoce che consenta di monitorare la progressione di questa malattia, 

lo sviluppo di sonde per lÕindividuazione di placche ateroschelorische Ž di grande richiesta. 

Nel primo capitolo Ž descritta una nuova sonda peptidica che sfrutta la ÒFšrster resonance 

energy transferÓ (FRET) costituita anche da un sequenza scindibile dalla metalloproteinase 2 

(MMP2). In aggiunta ai metodi di bioconiugazione esistenti, lÕutilizzo della KAHA ligation 

in condizioni di reazione moderate ha permesso lÕassemblaggio di quattro componenti: (1) 

peptide (2) donatore FRET (3) accettore FRET e (4) polimero idrsolubile. Un chetoacido 

protetto e un derivato della benzilammina sono stati sintetizzati a partire da una lisina protetta 

commercialmente disponibile. La lisina funzionalizzata con la benzilammina Boc-protetta Ž 

stata incorporata nella sequenza peptidica via sintesi in fase solida (SPPS). In seguito alla 

rimozione dalla resina, il peptide completamente deprotetto, con un gruppo reattivo 

benzoilamminico, Ž stato impiegato nella KAHA ligation in condizioni acquose con il 

donatore FRET funzionalizzato con un chetoacido, seguito poi da unÕaddizione di Michael 

che ha prodotto la sonda peptidica FRET. Esperimenti in vitro con lÕenzima MMP2 hanno 

confermato lÕefficacia di funzionamento della nostra nuova sonda FRET peptidica utilizzando 

la spetrometria di massa e la fluorescenza.  

Nel secondo capitolo viene discussa una sonda costituita da nanoparticelle biocompatibili 

funzionalizzate con una sonda di imaging per l'aterosclerosi. Le lipoproteine a bassa densitˆ 

(LDL), nanoparticelle esistenti in natura, sono state utilizzata come mezzo di trasporto di 

Peptide scindibile da MMP2

FRET
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colesterolo nellÕ aterosclerosi. Anche se le modifiche delle LDL naturali per scopi biomedici Ž 

riportato che possano ottenere una buona specificitˆ verso il target, il rischio di avere 

un'infezione dal plasma del donatore esiste ancora. Per affrontare questo problema sono state 

sviluppate delle LDL sintetiche (sLDL) usando componenti lipidici come la fosfatidilcolina 

(PC), la trioleina (TO) e il colestero oleato (CO). Inoltre, Ž stato introdotto nella formulazione 

l'oleil-acil-trifluoroborato: esso Ž caratterizzato da un gruppo funzionale chimicamente 

reattivo (potassio trifluoroborato, KAT) in grado reagire formando unÕ amide. Un coniugato 

di carbamoil-idrossilammina-fluoresceina • stato sintetizzato separatamente per l'adesione 

covalente alle nanoparticelle sintetiche funzionalizzate con KAT. La reazione di coniugazione 

Ž stata eseguita su nanoparticelle con vari gradi di contenuto KAT e dale misure di 

fluorescenza Ž stato verificata la correlazione con il grado di incorporazione di KAT nelle 

nanoparticelle, a conferma della efficienza della funzionalizzazione. 

Nel capitolo finale Ž descritto il lavoro sui fullereni altamente idrofobici (C60 e C70) che sono 

stati funzionalizzati covalentemente con un polimero non tossico, solubile in acqua (PVP), 

per essere impiegati in applicazioni biomedich. I polimeri sono stati preparati utilizzando 

diversi rapporti tra fullereni e monomero (N-vinilpirrolidone, NVP), dove il peso molecolare 

dei copolimeri • correlato direttamente alla composizione dei fullereni utilizzati. Ci˜ 

suggerisce la capacitˆ dei fullereni di terminare la propagazione della polimerizzazione come 

un agente di chiusura finale. Inoltre, lo studio di solubilitˆ ha indicato che copolimeri di 

fullerene con un rapporto pi• alto di NVP forniscono una migliore solubilitˆ in acqua. Per 

essere considerati come fotosensibilizzatori fotodinamici, i copolimeri C60 e C70-PVP devono 

generare specie reattive dellÕossigeno (ROS). Ci˜ • stato confermato dalle misure ESR di 

spin-trapping di soluzioni acquose di copolimeri C60 e C70-PVP. Irradiando con luce visibile Ž 

stata infatti osservata la formazione di 1O2. 

C2n
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CHAPTER 1. BACKGROUN D AND INTRODUCTION 

1.1 ATHEROSCLEROSIS AND F…RSTER RESONANCE ENERGY 

TRANSFER (FRET)  

1.1.1 ATHEROSCLEROSIS AND MATRIX METALLO PROTEINASES 

Atherosclerosis, as a precursor to myocardial infarction and stroke, is a leading cause of death 

worldwide.1 Atherosclerosis is an inflammatory condition, which begins with plaque deposits 

consisting of cholesterol, fatty substances, cellular waste products, calcium and fibrin. This 

causes hardening and narrowing of the arteries, leading to the irritation of endothelial lining 

within vessel walls. With the blockage of the blood flow, which is crucial for transportation of 

nutrients to the cell and waste products out of the cell, overall function of all cells in the body 

is heavily affected, causing cell damage.2-4  

As shown in Figure 1, damage to the endothelium is due to exposure to irritants, such 

as fat, toxins and chronic exposure to high blood pressure.5 Cholesterol starts to build up on 

the damaged endothelium to form fatty streaks. Once it gets to the blood vessel wall, 

cholesterol gets oxidized, leading to immune system response of monocytes production. 

When they reach the endothelium, monocytes become macrophages and digest the 

cholesterol. Then they die off, and turn into foam cells. These cells send signals and induce 

the smooth muscle to release calcium into the plaques, causing the hardening of the blood 

vessels.  This process proceeds in vicious cycle until the build-ups grow bigger. 

Consequently, the smooth muscle secretes a fibrous cap (consisting of collagen and elastin) to 

cover up the fat from the blood stream. This causes inflammation and activation of matrix 

metalloproteinases (MMPs), leading to the formation of vulnerable plaques, which are highly 

susceptible to rupture. Plaque rupture induces platelet adhesion and aggregation that is 

exposed to the blood, leading to formation of the blood clot in the middle of the artery.  
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Figure 1. Illustration of atheroscleroplaques progression. Reproduced by permission from Macmillan Publishers 
Ltd: Nature Reviews Cardiology, Csordas, A. & Bernhard, D., 2013, 10, 219-230.5 License number 
!"#$%!%$"!!&' © 2013 Macmillan Publishers Limited. ���G�R�L�������������������Q�U�F�D�U�G�L�R����������������

As vulnerable plaques are not detectable until the resulting clinical event occurs (such 

as heart attack or stroke), atherosclerosis still remains to be the leading cause of death 

worldwide.6 Development of diagnostic imaging tools, both noninvasive and invasive, has 

been motivated by this desperate need for identification of the dangerous plaques, especially 

in high-risk patients.7 MMP activity is strongly associated with myocardial infarction (MI)8, 

as MMPs play an important role in the degradation of the extracellular matrix. For example, 

in the heart, they are responsible for dilation, contractile dysfunction and congestive heart 

failure.9-12 From studies between MMPs-2 and 9 and cardiovascular events in patients, it was 

concluded that indeed they have strong correlation.13 Furthermore, overexpression of MMPs 

is strongly associated with atherosclerosis, where the expression of MMP2 is prevalent14, 

making it a perfect target for atheroplaque imaging.  

1.1.2 NEAR INFRARED (NIR) FRET APPLICATI ONS IN BIOLOGICAL 

INVESTIGATIONS  

Fšrster resonance energy transfer (FRET) is a powerful technique for studying molecular 

interactions in living cells. New improvements in spatial, temporal, distance and sensitivity 

have been achieved thanks to advances in fluorescence microscopy assisted by newly 

developed fluorescent probes. The efficiency of energy transfer is strongly dependent on the 

distance between the donor and acceptor. This makes FRET a very sensitive tool for 
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investigating any biological phenomena that involve changes in molecular proximity. For 

most systems, the observable distance between the donor and acceptor is limited to the range 

of 1-10 nm. FRET is considered to be an attractive non-invasive technique for medical 

imaging applications, as it does not require the use of radiation.15-17  

FRET can be used to detect both intramolecular and intermolecular interactions. 

Employing fluorophores with emission wavelengths in the near-infrared region (650-1000 

nm) allow imaging of deeper tissues. Due to maximum photon transmission in this spectral 

window, with lower background signal produced by other organic molecules and reduced 

light scattering, a better quality of the imaging can be achieved. Chapter 2 discusses 

intramolecular FRET system design, where donor and acceptor fluorophores are on the same 

host molecule. Being on the same host molecule allows for more straightforward detection, 

analysis and interpretation compared to intermolecular FRET, where the acceptor-donor ratios 

are not fixed.18-20

Some readily available NIR dyes are phthalocyanines, cyanine dyes and squaraine 

dyes.21 A number of reports on FRET-based tools for biological investigations include the 

development of NIR-labeled transferrin for FRET imaging in breast cancer cells and tumors,22 

biocompatible polymeric nanoparticles for in vivo NIR and FRET imaging, and a peptide-

based near-infrared molecular probe for protease sensing.23 

1.1.3 IMAGING PROBES FOR MMP DETECTION 

There have been studies on the developments of imaging probes targeting MMPs. Recently, 

Olson et al. reported the development of an in vivo probe targeting MMP2 and 9 with dual 

modality of fluorescence and magnetic resonance imaging (MRI). The nanoparticles were 

loaded with gadolinium, an MRI contrast agent. Once cleaved, the nanoparticles revealed 

highly positively charged molecules that promote a cell intake.24 Another reported MMP2-

targeting imaging probe was an in vivo optical imaging employing NIR dye that is conjugated 

to a small immunoprotein that targets MMP2 catalytic domain.25  
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1.2 NANOPARTICLES AS IMAGING PROBES  

1.2.1 MEDICAL APPLIC ATIONS OF NANOPARTICLES  

Until now, various types of nanoparticles have been reported. Among them are dendrimers, 

metallic nanoparticles, liposomes, quantum dots, and polymeric nanoparticles.26  Having the 

size of 10-1000 nm, nanoparticles have been emerging as a promising tool in biomedical 

applications, specifically in biomedical imaging. They have been employed for drug and gene 

delivery, tumor cells destruction, proteins probes, and MRI contrast enhancement.27-31  

 The currently available cancer therapeutics and molecular imaging agents, that are 

based on nanoparticles, still need improvement in the areas of specificity, stability and 

circulation lifetime. Functionalizing nanoparticles, with proteins, peptides, antibodies or small 

molecules, promises better delivery to the target for more effective detection. Consequently, 

there are many nanoparticles that are tailored to have high affinity towards cancer cells by 

binding to set receptors of the overexpressed proteins.32-37 Ideally, nanoparticle-based agents 

should be specific, biocompatible, and systemically non-toxic.  

 

1.2.2 LDL NANOPARTIC LES IN MEDICAL APPLI CATIONS 

Lipoproteins are spherical nanoparticles consisting of cholesteryl esters and triacylglycerol 

enclosed in a shell composed of phospholipids embeded by apolipoproteins. Lipoproteins 

vary based on the content of proteins and lipids, and are categorized depending on their 

density: chylomicrons, very low-density lipoproteins (VLDLs), intermediate density 

lipoproteins (IDLs), low-density lipoproteins (LDLs), and high-density lipoproteins (HDLs).38  

Cancer-targeting nanoparticles have been developed due to the overexpression of many 

different receptors: for hormones, growth factors, folic acid, etc. in various types of cancer 

cells. Among them, LDL nanoparticles can be useful as a directing vehicle for drugs or 

diagnostic agents to the targeted tumor cells, where the LDL receptors are overexpressed. 

Thus, efficient targeted drug delivery to the cancers may be achieved by using LDL as a 

vehicle.39-42 In the case of atherosclerosis, the blockage of arteries due to the growth or 

rupture of plaques, often leads to fatality through heart attack or stroke - the leading causes of 

death worldwide. Previous work in our group has explored the use of LDL in magnetic 

resonance imaging (MRI), proving the selective delivery of the MRI-CA to the 

atherosclerosis-affected tissue by LDL nanoparticles.43  
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1.2.3 SYNTHETIC LOW DENSITY LIPOPROTEIN (LDL) NANOPARTICLES 

AS TARGETING AND DEL IVERY AGENTS  

Naturally occurring LDL can be obtained by isolation from plasma using ultracentrifugation. 

However, it is not easily available for purchase. Moreover, naturally sourced LDL carries the 

risk of infection from host. Due to this reason, having access to a synthetic LDL is very 

practical.44-46  

 

1.3 C60- AND C70-POLYVINYLPYRROLIDONE  COPOLYMER FOR 

PHOTODYNAMIC THERAPY  (PDT) 

Since their discovery in 1985, fullerenes have garnered attention in different fields of science, 

such as medicine, industrial chemistry and electronics due to their electronic and quantum 

properties. In the field of medicine, there have been reports of their antimicrobial activity47, 

HIV-1 protease inhibition48, and radical scavenging activity49. Furthermore, C60, having high 

quantum yield of photoexcitation reaction, in addition to its relatively long wavelength, 

makes it a highly promising agent for photodynamic therapy.50 However, the highly 

hydrophobic51 aspect of fullerenes has slowed their development for biological applications, 

despite numerous works on water-solubilized derivatives of C60.
52 As previously reported by 

our group, C60 and C70 were solubilized in aqueous solution by using a non-toxic polymer, 

poly(vinylpyrrolidone) (PVP).53 The water-soluble fullerene derivatives showed biological 

activities such as the ability of cleaving DNA54, cytotoxicity55, and antibacterial activity under 

visible light irradiation.56 

 

 

Figure 2. Representation of C60 and C70 structures 
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1.3.1 PHOTOPHYSICAL PROPERTIES OF C60

Photoinduced generation of reactive oxygen species (ROS), such as O2
¥!  and ¥OH in aqueous 

fullerene solutions, was observed under physiological conditions, with the fullerenes being 

responsible for photoinduced DNA cleavage. 57, 58 According to these studies, C60 could be a 

scaffold for photodynamic therapy due to its high-quantum-yielding ROS generation.  

Figure 3. Types I and II pathways of ROS generation from photoexcited C60

1.3.2 BIOLOGICAL ACT IVITIES O F C60

The biological activity of fullerenes depends on their physical and chemical properties.  When 

irradiated, they have oxidant properties, while in the dark they can be antioxidants due to their 

free-radicals-scavenging ability.  Furthermore, fullerenes are highly lipophilic, which 

determines their capacity to interact with biological membranes.59 In 1993, C60 was first used 

in medicinal chemistry.60-61 This led to many more works done on biological activity of 

fullerenes.62-66 Since C60 is notorious for being insoluble in polar media, most parts of these 

works were done on the water-soluble derivatives of C60. Interestingly, many reports on 

biological properties of fullerenes derivatives were transferred on the pure fullerene itself. 

One example is a frequently cited study of a cellular distribution of C60 despite the fact that it 

was carried out using the fullerene-malonic acid derivative, instead of the pristine fullerene.67  

1.3.3 C60-PVP COPOLYMER BACKGROUND 

After the initial reported studies on water-soluble C60 derivatives68-69, many other water-

soluble materials were reported as biocompatible fullerenes52, 63, 64, 70 for photodynamic 

therapy (PDT) and as MRI contrast agents. Therefore, there has been increased interest in this 

area of research.71 In this thesis a versatile technique to obtain fullerenes (C2n)ÐPVP 

copolymers using radical polymerization of N-vinyl pyrrolidone (NVP) with fullerene is 
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presented. For enhanced permeability and retention effect (EPR) to occur in tissues, 

polymeric materials with Mw > 20 kDa are necessary. Using this method, fullerene monomer 

derivatives are not required, thus allowing facile preparation of water-soluble derivatives of 

higher fullerenes such as C70 and Gd3N@C80. These have longer lifetimes of the triplet 

excited state, while Gd3N@C80 is paramagnetic, making it a potential magnetic resonance 

imaging contrast agent. To date, there are not many studies performed on water-soluble 

materials of such higher fullerenes, especially with C70, where similar reactions are expected 

to occur since the radical addition reactions are reported.72  



9 

1.4 REFERENCES FOR CHAPTER 1 

1. Murray, C. J. L.; Lopez, A. D., Alternative projections of mortality and disability by
cause 1990-2020: Global burden of disease study. Lancet. 1997, 349, (9064), 1498-1504. 

2. Lusis, A. J., Atherosclerosis. Nature 2000, 407, (6801), 233-241.

3. Vacek, T. P.; Rehman, S.; Neamtu, D.; Yu, S.; Givimani, S.; Tyagi, S. C., Matrix
metalloproteinases in atherosclerosis: role of nitric oxide, hydrogen sulfide, homocysteine, 
and polymorphisms. Vasc. Health Risk. Manag. 2015, 11, 173-83. 

4. Urso, C.; Caimi, G., Oxidative Stress and Endothelial Dysfunction. Minerva Medica
2011, 102, (1), 59-77. 

5. Csordas, A.; Bernhard, D., The biology behind the atherothrombotic effects of
cigarette smoke. Nat. Rev. Cardiol. 2013, 10, (4), 219-30. 

6. Jaffer, F. A.; Libby, P.; Weissleder, R., Molecular and cellular imaging of
atherosclerosis: emerging applications. J. Am. Coll. Cardiol. 2006, 47, (7), 1328-38. 

7. Naghavi, M.; Libby, P.; Falk, E.; Casscells, S. W.; Litovsky, S.; Rumberger, J.;
Badimon, J. J.; Stefanadis, C.; Moreno, P.; Pasterkamp, G.; Fayad, Z.; Stone, P. H.; Waxman, 
S.; Raggi, P.; Madjid, M.; Zarrabi, A.; Burke, A.; Yuan, C.; Fitzgerald, P. J.; Siscovick, D. S.; 
de Korte, C. L.; Aikawa, M.; Juhani Airaksinen, K. E.; Assmann, G.; Becker, C. R.; 
Chesebro, J. H.; Farb, A.; Galis, Z. S.; Jackson, C.; Jang, I. K.; Koenig, W.; Lodder, R. A.; 
March, K.; Demirovic, J.; Navab, M.; Priori, S. G.; Rekhter, M. D.; Bahr, R.; Grundy, S. M.; 
Mehran, R.; Colombo, A.; Boerwinkle, E.; Ballantyne, C.; Insull, W., Jr.; Schwartz, R. S.; 
Vogel, R.; Serruys, P. W.; Hansson, G. K.; Faxon, D. P.; Kaul, S.; Drexler, H.; Greenland, P.; 
Muller, J. E.; Virmani, R.; Ridker, P. M.; Zipes, D. P.; Shah, P. K.; Willerson, J. T., From 
vulnerable plaque to vulnerable patient: a call for new definitions and risk assessment 
strategies: Part I. Circulation 2003, 108, (14), 1664-72. 

8. Naghavi, M.; Libby, P.; Falk, E.; Casscells, S. W.; Litovsky, S.; Rumberger, J.;
Badimon, J. J.; Stefanadis, C.; Moreno, P.; Pasterkamp, G.; Fayad, Z.; Stone, P. H.; Waxman, 
S.; Raggi, P.; Madjid, M.; Zarrabi, A.; Burke, A.; Yuan, C.; Fitzgerald, P. J.; Siscovick, D. S.; 
de Korte, C. L.; Aikawa, M.; Airaksinen, K. E.; Assmann, G.; Becker, C. R.; Chesebro, J. H.; 
Farb, A.; Galis, Z. S.; Jackson, C.; Jang, I. K.; Koenig, W.; Lodder, R. A.; March, K.; 
Demirovic, J.; Navab, M.; Priori, S. G.; Rekhter, M. D.; Bahr, R.; Grundy, S. M.; Mehran, R.; 
Colombo, A.; Boerwinkle, E.; Ballantyne, C.; Insull, W., Jr.; Schwartz, R. S.; Vogel, R.; 
Serruys, P. W.; Hansson, G. K.; Faxon, D. P.; Kaul, S.; Drexler, H.; Greenland, P.; Muller, J. 
E.; Virmani, R.; Ridker, P. M.; Zipes, D. P.; Shah, P. K.; Willerson, J. T., From vulnerable 
plaque to vulnerable patient: a call for new definitions and risk assessment strategies: Part II. 
Circulation 2003, 108, (15), 1772-8. 

9. Bayat, H.; Swaney, J. S.; Ander, A. N.; Dalton, N.; Kennedy, B. P.; Hammond, H. K.;
Roth, D. M., Progressive heart failure after myocardial infarction in mice. Basic. Res. 
Cardiol. 2002, 97, (3), 206-13. 

10. Weisman, H. F.; Bush, D. E.; Mannisi, J. A.; Weisfeldt, M. L.; Healy, B., Cellular
mechanisms of myocardial infarct expansion. Circulation 1988, 78, (1), 186-201. 



10 

11. Patten, R. D.; Aronovitz, M. J.; Deras-Mejia, L.; Pandian, N. G.; Hanak, G. G.; Smith,
J. J.; Mendelsohn, M. E.; Konstam, M. A., Ventricular remodeling in a mouse model of 
myocardial infarction. Am. J. Physiol. 1998, 274, (5 Pt 2), H1812-20. 

12. Yang, F.; Liu, Y. H.; Yang, X. P.; Xu, J.; Kapke, A.; Carretero, O. A., Myocardial
infarction and cardiac remodelling in mice. Exp. Physiol. 2002, 87, (5), 547-555. 

13. Choudhary, S.; Higgins, C. L.; Chen, I. Y.; Reardon, M.; Lawrie, G.; Vick, G. W.,
3rd; Karmonik, C.; Via, D. P.; Morrisett, J. D., Quantitation and localization of matrix 
metalloproteinases and their inhibitors in human carotid endarterectomy tissues. Arterioscler. 
Thromb. Vasc. Biol. 2006, 26, (10), 2351-8. 

14. Thomas, A. C.; Newby, A. C., Effect of matrix metalloproteinase-9 knockout on vein
graft remodelling in mice. J. Vasc. Res. 2010, 47, (4), 299-308. 

15. Fšrster, T., Delocalized excitation and excitation transfer. Modern Quantum
Chemistry. Istanbul Lectures. Action of Light and Organic Crystals. Academic Press Inc., 
New York: 1965; Vol. 3. 

16. Lakowicz, J., Principles of Fluorescence Spectroscopy. 3rd edition ed.; Springer:
1999. 

17. dos Remedios, C. G.; Miki, M.; Barden, J. A., Fluorescence resonance energy transfer
measurements of distances in actin and myosin. A critical evaluation. J. Muscle Res. Cell 
Motil 1987, 8, (2), 97-117. 

18. Ntziachristos, V.; Bremer, C.; Weissleder, R., Fluorescence imaging with near-
infrared light: new technological advances that enable in vivo molecular imaging. Eur. 
Radiol. 2003, 13, (1), 195-208. 

19. McGinty, J.; Stuckey, D. W.; Soloviev, V. Y.; Laine, R.; Wylezinska-Arridge, M.;
Wells, D. J.; Arridge, S. R.; French, P. M.; Hajnal, J. V.; Sardini, A., In vivo fluorescence 
lifetime tomography of a FRET probe expressed in mouse. Biomed. Opt. Express 2011, 2, (7), 
1907-17. 

20. McGinty, J.; Taylor, H. B.; Chen, L.; Bugeon, L.; Lamb, J. R.; Dallman, M. J.;
French, P. M., In vivo fluorescence lifetime optical projection tomography. Biomed. Opt. 
Express 2011, 2, (5), 1340-50. 

21. Escobedo, J. O.; Rusin, O.; Lim, S.; Strongin, R. M., NIR dyes for bioimaging
applications. Curr. Opin. Chem. Biol. 2010, 14, (1), 64-70. 

22. Abe, K.; Zhao, L.; Periasamy, A.; Intes, X.; Barroso, M., Non-invasive in vivo
imaging of near infrared-labeled transferrin in breast cancer cells and tumors using 
fluorescence lifetime FRET. PLoS One 2013, 8, (11), e80269. 

23. Wagh, A.; Qian, S. Y.; Law, B., Development of biocompatible polymeric
nanoparticles for in vivo NIR and FRET imaging. Bioconjug. Chem. 2012, 23, (5), 981-92. 



11 

24. Olson, E. S.; Jiang, T.; Aguilera, T. A.; Nguyen, Q. T.; Ellies, L. G.; Scadeng, M.;
Tsien, R. Y., Activatable cell penetrating peptides linked to nanoparticles as dual probes for 
in vivo fluorescence and MR imaging of proteases. Proc. Natl. Acad. Sci. U S A 2010, 107, 
(9), 4311-6. 

25. Panth, K. M.; van den Beucken, T.; Biemans, R.; Lieuwes, N. G.; Weber, M.; Losen,
M.; Yaromina, A.; Dubois, L. J.; Lambin, P., In vivo optical imaging of MMP2 immuno 
protein antibody: tumor uptake is associated with MMP2 activity. Sci. Rep. 2016, 6, 22198. 

26. Nahar, M.; Dutta, T.; Murugesan, S.; Asthana, A.; Mishra, D.; Rajkumar, V.; Tare,
M.; Saraf, S.; Jain, N. K., Functional polymeric nanoparticles: an efficient and promising tool 
for active delivery of bioactives. Crit. Rev. Ther. Drug Carrier Syst. 2006, 23, 259Ð318  

27. Mah, C. Z., I.; Fraites, T.J.; Dobson, J.; Batich, C.; Byrne, B.J., Microsphere-mediated
delivery of recombinant AAV vectors in vitro and in vivo. Mol. Ther. 2000, 1:S239. 

28. Pantarotto, D.; Partidos, C. D.; Hoebeke, J.; Brown, F.; Kramer, E.; Briand, J. P.;
Muller, S.; Prato, M.; Bianco, A., Immunization with peptide-functionalized carbon 
nanotubes enhances virus-specific neutralizing antibody responses. Chem. Biol. 2003, 10, 
(10), 961-6. 

29. Nam, J. M.; Thaxton, C. S.; Mirkin, C. A., Nanoparticle-based bio-bar codes for the
ultrasensitive detection of proteins. Science 2003, 301, (5641), 1884-6. 

30. Shinkai, M.; Yanase, M.; Suzuki, M.; Honda, H.; Wakabayashi, T.; Yoshida, J.;
Kobayashi, T., Intracellular hyperthermia for cancer using magnetite cationic liposomes. J. 
Magn. Magn. Mater. 1999, 194, (1-3), 176-184. 

31. Weissleder, R.; Elizondo, G.; Wittenberg, J.; Rabito, C. A.; Bengele, H. H.;
Josephson, L., Ultrasmall superparamagnetic iron oxide: characterization of a new class of 
contrast agents for MR imaging. Radiology 1990, 175, (2), 489-93. 

32. Choi, H. S.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P.; Itty Ipe, B.; Bawendi, M.
G.; Frangioni, J. V., Renal clearance of quantum dots. Nat. Biotechnol. 2007, 25, (10), 1165-
70. 

33. Longmire, M.; Choyke, P. L.; Kobayashi, H., Clearance properties of nano-sized
particles and molecules as imaging agents: considerations and caveats. Nanomedicine (Lond) 
2008, 3, (5), 703-17. 

34. Popovtzer, R.; Agrawal, A.; Kotov, N. A.; Popovtzer, A.; Balter, J.; Carey, T. E.;
Kopelman, R., Targeted gold nanoparticles enable molecular CT imaging of cancer. Nano 
Lett. 2008, 8, (12), 4593-6. 

35. McCarthy, J. R.; Weissleder, R., Multifunctional magnetic nanoparticles for targeted
imaging and therapy. Adv. Drug. Deliv. Rev. 2008, 60, (11), 1241-51. 

36. Weissleder, R.; Kelly, K.; Sun, E. Y.; Shtatland, T.; Josephson, L., Cell-specific
targeting of nanoparticles by multivalent attachment of small molecules. Nat. Biotechnol. 
2005, 23, (11), 1418-23. 



 12 

37. Byrne, J. D.; Betancourt, T.; Brannon-Peppas, L., Active targeting schemes for 
nanoparticle systems in cancer therapeutics. Adv. Drug. Deliv. Rev. 2008, 60, (15), 1615-26. 
 
38. Wasan, K. M.; Cassidy, S. M., Role of Plasma Lipoproteins in Modifying the 
Biological Activity of Hydrophobic Drugs. J. Pharm. Sci. 1998, 87,  411-424. 
 
39. Zheng, G.; Chen, J.; Li, H.; Glickson, J. D., Rerouting lipoprotein nanoparticles to 
selected alternate receptors for the targeted delivery of cancer diagnostic and therapeutic 
agents. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 17757-17762. 
 
40. Sega, E. I.; Low, P. S., Tumor detection using folate receptor-targeted imaging agents. 
Cancer Metastasis Rev. 2008, 27, 655-664. 
 
41. Firestone, R. A., Low-density lipoprotein as a vehicle for targeting antitumor 
compounds to cancer cells. Bioconjug. Chem., 1994, 5, 105-113. 
 
42. Lundberg, B. B., Evaluation of methods for complexing prednimustine to low density 
lipoprotein. Int. J. Pharm. 1993, 99, 275-283. 
 
43. Lowell, A. N.; Qiao, H.; Liu, T.; Ishikawa, T.; Zhang, H.; Oriana, S.; Wang, M.; 
Ricciotti, E.; FitzGerald, G. A.; Zhou, R.; Yamakoshi, Y., Functionalized low-density 
lipoprotein nanoparticles for in vivo enhancement of atherosclerosis on magnetic resonance 
images. Bioconjug. Chem. 2012, 23, 2313-2319. 
 
44. Aoki, T.; Abe, T.; Yamada, E.; Matsuto, T.; Okada, M., Increased LDL susceptibility 
to oxidation accelerates future carotid artery atherosclerosis. Lipids Health Dis. 2012, 11, 4. 
 
45. Kader, A.; Pater, A., Loading anticancer drugs into HDL as well as LDL has little 
affect on properties of complexes and enhances cytotoxicity to human carcinoma cells. J. 
Control. Release 2002, 80, (1-3), 29-44. 
 
46. Huntosova, V.; Buzova, D.; Petrovajova, D.; Kasak, P.; Nadova, Z.; Jancura, D.; 
Sureau, F.; Miskovsky, P., Development of a new LDL-based transport system for 
hydrophobic/amphiphilic drug delivery to cancer cells. Int. J. Pharm. 2012, 436, (1-2), 463-
71. 
 
47. Lyon, D. Y. F., J.D.; Sayes, C.M.; Colvin, V.L.; Hughes, J.B., Bacterial cell 
association and antimicrobial activity of a C60 water suspension. Environ. Toxicol. Chem. 
2005, 24, (11), 2757-2762. 
 
48. Toniolo, C.; Bianco, A.; Maggini, M.; Scorrano, G.; Prato, M.; Marastoni, M.; 
Tomatis, R.; Spisani, S.; Palu, G.; Blair, E. D., A Bioactive Fullerene Peptide. J. Med. Chem. 
1994, 37, 4558-4562. 
 
49. Chiang, L. Y.; Lu, F.-J.; Lin, J.-T., Free radical scavenging activity of water-soluble 
fullerenols. J. Chem. Soc. Chem. Commun. 1995, 12, 1283-1284. 
 
50. Arbogast, J. W.; Darmanyan, A. P.; Foote, C. S.; Diederich, F. N.; Whetten, R. L.; 
Rubin, Y.; Alvarez, M. M.; Anz, S. J., Photophysical properties of sixty atom carbon 
molecule (C60). J. Phys. Chem. 1991, 95, 11-12. 



13 

51. Ruoff, R. S.; Tse, D. S.; Malhotra, R.; Lorents, D. C., Solubility of fullerene (C60) in
a variety of solvents. J. Phys. Chem. 1993, 97, 3379-3383. 

52. Nakamura, E.; Isobe, H., Functionalized Fullerenes in Water. The First 10 Years of
Their Chemistry, Biology, and Nanoscience. Acc. Chem. Res, 2003, 36,  807-815. 

53. Yamakoshi, Y. N.; Yagami, T.; Fukuhara, K.; Sueyoshi, S.; Miyata, N., Solubilization
of fullerenes into water with polyvinylpyrrolidone applicable to biological tests. Chem. Soc. 
Chem. Commun. 1994, 517-518. 

54. Yamakoshi, Y. N.; Yagami, T.; Sueyoshi, S.; Miyata, N., Acridine Adduct of
[60]Fullerene with Enhanced DNA-Cleaving Activity. J. Org. Chem. 1996, 61, 7236-7237. 

55. Sakai, A.; Yamakoshi, Y.; Miyata, N., Visible Light Irradiation of [60]Fullerene
Causes Killing and Initiation of Transformation in Balb/3T3 Cells. Fullerene Sci. Technol. 
1999, 7, 743-756. 

56. Kai, Y.; Komazawa, Y.; Miyajima, A.; Miyata, N.; Yamakoshi, Y., [60]Fullerene as a
Novel Photoinduced Antibiotic. Fuller. Nanotub. Car. N. 2003, 11, 79-87. 

57. Yamakoshi, Y.; Sueyoshi, S.; Fukuhara, K.; Miyata, N.; Masumizu, T.; Kohno, M.,
¥OH and O2¥-Generation in Aqueous C60 and C70 Solutions by Photoirradiation:  An EPR
Study. J. Am. Chem. Soc. 1998, 120, 12363-12364.

58. Yamakoshi, Y.; Umezawa, N.; Ryu, A.; Arakane, K.; Miyata, N.; Goda, Y.;
Masumizu, T.; Nagano, T., Active Oxygen Species Generated from Photoexcited Fullerene 
(C60) as Potential Medicines:  O2-¥ versus 1O2. J. Am. Chem. Soc. 2003, 125, 12803-12809. 

59. Piotrovsky, L. B.; Kiselev, O. I., Fullerenes in biology. Rostok: 2006, 336.

60. Tokuyama, H.; Yamago, S.; Nakamura, E.; Shiraki, T.; Sugiura, Y., Photoinduced
biochemical activity of fullerene carboxylic acid. J. Am. Chem. Soc. 1993, 115, 7918-7919. 

61. Sijbesma, R.; Srdanov, G.; Wudl, F.; Castoro, J. A.; Wilkins, C.; Friedman, S. H.;
DeCamp, D. L.; Kenyon, G. L., Synthesis of a fullerene derivative for the inhibition of HIV 
enzymes. J. Am. Chem. Soc.  1993, 115, 6510-6512. 

62. Jensen, A. W.; Wilson, S. R.; Schuster, D. I., Biological applications of fullerenes.
Bioorg. Med. Chem. 1996, 4, (6), 767-79. 

63. Da Ros, T.; Prato, M., Medicinal chemistry with fullerenes and fullerene derivatives.
Chem. Commun. 1999, 663-669. 

64. Bosi, S.; Da Ros, T.; Spalluto, G.; Prato, M., Fullerene derivatives: an attractive tool
for biological applications. Eur. J. Med. Chem. 2003, 38, 913-923. 

65. Bianco, A.; Da Ros, T.; Prato, M.; Toniolo, C., Fullerene-based amino acids and
peptides.  J. Pept. Sci. 2001, 7, 208-219. 



14 

66. Da Ros, T.; Spalluto, G.; Prato, M., Biological Applications of Fullerene Derivatives:
A Brief Overview. Croatica Chemica Acta, Hrvatsko kemijsko dru%tvo 2001, 74, 743-755. 

67. Foley, S.; Crowley, C.; Smaihi, M.; Bonfils, C.; Erlanger, B. F.; Seta, P.; Larroque, C.,
Cellular localisation of a water-soluble fullerene derivative. Biochem. Biophys. Res. Commun. 
2002, 294, 116-119. 

68. Wooley, K. L.; Hawker, C. J.; Frechet, J. M. J.; Wudl, F.; Srdanov, G.; Shi, S.; Li, C.;
Kao, M., Fullerene-bound dendrimers: soluble, isolated carbon clusters.  J. Am. Chem. Soc. 
1993, 115, 9836-9837. 

69. Lamparth, I.; Hirsch, A., Water-soluble malonic acid derivatives of C60 with a defined
three-dimensional structure. J. Chem. Soc. 1994, 1727-1728. 

70. Prato, M., [60]Fullerene chemistry for materials science applications. J. Mater. Chem.
1997, 7, 1097-1109. 

71. Giacalone, F.; Mart’n, N., New Concepts and Applications in the Macromolecular
Chemistry of Fullerenes. Adv. Matter. 2010, 22, 4220-4248. 

72. Borghi, R.; Lunazzi, L.; Placucci, G.; Krusic, P. J.; Dixon, D. A.; Knight Jr, L. B.,
Regiochemistry of Radical Addition to C70. J. Phys. Chem. 1994, 98,  5395-5398. 



15 

CHAPTER 2 

THE SYNTHESIS AND 
ENZYMATIC TESTING OF 
MMP2- CLEAVABLE FRET 

PROBE 

The work presented in this chapter is a more detailed presentation of the 
work published in Org. Biomol. Chem. 2017, 15, 1792-1800.1  

Reproduced with permission of The Royal Society of Chemistry. 
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CHAPTER 2. THE SYNTHESIS AND ENZYMATIC T ESTING 

OF MMP2-CLEAVABLE FRET PROBE  

2.1 BACKGROUND 

In this chapter, the synthesis of Fšrster resonance energy transfer (FRET)-based imaging 

probe for MMP2 will be presented. Ketoacid-hydroxylamine (KAHA) ligation was employed 

alongside classical chemical modification of peptides using reactive functional groups of 

amino acids, such as amine of lysine and thiol group of cysteine to successfully afford our 

target molecule.  

2.1.1 FRET-BASED MMP2 PROBE 

FRET has been an attractive technique in the study of various biological phenomena that 

involves changes in molecular proximity. A near infrared fluorescence (NIRF) FRET probe 

able to image MMP2 activity in vivo was first developed by Bremer and co-workers.2 It 

consisted of poly-L-lysine backbone, methoxypoly(ethylene glycol) (mPEG), fluorochromes, 

and a peptide sequence that can detect MMP2. The MMP2-cleavable peptide sequence 

previously reported by Bremer, et. al. can be cleaved at its scissile bond upon MMP2, which 

is the key feature to our molecular design. Based on this property, we would install a FRET 

pair located on both sides of the scissile bond (Figure 6).  This way, FRET phenomenon can 

only be observed before cleavage. After an MMP2-induced cleavage of the peptide, no FRET 

is detectable. In this thesis, FRET quencher pair methoxycoumarine (MCA, FRET donor) and 

dinitrophenylamine (DNP, FRET acceptor/quencher)3, which are relatively inexpensive, will 

be employed for our probe prototype.  

2.1.2 MMP2-SELECTIVE PEPTIDE LIGAND  

MMP2-specific probes have been developed to study the mechanism of atherosclerosis at a 

molecular level. Bremer et.al reported NIRF peptide probe targeting MMP2 containing an 

MMP2 cleavable peptide sequence -GPLGVRG- (substrate site is italicized). For the negative 

control, a scrambled sequence of the same components -GVRLGPG- was utilized. This 

MMP2 substrate sequence has also been screened against other MMP's including MMP9, 

which is also a type IV collagenase (just like MMP2). However, the reactivity of MMP9 was 

80% less efficient than that of MMP2.2, 4 
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2.1.3 KETOACID-HYDROXYLAMINE (KAHA) LIGATION 

KAHA ligation is a reaction between &-ketoacid derivatives and N-hydroxylamine 

derivatives. The &-ketoacids are organic compounds that are bifunctional, carrying both a 

carboxylic acid and a ketone as functional groups (Figure 4).  Apart from their applications in 

organic chemistry, &-ketoacids are involved in important biological processes, such as Krebs 

cycle, glycolysis, fatty acid metabolism, and anaerobic fermentation, being a key connector of 

these metabolic processes.  

Figure 4. General structure of an &-ketoacid 

Although they bear both ketone and carboxylic acid groups (while maintaining some 

of the characteristics of each individual group), &-ketoacids themselves have different 

reactivity than the individual functional groups. Furthermore, unprotected &-ketoacids are 

labile due to their tendency to undergo decarboxylation. This limits their accessibility for 

synthetic purposes due to the instability in handling and purification processes.5 In 2006, 

Bode group discovered a novel chemoselective amide ligation by decarboxylative 

condensation of &-ketoacids and N-alkylhydroxylamines (KAHA).6 This ligation does not 

require any coupling reagent or catalyst and can be carried out in mild aqueous conditions 

without problematic by-products (Figure 5).7 

Figure 5. General scheme of KAHA ligation reaction 

Compared to the traditional ligations via the formation of oximes, hydrazones or 

thiozolidine as linkages, chemical KAHA ligation provides stable natural amide bond and 

does not require the existence of relatively rare cysteine. This powerful chemoselective 

ligation was successfully applied in the synthesis of a therapeutic protein.8 In the current 
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study, we applied the KAHA ligation for novel peptide-fluorescent labeling and 

bioconjugations. 

2.2 MOLECULAR DESIGN  AND SYNTHETIC ROUTE FOR A PEPTIDE-

BASED POLYMERIC PROBE 

Figure 6 shows the molecular design of the FRET probe prepared in this study. It consists of 

four components: (1) FRET donor, (2) FRET acceptor, (3) MMP2-cleavable peptide, and (4) 

PEG. The detailed structure is shown in Figure 7. 

Figure 6. Schematic diagram of MMP2-cleavable FRET probe 

As a proof of concept, we have chosen relatively inexpensive FRET fluorophores: 

methoxycoumarine (MCA, donor) and dintrophenylamine (DNP, acceptor). Using this FRET 

pair, within a FRET distance, there should be no fluorescence emission of MCA observed due 

to the quenching by DNP. Donor fluorescence emission will be switched on in the presence of 

MMP2 when peptide is cleaved at the scissile bond between valine and glycine residues, 

resulting in 2 fragments: polymeric peptide with FRET donor part and the non-polymeric 

peptide part bearing the FRET acceptor part (Figure 6). PEG, a water-soluble polymeric 

moiety, is required in our molecular design to improve the biocompatibility and to protect the 

peptide from non-specific degradation, allowing longer lifetime in the blood circulation 
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system. Furthermore, such polymeric compounds have a tendency to accumulate in tissues 

where inflammation is present via the enhanced permeation and retention (EPR) effect.9-11  

 

 

Figure 7. Assembly strategy of FRET probe 

 

 As described above, we need three orthogonal reactions to assemble four components. 

In addition to the traditional reactions for peptide modification (Michael addition and amide 

formation using activated NHS esters), we decided to employ the KAHA ligation. To develop 

practical procedure for KAHA ligations between peptides and FRET donor, it is necessary to 

design and synthesize accessible hydroxylamine and ketoacid derivatives, which will be 

conveniently incorporated to the peptide sequence and the dye moiety, respectively. In this 

project, a novel lysine derivative with oxazolone structure bearing a terminal functional group 

(NH2 in this case) was used (Figure 8).  

 

Figure 8. Oxazolone-containing lysine derivative 

 

The oxazolone methoxycoumarine derivative acts as &-ketoacid precursor that can be easily 

hydrolyzed into the desired &-ketoacid to react with the O-benzoyl amine of the lysine side 

chain via KAHA ligation.  On the other hand, FRET quencher DNP, will be added onto the 
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peptide moiety via Michael addition. Both of these reactions will be carried out on 

unprotected peptide after the peptide cleavage from the resin. A test KAHA ligation reaction 

between oxazolone-conjugated FRET donor and Lys-OBz confirmed the feasibility of this 

reaction (Figures 42-44).  

 

 

Figure 9. KAHA ligation between FRET donor-oxazolone and O-benzoylamine on peptide 

 

2.3 SYNTHESIS OF LYSINE-DERIVED HYDROXYLAMIN E 

Based on the ketoacid precursor design above, Lys-derived benzoylamine was prepared from 

the commercially available Fmoc-Lys(Boc)-OH, 1 (Figure 10). In order to functionalize the 

amine side chain with an O-benzoyl group, carboxylic acid group of 1 was initially protected 

with allyl group. After the subsequent TFA deprotection of Boc to provide free amine 3, 

benzoyl group was added through biphasic reaction with benzoyl peroxide to afford 

compound 4.12 In order to be available for the later SPSS, Boc protecting group was added to 

the amine followed by deprotection of the allyl group to provide a free carboxylic acid 6, 

which was ready for coupling.  

 

 

Figure 10. Synthesis of Lys-derived benzoylamine. Reagents and conditions: i) DIPEA, allyl bromide, dry 
MeCN, refl., 2 h, 83%; ii) 50% TFA in CH2Cl2, 99%; iii) benzoyl peroxide, 1 : 1 (w/w) mixture of CH2Cl2 and 
0.1 M NaOH/NaHCO3 (pH 10.5), rt, 4 h, 58%; iv) Boc2O, DIPEA, CH2Cl2, rt, 18 h, 64%; v) (PPh3)4Pd, N-
methylaniline, dark, rt, 18 h, 73%. 
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2.4 SYNTHESIS OF KETO-ACID PRECURSOR AND MCA DERIVATIVE  

Oxazolone is a chemical compound and a functional group, consisting of 5 isomers. The ring 

is generally numbered according to the HantzschÐWidman nomenclature, where the priority is 

given to the oxygen atom while numbering the ring in the direction of the nitrogen atom as 

shown in (Figure 11).  Plšchl was the first one who synthesized oxazolone in 1883. It was 

carried out by a condensation of benzaldehyde with hippuric acid in the presence of acetic 

anhydride. It was not until 1970 when the Erlenmeyer first elucidated the correct structure of 

oxazolone. He named it  ÔÔazlactonesÕÕ. However, there were not many investigations on the 

reactivity of oxazolone until the 1940's when the structure of penicillin was mistaken to be 

oxazolone. Since then, many research groups focused on the reactivity of oxazolone because 

of high interest in penicillin.13  

 

 

Figure 11. General structure of an oxazolone 

  

 Oxazolones can be prepared from the corresponding ketoacid and nitrone. To facilitate 

its preparation, a trifluoroacetyl oxazolone was chosen because it can be readily prepared 

from the readily available &-amino acids. Also, the trifluoroacetyl oxazoline has proven to be 

easily hydrolyzed by treating with mild aqueous acids or basic conditions.14 
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In this context, trifluoroacetyl oxazolone was designed and developed from H-Lys(Boc)-OH 

7 (Figure 12). Treatment of 7 with TFAA at 45 ¡C for 30 minutes provided cyclic oxazolone 

8, which was subjected to the tautomerization for 3-4 days to provide 9. After facile removal 

of Boc-protecting group by 50% TFA in CH2Cl2, the commercially available MCA-

succinimide was added to provide compound 10 by forming an amide bond. This allows the 

conjugation of FRET donor moiety to the peptide through KAHA ligation with the O-benzoyl 

hydroxylamine group on the Lys side chain on the peptide. The obtained 

trifluoroacetyloxazolone derivative 10 will be used for the conjugation with lysine derivative 

6, which will be incorporated in the peptide sequence in the later step.  

 

 

Figure 12. Synthesis of methoxycoumarin acetic acid (MCA, FRET donor) derivative 2 having trifluoroacetyl 
oxazolone moiety as a ketoacid precursor.  Reagents and conditions: i) TFAA, in Et2O, 45 ¼C, 30 min, then 
extracted, dried, and tautomerized in dry Et2O, rt, 3-4 days, 17%; ii) TFA, in CH2Cl2, rt, 30 min, > 99%; iii) 
MCA-NHS, 1 : 1 mixture of DMSO and pyridine, rt, 15 h, 13%. 
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2.5 SYNTHESIS OF MMP2-CLEAVABLE PEPTIDE  

Using the same strategy, two FRET probes A and B, possessing an MMP2-cleavable ligand 

peptide (A) and random peptide (B), were synthesized (Figure 13)  

 

 

Figure 13. Structures of positive (A) and negative (B) FRET probes for MMP2 detection 

  

Peptides were synthesized via SPPS technique using Fmoc-chemistry on Rink amide MBHA 

resin to afford amide functional group on the C-terminus upon cleavage. First amino acid 

attached on the resin was Ala before adding the Cys to avoid the problems in having Cys in 

C-terminus, such as side reactions and epimerization.15-17 Upon coupling of cysteine to the 

resin, the following sequence including MMP2-reactive part, -Gly-Pro-Leu-Gly-Val-Arg-Gly- 

was added.2,4   

 Next, GABA was attached to the Gly in N-terminus to make the subsequent addition 

of lysine derivative Lys' 6 due to the sterically less hindered and more flexible primary amine 

of GABA. After the successful attachment of 6 to the N-terminus by double coupling and 

ensuing Fmoc deprotection, MPEG group was introduced to the N-terminus 12 by the 

reaction with commercially available monodisperse MPEG12-NHS. The reaction was carried 

out in CH2Cl2 at room temperature overnight, while shaken vigorously to ensure optimum 

contact. The reaction process was monitored by MALDI-TOF MS analysis of cleaved peptide 

from the resin using 5% TIPS in TFA. After desired m/z peak was observed, 13 was kept on 

the resin until ready to use for the next step. 

N
H

Gly Pro Leu Gly Val Arg Gly

O

H
N

N
H

O

N
H

O

NH2
GABA CysLys'

Gly Val Arg Leu Gly Pro Gly

O

H
N

O

N
H

O

NH2Cys

FRET donor FRET acceptor

O

PEG
O

H
N

O

N
H

N
H

GABALys'

O

PEG
O

H
N

O

FRET donor FRET acceptor

Probe A

Probe B

MMP2-cleavable peptide

random peptide
(negative control)



 24 

 

Figure 14. Incorporation of the Lys derivative 1 to the MMP2 reactive peptide.  Reagents and conditions: i) 
20% piperidine, DMF then 1 (3.5 equiv), HCTU (3.4 equiv), NMM (6 equiv), rt, 1h, for two times; ii) 20% 
piperidine, DMF then MPEG12-NHS (4 equiv), CH2Cl2, rt, 18 h; iii) 5% TIPS, TFA, 2.5 h, rt. 

 

 

Figure 15. Synthesis of MMP2-cleavable FRET probe. Reagents and conditions: i) 2 (1 equiv), in tBuOH - 0.1 
M oxalic acid buffer (pH 1.2) (1 : 1) , 50 ¡C, 16 h, then freshly cleaved 15 (2 equiv) in MeCN - 0.1 M oxalic 
acid buffer (pH 1.2) (1 : 1) containing 0.1 M TCEP, 50 ¡C, 16 h, 15%; ii) DNP maleimide (3 equiv), 0.1 M 
phosphate buffer (pH 6.8) - MeCN (4 : 1), rt, 16 h, 27%.(
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Next step was the attachment of FRET donor (MCA) and FRET acceptor (DNP) to the fully 

deprotected peptide 14 by KAHA ligation and Michael addition, respectively (Figure 15). 

Initially, 14 was subjected to the KAHA ligation at 50 ¡C for 16 hours and monitored by 

LCMS. This KAHA ligation was performed in two steps. First, MCA-trifluoroacetyl 

oxazolone 10 was hydrolyzed to generate non-cyclic ! -ketoacid in situ using a mixture of 
tBuOH and 0.1M oxalic acid buffer (pH 1.2) at 50 ¡C for 16 hours. After the reaction was 

completed, freshly cleaved peptide 14 in a 1:1 mixture of MeCN and 0.1 M oxalic acid buffer 

(pH 1.2, containing 0.1 M TCEP) was added and shaken at 50 ¡C for 16 hours. In this 

reaction, the concentration of peptide has to be kept at least at around 20 mM. The reaction 

mixture was purified by HPLC, and characterized by MALDI-TOF-MS, to confirm that 

MCA-conjugated peptide 15 was successfully obtained. The last step was the Michael 

addition on the thiol group of the Cys side chain. The commercially available DNP-

maleimide (FRET quencher) solution in DMSO was added to the peptide 15 dissolved in 20% 

MeCN in 0.1 M phosphate buffer (pH 6.8) while keeping the peptide concentration around 5 

mM. The reaction was shaken in the dark at room temperature for 16 hours. The reaction 

process was monitored by MALDI-TOF-MS. The probe 16 was obtained after purification by 

HPLC. In addition, probe B (Figure 13), which contains a scrambled peptide sequence (-Gly-

Val-Arg-Leu-Gly-Pro-Gly-), which is known to be non-cleavable by MMP2, was also 

prepared in a similar manner.18 Synthetic probes A and B showed small fluorescent intensity 

indicating the FRET effect of MCA (donor) and DNP (quencher). The length of peptide 

seems to be suitable for the FRET phenomena observed. 

 

2.6 ENZYME TESTING OF PROBES A AND B BY MMP 2 

Probes A and B were subjected to enzyme test reaction using MMP2. As shown in Table 1, 

six reactions were set up containing either probe A or B, in the presence/absence of MMP2, in 

the presence of MMP2 and MMP2 inhibitor (1,10-phenanthroline). Samples of reactions 1-6 

were subjected to MALDI-TOF-MS analysis at time of 0, 120, and 200 min. Simultaneously, 

fluorescence measurements were recorded for sample R1 and R4 at time 0 min, and then for 

R1-6 at 240 min using an excitation wavelength of 355 nm. 
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Table 1. Enzymatic reactions were monitored by both MALDI-TOF MS and fluorescence emission.  

run Substrate MMP2 Inhibitor Reaction time [min]  

(MS spectra)**  

Reaction time [min] 
(fluorescent spectra)***  

R1 probe A Ð Ð 0, 120, 200 min (Figure 71) 0, 240 min (Figure 77) 

R2 probe A + Ð 0, 120, 200 min (Figure 72) 240 min (Figure 78) 

R3 probe A + + 0, 120, 200 min (Figure 73) 240 min (Figure 79) 

R4 probe B Ð Ð 0, 120, 200 min (Figure 74) 0, 240 min (Figure 80) 

R5 probe B + Ð 0, 120, 200 min (Figure 75) 240 min (Figure 81) 

R6 probe B + + 0, 120, 200 min (Figure 76) 240 min (Figure 82) 
*     1,10-phenanthroline was used as an inhibitor 

**   MS spectra were obtained by MALDI-TOF-MS analysis 

*** Fluorescence spectra were measured with an excitation wavelength of 355 nm 

 

 Figure 16 shows the MALDI-TOF-MS spectra after incubation of probe A and B with 

MMP2 for 200 min at 37 ¡C. In the absence of MMP2, intact probe A (m/z 2223) was 

observed after incubation. In the presence of MMP2, (Figure 16) the peak at m/z 1452, which 

corresponds to the cleaved peptide at the scissile bond (Gly-Val), was clearly observed after 

incubation. Furthermore, when probe A was incubated with both MMP2 and an inhibitor 

(1,10-phenanthroline) only intact probe (m/z 2223) was observed. The 1,10-phenanthroline is 

a zinc chelator utilized as a broad-spectrum MMP inhibitor. On the other hand, in the case of 

incubation of probe B, which contains cleavable peptide by MMP2, fully intact probe was 

observed at m/z 2223. These results indicate that the peptide sequence is still recognized by 

MMP2 enzyme even after modification with MPEG12 and FRET quencher pair moieties 

subjected in this study.  
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Figure 16. Enzyme cleavage assay of probes A (a) and B (b) by MMP2, monitored by MALDI-TOF MS 

 

Finally, fluorescence spectra of the reaction mixtures R1-6 were measured. As shown in 

Figure 17, in the presence of MMP2, MCA (FRET donor) emission from probe A was 

observed significantly higher than in other conditions. This is due to the fact that there is no 

more FRET quenching by DNP after cleavage of the peptide by MMP2, and therefore MCA 

is free to fluoresce. The rest of the reactions showed relatively low fluorescence emissions 

indicating that the peptides were intact and donor emission was quenched. 
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Figure 17. Enzyme cleavage assay of probes A (a) and B (b) monitored by FRET phenomena observed by 
fluorescent spectra 
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2.7 SUMMARY AND PERSPECTIVE S 

In summary, a newly developed Lys-N-benzoylamine derivative 6 was successfully 

incorporated into peptide sequence via SPPS.  The fully deprotected peptide 14, obtained 

upon cleavage from the resin, could be exploited for further functionalization with FRET 

donor moiety by KAHA ligation under mild and reagentless aqueous conditions. After the 

addition of FRET acceptor moiety by Michael addition, probes were obtained successfully 

and were subjected to the enzyme test using MMP2 to clearly confirm the feasibility of the 

designed and synthesized FRET probe for MMP2 detection. (

 In conclusion, these results suggested that the current ligation condition utilizing N-

benzoylamine Lys derivative is indeed versatile for bioconjugation of many peptidic 

materials. The mild reaction condition of current KAHA ligation could also be applied for the 

synthesis of probes bearing fragile NIR probes. NIR FRET probes are perfect candidates for 

in vivo imaging due to their long wavelength of excitation, which can penetrate through 

tissues. In addition, higher molecular weight polymer (>20 kDa) should also be employed for 

optimum EPR effect.11 
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CHAPTER 3. TOWARDS THE SYNTHESIS OF SURFACE 

MODIFIED LDL NANOPAR TICLES  

3.1 BACKGROUND 

Low-density lipoproteins (LDLs) are spherical, with a shell consisting of the monolayer of 

phospholipids, embedded apoB-100 protein, intercalating free cholesterol, while the 

hydrophobic core consists of triacylglycerol. They are 18 to 25 nm in size and are able to 

transport cholesterol to cells expressing LDL receptors, which are also overexpressed by 

several tumors. Since LDL nanoparticles are naturally occurring, they are biocompatible and 

biodegradable. The combination of its hydrophobic and hydrophilic properties allows them to 

transport hydrophobic and amphiphilic drug through a receptor-mediated mechanism with 

half-life of 2-4 days. Modification of LDL with the active compound can be carried out either 

by surface loading, core loading, or by apoprotein interaction. 

Figure 18. Schematic model of an LDL particle. The lipid core is depicted in the fluid phase above the phase 
transition temperature. ApoB100 is shown as a blue string wrapped around the surface of the LDL particle, 
partially penetrating the phospholipid monolayer and the inner core. A 3D-homology model of the N-terminal 
region, corresponding to about 26% of the amino acid sequence, is superimposed.  Source: Eur. Biophys. J., 
Molecular structure of low density lipoprotein: current status and future challenges, 38, 2009, 145-158, Ruth 
Prassl, Peter Laggner, (© European Biophysical Societies' Association 2008) Reproduced with permission of 
Springer, license number: !"#$")""%)!'". 4 �����G�R�L���������������������V�������������������������������\��

3.1.1 LDL MODIFICATIONS  

Although it has been proven that LDL is a valuable delivery tool to deliver drugs and 

diagnostic agents to the diseased organ5, its use is still limited to LDL-receptor related 
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diseases. In addition, not all tumor cells overexpress LDL-receptors, but some normal cells 

do. To overcome this limitation, functionalization of LDL with more specific ligands is 

required. This strategy eases the delivery process while enhancing its specificity to the 

targeted disease. This will expand the applications of LDL nanoparticles.6, 7 There are three 

routes for functionalizing LDL: by protein loading (conjugation to ApoB-100 residue or 

phospholipid head group), surface loading (intercalation onto the phospholipid monolayer)9,

10, and by core loading (into the hydrophobic core). Typical amino acids that can be utilized 

for covalent modification to apolipoprotein are lysine, arginine, tyrosine, and cysteine.5 

Figure 19. Illustration describing different ways of loading to LDL 

Protein Loading 

One example has been presented by Zheng et. al. where the conjugation of folic acid, a 

biomarker for cancer was done to the amino group on the side chain of the exposed lysine 

residue on apoB-100. This modification has been proven to direct LDL to tumor cells and the 

binding to the LDL receptor of normal cells.11  

Core loading 

Core loading is useful when hydrophobic molecules need to be carried by LDL. Loading into 

the nanoparticle core can be achieved by exchanging the lipoprotein core lipids with the 

desired hydrophobic molecule through lyophilization and organic extraction.12 For example, 

Song et. al. reported the development of a naphthalocyanine-based PDT agent, with a long 

NIR absorption wavelength, loaded into LDL core in an effective payload, which could be 

used as a promising tool for targeting tumors that are deeply embedded in the tissue.13  
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Surface loading 

Another loading technique is to intercalate the agent of interest into the lipid monolayer of 

LDL. This has been reported for the development of the delivery vehicle for magnetic 

resonance imaging contrast agents. Corbin et. al. first reported an intercalated Gd-modified 

DTPA complex into the lipid layer of LDL.14   

3.1.2 FUNCTIONALIZED SYNTH ETIC LDL (SLDL)  

In this thesis, we will present the synthesis of an sLDL-precursor nanoparticle. It bears a KAT 

functional group on its surface, which can undergo covalent modification via an amide-bond-

forming reaction with its hydroxylamine counterpart under mild conditions.  

3.1.3 POTASSIUM ACYL TRIFL UOROBORATE (KAT) LIG ATION 

The amide forming KAT ligation was first reported by Dumas et. al.,15 and then improved by 

Noda et. al.16, where a more robust hydroxylamine, O-carbamoylhydroxylamine (Figure 20) 

was developed. 

Figure 20. General reaction for KAT ligation with O-carbamoylhydroxylamines 

Most importantly, this newly developed KAT ligation has been proven to be quick, 

chemoselective, and can proceed under mild aqueous conditions. For our purpose, the 

potassium acyl trifluoroborate (KAT) derivative of oleic acid and the hydroxylamine 

counterpart were synthesized according to the previously reported method by Dumas15 and 

Noda17, respectively. The reactions were carried out under aqueous conditions without using 

any catalysts or coupling reagents. 

Before incorporation of KAT into the nanoparticle, an equimolar reaction was 

performed between OA-KAT 26 and the hydroxylamine derivative of the 5,6-

carboxyfluorescein 33 in solution phase (Figure 20). Figure 22 displays LC traces of both the 

starting material 33 (top) and the reaction mixture (bottom). The complete consumption of 

starting material 33 and ligation product formation was observed, indicated by the absence of 
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peak at 2.7 min (Figure 22, bottom trace) and the appearance of a doublet peak at 4.4 min, 

respectively. It was clearly observed that product 34 formed almost immediately (<1 min). 

Figures 23 and 24 display the ESI MS trace of LC peak at 2.7 (Figure 22, top) and 4.4 min 

(Figure 22, bottom), respectively, showing the mass of starting material 33 (m/z 619 [M+H]+) 

and product 34 (m/z 783 [M+H]+). The next step is to apply this reaction on sLDL surface, 

which will be presented later in this chapter. 

Figure 21. KAT ligation reaction test in solution. Reagents and conditions: i) CH2Cl2: TFA = 1 : 1, 10 min, rt.; 
ii) MeOH, acetone, phosphate buffer (pH 5.8) = 1 : 1 : 2, <1 min, rt.

Figure 22. LC trace of the 33 (top) and reaction mixture (bottom), at 254 nm absorbance 

Figure 23. ESI mass peak of starting material 33 at m/z 619 
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Figure 24. ESI mass peak of ligation product 34 at m/z 782 

3.2 OVERALL SYNTHETI C SCHEME 

Preparation of synthetic nanoparticles was adapted from previously reported work with some 

modifications.16 Both non-functionalized and OA-KAT containing nanoparticles were 

prepared in a similar manner. To confirm the success of OA-KAT incorporation into the 

nanoparticles, fluorescein bearing KAT ligation counterpart was also prepared. Fluorescent 

nanoparticles can indicate that incorporation of OA-KAT functional group has been achieved. 

Consequently, it can be useful for further functionalization using KAT ligation techniques.  

Figure 25. Design of the fluorescent-labeled OA-KAT-functionalized nanoparticles 

3.3 SYNTHESIS OF FATTY ACID DERIVED -KAT 

From the commercially available oleic acid, oleyl bromide was synthesized, which later was 

substituted by NaI to afford the oleyl iodide. Based on previously reported procedure of the 
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available benzotriazole, hydroxybenzotriazole was obtained, and then substitution to 

chlorobenzotriazole by sodium phenoxide afforded 21. Lithiation/alkylation of oleyl iodide 24 

to 21 resulted in compound 25, which then underwent a one-pot deprotonation/borylation 

followed by fluorination/hydrolysis to provide acyltrifluoroborate 26 as the final product. 

Figure 26. OA-KAT synthesis. Reagents and conditions: i) Formaldehyde, 0 oC - rt, 45 min (62%), (ii) SOCl2, 
MeOH, 0 oC, 20 min then refl., 1 h (60%); iii) NaOPh, DMF, 70 oC, 16 h (53%); iv) (1) nBuLi, THF, -78 oC, 1 h, 
(2) 20, -78 oC to rt (93%); v) nBuLi, B(OMe)3, THF, -78 oC, 1h, rt, 5 min (26%). 

3.4 SYNTHESIS OF NANOPARTICLES WITH AND WITHOUT OA -KAT 

Figure 27. General scheme for nanoparticles preparation. Reagent and condition: i) PC : TO : CO : 26 = (3 - X) 
: 2 : 1 : X (mole ratio), CHCl3 : MeOH : acetone = 2 : 1 : 1; ii) thin film preparation, dry; iii) 0.01 M Tris.HCl 
buffer (pH 8.0), 8 mL,  1.6 mg, 8 µg BHT, sonication in ice, 2 h; iv) filtration, extrusion at 53 oC, 0.1 and 0.05 
micron, 10-15 psi; v) dialysis, 0.01 M K2PO4  (pH 5.8), 18 h, 10 oC, (12-14 kDa MWCO RC membrane)  

Synthetic procedure of nanoparticles was adapted on previously reported work with some 

modifications.1 Essentially, lecithin (phosphatidyl choline, PC), glycerol triolein (TO), and 
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cholesteryl oleate (CO) were kept at a 3 : 2 : 1 mole ratio. In the case of OA-KAT containing 

nanoparticle, the ratio of PC, TO, CO, and 26 was maintained at (3 - X) : 2 : 1 : X, 

respectively. The components were dissolved in organic solvents (chloroform, methanol and 

acetone) and dried by rotary evaporation to create a thin film. After drying under high vacuum 

to completely remove organic solvent, 8.0 mL Tris.HCl buffer was added and the mixture was 

sonicated in ice for 2 hours. The resulting suspension was filtered through a syringe filter 

followed by extrusion using 0.1 and 0.05 micron filters at 53 ¡C (10 psi) at least 10 times. 

Dynamic light scattering (DLS) measurements showed that the sizes of the obtained 

nanoparticles were in the range of 30-50 nm, suitable for use in vivo (Figure 28). 

(a) (b) 

(c) 

Figure 28. DLS spectra of a) 0 %, b) 1 %, and 10 % KAT-containing nanoparticle after extrusion followed by 
dialysis at 10 oC.  DLS means (a) 53 nm; (b) 31 nm (c) 46 nm. 

3.5 SYNTHESIS OF A FLUORESCENT DYE-DERIVED HYDROXYLAMIN E 

The fluorescent-hydroxylamine derivative was synthesized as shown in Figure 29. From a 

commercially available 5,6-carboxyfluorescein, a mono Boc-protected ethylenediamine linker 

was added using conventional coupling condition with NHS activation of the carboxylic acid. 

The HPLC purified product was Boc-deprotected and used in the next step without further 

purification. The Boc-protected carbamoyl hydroxylamine derivative 31 was attached in a 

similar manner, resulting in compound 32. This is kept as Boc-protected for stability. When 
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needed for ligation, Boc-deprotection was done with TFA, followed by concentration and 

drying. Deprotection reaction was monitored with LC/MS (Figure 112-113). 

Figure 29. Synthesis of fluorescent derived hydroxylamine. Reagent and condition: i) 1) EDC.HCl, NHS, DMF, 
1h, 2) 28, 4 h; ii) TFA : CH2Cl2  = 1 : 1, rt, 10 min; iii) (31, EDC.HCl, NHS, DIPEA, DMF) 1 h, rt, add to 30, 16 
h. 

3.6 LIGATION REACTIO N ON LDL SURFACE 

Figure 30. Nanoparticle fluorescent labeling reaction via KAT ligation. 

First, nanoparticle suspensions in Tris buffer pH 8 were equilibrated to 0.01 M phosphate 

buffer (pH 5.9) by dialysis. It is known that the reaction can be carried out efficiently at acidic 

pH; therefore we have chosen slightly acidic pH 5.9 for this reaction to begin our study. Equal 

amount of fluorescent probe 33 was added to each reaction vial containing 0% (plain)-as a 

control, 1%, and 10% OA-KAT-containing nanoparticles. After 10 minutes, the reaction was 

dialyzed exhaustively at pH 8.0 to remove any unreacted 33. Fluorescence and DLS 

measurements were then taken.  
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Figure 31. Fluorescence spectra of the nanoparticles at excitation wavelengths of 480 nm. 

            (a)      (b) 

Figure 32. DLS spectra of (a) 1 % (mean : 47 nm) and (b) 10 % (mean: 51 nm) post-fluorescent labeling 

Fluorescence emission spectra were measured to indirectly estimate the degree of 

KAT-functionalization on the surface. Here, it was hypothesized that plain nanoparticles (0 % 

KAT) should be minimally fluorescent, taking into account the possibility of non-specific 

binding of fluorophores to the nanoparticle surface. Nanoparticles with 10 % KAT should 

produce higher fluorescence compared to the ones with 1 % incorporation. In addition to that, 

the same amount of KAT-reactive fluorophore 33 (1.2 eq to the OA-KAT group of 10%-

KAT) was used for all three reactions, using 0 % KAT incorporated as a negative control, in 

case of non-specific binding. Consequently, the 1 % KAT containing nanoparticles would 

have more excess of fluorophore 33, which will be removed by exhausted dialysis at pH 8.0 

after 10 min of reaction. This short reaction time was based on test reaction in solution that 
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rapid conversion to product was confirmed (Figures 22-24) and also to minimize the non-

specific binding to the surface. 

Fluorescence spectra of all three samples containing 0, 1, and 10 % post- fluorescent 

modifications were depicted in Figure 31.  As expected, the 10 % KAT containing 

nanoparticles showed the highest fluorescence among the three, while the 1% KAT 

incorporated nanoparticles displayed much lower fluorescence, followed by plain 

nanoparticles with the lowest fluorescence emission. Considering the non-specific binding of 

the fluorescent species to the surface of nanoparticles, and the excess amount that was used 

with regards to plain and the one with 1% KAT incorporation, it was clear that the 10% KAT-

containing nanoparticle had the highest fluorescence, resulting from covalent bond forming 

KAT ligation reaction. Figure 32 shows the DLS measurements of 1% and 10%-KAT 

containing nanoparticles after fluorescent labeling, which indicates sizes in the range of 50 

nm.  

3.7 TEM IMAGING 

Figure 33. TEM images of negatively stained lipidic NP with 0% KAT (control) (left), and 10% KAT (right).  

 

Microscopy images of the nanoparticles were obtained using TEM on a copper grid with 

uranyl acetate staining. Based on this microscopy image, we observed flattened spherical 

shapes with size comparable to our DLS measurement, which in average falls approximately 

around 50 nm.  
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3.8 SUMMARY AND FUTURE PLANS 

In this chapter, we have demonstrated a successful method for the preparation of KAT- 

functionalized nanoparticles using PC, TO and CO as core components using sonication, 

followed by extrusion techniques. According to DLS measurements, the prepared KAT-

functionalized nanoparticles have diameters in the range of 30-50 nm, which makes it 

generally suitable for delivery tools for drugs or imaging probe. Fluorescent labeling reactions 

of KAT-functionalized nanoparticles with fluorescein-hydroxylamine derivatives 33a,b was 

successful, providing covalently attached fluorescein confirmed by fluorescence 

spectroscopy. These findings suggest that the newly developed KAT-functionalized 

nanoparticles is a practical scaffold due to its ability for stable covalent conjugation of various 

compounds or biomolecules. The next step would be followed by the attachment of ApoB-

100 mimetic peptide, followed by in vitro study to check its biological activities.  
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CHAPTER 4. WATER SOLUBLE C60 AND C70 COPOLYMERS 

4.1 INTRODUCTION  

Fullerenes have generated much interest in research due to their potential applications in the 

material sciences as well as in medical field. The ability of metal-encapsulation and high 

photosensitivity are among their selling properties. However, the high hydrophobicity and 

low water solubility prevent fullerenes from being readily used as biomaterials. Preparation of 

biocompatible and water-soluble C60 materials has been previously studied2-6, for applications 

in photodynamic therapy (PDT) and MRI contrast enhancement agents.7-10 Here, we focus on 

the preparation of polymeric C60 materials with molecular weight of 20 kDa (or higher), 

which will accumulate in tissues affected by cancer and inflammatory diseases due to the 

enhanced permeation and retention (EPR) effect caused by reduced vascular drainage. More 

specifically, the goal of this study is to synthesize C60- or C70- polyvinylpyrrolidone (PVP) 

copolymers as water-soluble, biocompatible and non-toxic materials via an uncomplicated 

procedure.  

4.1.1 FREE-RADICAL POLYMERIZATION ON C 60 WITH AIBN  

To develop a straightforward method for the synthesis of fullerene (C2n)-PVP copolymers, 

radical polymerization technique using N-vinylpyrrolidone (NVP) and fullerenes (Figure 34) 

was chosen. This reaction resulted in the formation of covalent bond by the reaction of PVP 

radical on the double bonds of the fullerenes.  

Figure 34. Radical polymerization of fullerene C2n with AIBN as an initiator while C2n acting as an end-capping 
reagent of PVP 

NVP AIBN

PVP +

(PVP  )

C2n PVP C2n

NVP

PVP' PVP C2n PVP'

PVP C2n PVP
propagation

termination

fullerene
 C2n N O

n

N O
AIBN

N O

n



 49 

The benefit of using our procedure is that one does not need to initially derivatize fullerene to 

make the monomer before proceeding to make a polymer. This procedure makes the 

preparation of C70 and Gd3N@C80 -mentioned in Chapter 1 more accessible. Studies have 

reported on this type of direct free-radical copolymerization on a pristine C60, where AIBN is 

the radical initiator while the double bonds on C60 are thought to be attacked by the 

poly(styrene) radical generated in situ, resulting in covalent bonding.11-15 In addition, other 

polymers such as C60 poly(carbonate)16 and C60Ðpoly(methylmethacrylate)17, 18 could be 

prepared in a similar manner. There are also reports of polymers generated by nitroxide-

mediated radical that are conjugated post-polymerization.19, 20 A few studies have been done 

on direct radical polymerization of pristine C60 and NVP, where lauroyl peroxide and benzoyl 

peroxide are the radical initiators; however, the yield of resulting copolymers is low and 

water-solubility is not sufficient.21, 22  

 

4.1.2 PHOTODYNAMIC T HERAPY (PDT) AND REACTIVE OXYGEN 

SPECIES GENERATION 

The use of light treatment therapy can be dated back to over 4000 years ago in Egypt. Ancient 

Egyptians used light and Ammi majus plant (bishop's weed), which is administered orally to 

manage vitilago. Nowadays, psoralen, which is the active ingredient of this plant, has been 

used as a successful agent for the treatment of psoriasis.23-26 Photodynamic therapy (PDT) is a 

treatment where light with a certain wavelength is used in pair with a selectively localized 

light-sensitive drug (photosensitizer), to generate cytotoxic reactive oxygen species (ROS) 

and other radicals. The PDT has been clinically approved as a minimally invasive treatment.  

The first reported modern example of PDT was in the late 19th century employing "Finsen 

lamp" for a therapy of skin condition lupus vulgaris.27 PDT has also been approved by the 

United States Food and Drug Administration for treatment of several types of cancer.28  

 

 There are three basic components of the photodynamic therapy: light source, non-toxic 

photosensitizer, and oxygen. Fundamentally, the process strongly depends on the 

photosensitizer itself. As shown in Figure 36, photosensitizer absorbs a photon of light at 

ground state S0, which brings it to the singlet excited state S1. A good photosensitizer (PS) 

has a high intersystem crossing (ISC) yield, such that there is a high chance to go from singlet 

excited state S1 to a triplet excited state T1. At this point, PS can directly react with other 

molecules in its surrounding (Type I). On the other hand, in Type II photoreactions, the 
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photosensitizer transfers the energy to ground state molecular oxygen 3O2. This energy is used 

to reach a highly reactive singlet state 1O2. In biological system, 1O2 can react with 

surrounding molecules, like lipids, proteins, and nucleic acids.29 The anticancer PDT, include: 

tumors necrosis or apoptosis, tumor vascular damage, and activation of immune system, 

shown in Figure 36. 

Figure 35. Types I and II pathways of ROS generation from photosensitizer. 

Figure 36. Biological reactions induced by excited photosensitizers (PSs) in photodynamic therapy (PDT). 
Reproduced by permission from Macmillan Publishers Ltd: Nature Reviews Cancer; Castano, A. P., Mroz, P., 
and Hamblin, M. R., Photodynamic therapy and anti-tumour immunity, 2006, 6, 535-545.30 License number 
4100370605600. © 2006 Nature Publishing Group ���G�R�L���������������������Q�U�F����������
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4.2 SYNTHESIS OF C60-PVP AND C70-PVP POLYMERS WITH DI FFERENT 

RATIOS 

In this section, the synthesis of both C60 and C70-copolymers using various ratios of C2n to 

NVP will be presented. A large excess of initiator AIBN (40 eq.) was used for the 

polymerization of NVP due to the radical quenching activity of fullerenes.31, 32 The reactions 

were set up in inert atmosphere as shown in Table 2 below. Different ratios of NVP to each 

pristine fullerene (C60 or C70) were subjected to the polymerization in O-dichlorobenzene. 

Relatively high yielding reactions were observed for all co-polymerization reactions (Table 2, 

column 3). In order to confirm that the fullerenes attached to the polymer covalently, and not 

by complexation, polymer solutions were dissolved in oversaturated NaCl and extracted with 

toluene. Fullerenes remained in the water layer, and nothing was observed in the organic 

layer, indicating that the fullerenes were indeed water-soluble after covalent attachment. For 

detailed explanation of the above synthetic procedure vide Chapter 6. 

 

 
Figure 37. Preparation of C60-, C70ÐPVP copolymers by the direct free-radical copolymerization of NVP and C60 

or C70. AIBN (0.075Ð0.25 equiv.) was used as a radical initiator. The initial ratio of C2n and NVP considered in 
the reaction was 1 : 100, 200, 300, 400, or 500 (a-e). 
 

Table 2. Characterization of C2n-PVP polymers. 
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N O
fullerene

 C2n N O

+ n

40 : C60
41 : C70

42 a-e: C60-PVP (70-90%)
43 a-e: C70-PVP (70-90%)

AIBN
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4.2.1 CHARACTERIZATI ON OF THE COPOLYMERS  

Gel permeation chromatography (GPC), poly(methylmethacrylate) (PMMA) as a calibration 

standard was employed for molecular weight analysis of each copolymer (C60Ð or C70ÐPVP). 

We observed that the Mw of C2nÐPVP polymers were proportional to the compositions of C2n 

and NVP. The reaction using a higher composition of NVP provided polymers with a higher 

Mw, whereas the reaction with a lower composition of NVP provided polymers with lower 

Mw (Table 2, columns 2 and 4). This trend suggested that the fullerenes terminated the 

propagation during polymerization as an end-capping reagent of úPVP (Figure 34). With the 

increase of NVP composition, PVPÐC2n radicals were more likely to react with NVP 

contributing to higher Mw. 

 Dynamic laser scattering (DLS) was employed to characterize aqueous solutions of 

copolymer Ð prepared fresh or incubated at ambient temperature for 1 day in water. After one 

day, the distribution of particle sizes of the copolymers generally became uniform with a shift 

to smaller particle size ranges (Figure 38). Although the polymer particles vary in Mw, their 

sizes obtained by DLS were not significantly different. This observation could be due to the 

fact that in water, these polymer particles do not exist in globular forms. As confirmed in the 

AFM image below, the polymer particles formed a linear bundled shape rather than the 

globular form (Figure 39).  

 

  

Figure 38. Distribution curves of the polymer particle size by DLS measurements. (a)-(e) C60-PVP, (f)-(i) C70-
PVP with fullerene to NVP ratios of 1:100 (a), 1:200 (b and f), 1:300 (c and g), 1:400 (d and h), and 1:500 (e and 
i). Solid lines: fresh solution; dotted lines: solution was kept for one day. Data are the average of three-times-
measurements. 
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highly correlated to the molar ratio of subjected NVP. This result 
suggests that C60 and C70 were acting as an end-capping reagent 
of ¥PVP (Figure 1) with controlling the molecular weight. 

Table 1 Characterization of C60-PVP polymers. 

reagents subjecteda  properties of obtained polymer 

C2n 
ratio of NVP 

to C2n 
 Yield 

[%] 
MWb 
[kDa] 

PDI particle sizec [nm] 
 fresh 1-day old 

C60 100  71 10.9 1.75 6.3/27.6 6.2/23.2 
 200  93 13.3 1.75 8.02 4.94 
 300  74 13.3 1.76 5.9/15.8 5.1 
 400  72 18.6 1.86 5.3 5.7 
 500  73 32.5 1.96 6.6 6.5 

C70 100d  85 Ð Ð Ð Ð 
 200  73 7.9 1.76 5.3/24.9 6.6/21.7 
 300  87 15.3 1.86 5.0 4.8 
 400  71 19.4 2.38 5.5 5.8 
 500  70 29.7 2.47 6.9 7.0 

a AIBN with 0.25-0.075 eq. to NVP was used. bAnalyzed by GPC. 5 
cAnalyzed by dynamic light scattering (mean). dThe polymer (1 to 100 
ratio of C70 and NVP) was not water-soluble. 

  
Fig. 2 Distribution curves of the polymer particle size by DLS 
measurements. (a)-(e) C60-PVP, (f)-(i) C70-PVP with ratios of subjected 
fullerene-NVP of 1:100 (a), 1:200 (b and f), 1:300 (c and g), 1:400 (d and 10 

h), and 1:500 (e and i). Solid lines: fresh solution; dotted lines: solution 
kept for one day. Data are the average of three-times-measurements. 

 The particle size of each polymer in aqueous solution was 
analyzed by DLS on both freshly prepared and 1-day old 
solutions. As shown in Figure 2, distribution of particle size of 15 

polymers became uniform after keeping for 1-day at room 
temperature in aqueous solution with shifting to the smaller sizes. 
The size of the polymer particle was correlated to their MW 
obtained by GPC; the higher the MW was, the larger the particle 
size of the polymer was. The distribution of polymer size was 20 

narrower in C2n-PVP with higher ratios of NVP (1:400-500) 
presumably due to the longer hydrophilic polymer part that helps 
the formation of uniform aqueous solution of fullerene-PVP.  
 Solubility of the C2n-PVP polymers were evaluated by drawing 
the solubility curve as shown in Figure 3. As results, solubility of 25 

the each polymer was almost identical (around XX M). In order 
to examine the morphology of the C2n-PVP polymer, C60-PVP 
(1:200) was subjected AFM imaging.  As shown in Figure 4, the 
polymer is forming linear bundled structure rather than the 
micelle form (Figure 4). It was speculated that hydrophobic C60 30 

part is wrapped inside of PVP part, which forms linear structure. 
  

 

 
Fig. 3 Solubility curves of C60- (a) and C70-PVP (b) in water. To an 
aliquot of each polymer, DW was added and subsequently filtered.  The 35 

filtrates were diluted with DW before the measurements. 

 
Fig. 4 AFM image of the C60-PVP (1:200) polymer on mica substrate. 

 To evaluate C2n-PVP polymers as PDT agents, reactive oxygen 
species (ROS) generation under visible light irradiation was 40 

evaluated by ESR with spin-trapping reagents (Figures 5 and 6). 
A normal 200-W light without any specific filter was used as a 
source of photoirradiation.  

 

  

  
Fig. 5 1O2 generation in the aqueous solution o C60- or C70-PVP polymer 45 

or C60/ or C70/PVP complex under visible light irradiation (200-W 
photoreflector lamp). TEMP was used as a spin-trapping agent. 

 According to the previous studies24, 25 including ours,26 1O2 
generation from photoexcited C2n is generally observed in less 
polar solvent (e.g. benzene) but not in the aqueous solution 50 

(Figure 5c-d). However in our present study, the generation of 
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Figure 39. AFM image of the C60-PVP (1:200) polymer on mica substrate. An aliquot (30 µL) of polymer 
solution (concentration about 0.3(10-5M in water) was deposited onto the freshly cleaved HOPG surface, air-
dried for 5 min, and finally dried with nitrogen. All of the AFM images were recorded using Nanoscope IIIa 
SPM (Bruker) under ambient condition. AFM characterizations were operated at tapping mode using a typical Si 
cantilever with resonant frequency around 340 kHz. 

 

 Furthermore, the distribution of particle sizes was narrower in the polymers with 

higher ratios of NVP, 1 : 400Ð500. This could be caused by the presence of longer 

hydrophilic part of the molecule that helps in the formation of more uniform C2nÐPVP 

particles in aqueous solution. 

 

4.2.2 WATER-SOLUBILITY OF SYNTHESIZED COPOLYMER S 

The copolymers C60ÐPVP (1 : 100Ð500) and C70ÐPVP (1 : 200Ð500) were all entirely soluble 

in water. However, C70ÐPVP (1 : 100) copolymer was the only one that was insoluble in 

water. C70 has a larger hydrophobic area, which may explain of this phenomenon.  Figure 40 

below shows the solubility curves of the C60Ð and C70ÐPVP polymers. The solubility of the 

polymers fall in the same range (10 to 15 mM for both C60Ð and C70ÐPVP, Figure 40), which 

will be suitable for many bioapplications. 

 

 
 

Figure 40. Solubility curves of C60 - (left) and C70-PVP (right) in water. To an aliquot of each polymer, DW was 
added and subsequently filtered. The filtrates were diluted with DW before the measurements. 
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4.2.3 REACTIVE OXYGEN SPEC IES GENERATION OF C 60-PVP AND C70-

PVP COPOLYMERS 

To study the potential of C2nÐPVP polymers as PDT agents, ESR spin-trapping methods were 

employed to estimate the ROS generated under visible light irradiation (Figure 41). Using 

(DEMPO) or 4-oxo-TEMP as a spin-trapping agent, the generation of superoxide radical 

anion (O2
¥Ð) or singlet oxygen (1O2) could be detected by ESR. Previously reported works,33,

34 including one from our group,35 have proven that 1O2 generation, from photoexcited C60 or 

C70 , is only detected in non-polar solvents, such as benzene, and not in aqueous solutions. In 

aqueous solutions and in the presence of electron donor such as (NADH) at physiological 

concentration O2
¥Ð was usually detected.  

This phenomenon is shown in Figure 41a (3rd and 4th lines), from control experiments 

using C60- or C70-PVP complexes. In the presence of DEPMPO, adduct with O2
¥Ð, DEPMPO-

OOH was observed. However, in the C60-, C70-PVP aqueous solutions in the current study, we 

did not see any O2
¥Ð generation, even in the presence of an electron donor. Instead, we 

observed the signal corresponding to the 1O2 adduct of 4-oxo-TEMP  (4-oxo-TEMPO) 

(Figure 41b, C60- or C70-PVP copolymer). These results suggest that Type II energy transfer 

reaction of 3C60* and 3C70* is clearly the preferred pathway in C2n-PVP copolymer solution, 

even in a polar media and in the presence of an electron donor (Scheme 1). We also observed 

that 1O2 generation from C70-PVP was higher than the one from C60-PVP. This could be due 

to the longer lifetime of the excited state of C70.  
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Figure 41. Detection of ROS generation from C60- and C70-PVP copolymers in aqueous solutions under visible 
light irradiation by ESR spin-trapping methods. (a) O2¥

Ðgeneration trapped with DEPMPO (200-W 
photoreflector lamp, 3 min, in the presence of NADH as an electron donor). (b) 1O2 generation trapped with 4-
oxo-TEMP (200-W photoreflector lamp, 5 min). C60/ and C70/PVP complexes were used in the control 
experiment. 

4.3 SUMMARY  

The syntheses of C60Ð and C70ÐPVP copolymers were successfully achieved using a versatile 

polymerization technique of NVP using C60 or C70 as an end-cap group. The composition of 

C2n and NVP affected the molecular weight of the polymers. The synthesized copolymers 

showed high water-solubility and efficient 1O2 generation. These results suggest that our 

copolymers have a high potential to be PDT agents. Nevertheless, a detailed mechanistic 

study of 1O2 generation needs to be performed.  
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 SYNTHESIS AND CHARACTE RIZATION OF MMP2 -CLEAVABLE 

PROBE 

5.1.1 CONCLUSION 

Contributing to the field of medical imaging, FRET-based probe for atherosclerosis targeting 

the overexpressed enzyme, MMP2, has been successfully developed. In this thesis, the design 

and synthesis of a molecule containing four major components were presented, involving: 

KAHA ligation, which can proceed under mild and aqueous condition, in addition to 

conservative bioconjugation strategies (coupling succinimidyl ester with amine and Michael 

addition reaction with thiol group of a cysteine chain). The key components of our 

macromolecular probe are: (1) MMP2-cleavable peptide, (2) water-soluble polymer, and (3) 

FRET pairs (donor and acceptor/quencher). In vitro enzyme reactions of two types of probes, 

containing MMP2-cleavable and non-cleavable peptide chains, with MMP2 confirm their 

post-modification functionality by both MALDI-TOF MS and fluorescence spectroscopy. 

Especially in MALDI-TOF MS assay using MMP2-cleavable probe, observed m/z 

corresponded to the cleaved peptide at its scissile bond only in presence of MMP2 and in 

absence of matching inhibitor in the experiments. 

  

5.1.2 FUTURE DIRECTIONS 

The current study showed successful preparation of MMP2-reactive FRET-based 

macromolecular probe, using the inexpensive FRET pair. This strategy paves the way for 

synthesis of more advanced probes. For example, NIR long-wavelength dyes can be used in 

place of the reported FRET pair. The more fragile NIR dyes is expected that to withstand the 

reaction conditions throughout the synthesis. Additionally a water-soluble polymer of higher 

molecular weight should contribute to a better EPR effect. When the next generation of NIR-

FRET probes is produced, a biodistribution study using a rat model can be performed using 

the tissue penetrating ability of the long-wavelength NIR probes. 
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5.2 SYNTHESIS OF CHEMICALLY FUNCTIONALIZ ED SLDL 

NANOPARTICLES  

5.2.1 CONCLUSION 

Naturally occurring nanoparticles have the tendency to be more stealth to our immune system. 

LDL especially has been used as a delivery vehicle of diagnostic or therapeutic drugs to 

tumor tissues. However, due to the risk of infection when using plasma-derived LDL, having 

an accessible technique for synthetic LDL (sLDL) will be very valuable. Furthermore, 

utilizing the recently developed KAT (potassium acyl trifluoroborate) ligation with 

hydroxylamine derivatives, chemical functionalization of sLDL with biomolecules became 

possible. In this study, we synthesized a fatty acid bearing KAT functional group, which 

could be incorporated in the earliest stage of nanoparticle preparation. Once synthesized, the 

KAT-functionalized sLDL was subjected to further functionalization through covalent 

bonding formation via the KAT ligation with hydroxylamine derivative of the attachment 

counterpart. Our results demonstrated a successful preparation of the oleic acid (OA)-

functionalized nanoparticles, which displayed the ability to get functionalized by KAT 

ligation. This preparation was confirmed by the reaction of hydroxylamine derivative of 

fluorescein to different levels of KAT-functionalized sLDL (0, 1 and 10%). The fluorescence 

emission highly correlated with the level of KAT incorporated, and sLDL containing 10% 

KAT had the highest fluorescence emission. The size distribution by DLS indicated that the 

particle diameter was still in the range of 50 nm, which agreed with TEM images.  

 

5.2.2 FUTURE DIRECTIONS 

After the current successful covalent functionalization of sLDL precursor, the next step is a 

complete formation of synthetic LDL by having apoB-100 mimetic peptide bound on its 

surface. There are two different ways to achieve it: first, by using KAT ligation with 

hydroxylamine bearing peptides; second, by embedding the peptide non-covalently onto the 

surface by conservative incubation method. Finally, the nanoparticles containing apoB-100 

mimetic peptide should be further characterized by cell-based assay to evaluate its efficiency 

compared to plasma-derived LDL. The LDL-receptor dependent cell line can be employed for 

these in vitro tests. Once they are successful, a variety of different moieties may be attached 

on the KAT-LDL making it a versatile vehicle for drug delivery and diagnostic tools such as 

MRI contrast agents. 
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5.3 WATER SOLUBLE C60- AND C70-PVP COPOLYMERS 

5.3.1 CONCLUSION 

C60 and C70, buckminsterfullerenes (bucky-balls) have interesting electronic and quantum 

properties, making them attractive for applications in the field of medicine, chemistry and 

electronics. Especially in medical applications, where water solubility is crucial, the 

hydrophobicity of pristine C60 and C70 has impeded the development for biological 

applications. In this thesis, we reported a successful synthesis of C2n copolymers with PVP, a 

non-toxic and water-soluble polymer, via a free radical polymerization in sufficient yields. 

Various copolymers with different compositions of NVP to fullerenes were synthesized and 

the molecular weight and size were measured by GPC and DLS. To show the potential of 

enhanced permeation and retention (EPR) effect, the linear bundled shaped forms were 

observed by AFM. All of the synthesized copolymers, except for one with C70-NVP (1-100), 

were thoroughly soluble in water at a concentration between 10-15 mM. 1O2 generation was 

shown by ESR measurements, under visible light irradiation of aqueous PVP solution, 

proving the great potential of C60- and C70- copolymers as photosensitizers in PDT. 

5.3.2 FUTURE DIRECTIONS 

Further application of this polymerization procedure to higher fullerene such as Gd3N@C80 

would be interesting that it could provide water-soluble paramagnetic materials for MRI-CA. 

The mechanism of ROS generation should also be studied in more detail. 
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CHAPTER 6. EXPERIMEN TAL  

General. Melting points were measured with MELTEMP (Laboratory Devices, Holliston, 

MA, USA). NMR spectra were recorded on Varian 300 spectrometer (Varian Inc., CA, USA), 

Bruker 400 spectrometer, and Bruker 600 spectrometer (Bruker BioSpin GmbH, Rheinstetten, 

Germany). MALDI -TOF-MS analyses were performed by Bruker Microflex, (Bruker 

Daltonics GmbH, Bremen, Germany), while LCMS analysis were done by DIONEX Ultimate 

3000 RSLC ESI MS and LCMS analysis was performed on DIONEX UltiMate 3000 RSLC 

(Thermo Fischer Scientific, Inc., Sunnyvale, CA, USA) connected to a Surveyor MSQ Plus 

mass spectrometer; a reversed-phase RESTEK Pinnacle II C18 (4.6 x 50 mm) column was 

used, with a eluting gradient of 5 to 100% acetonitrile in H2O in 4.5 min, followed by 100% 

MeCN for 2.5 min. HRMS analyses were by Bruker Ultraflex II LRF200 MALDI -TOF with 

MALDI -FT ion spec Ultima and Bruker maXis ESI (Bruker Daltonics). FT- IR spectra were 

recorded on PerkinElmer Spectrum One FT-IR Spectrometer with Universal ATR Sampling 

Accessory (PerkinElmer Inc., Waltham, MA, USA).  HPLC analyses were carried out by 

JASCO PU-2080 Plus HPLC pump, JASCO MD-2018 Plus detector, and ChromNAV 

Chromatography Data System (JASCO). All the solvents were purchased from Acros Organic 

(Thermo Fischer Scientific, Inc., Geel, Belgium) and Sigma (HPLC grade solvents), and dried 

by solvent system (Innovative Technology Inc., FL, USA) or distilled if needed. All water 

used in this experiments are from Millipore purification system. All the reagents were 

purchased from corresponding suppliers and purified as described when needed. Column 

chromatography and analytical TLC were performed on SILICYCLE SilicaFlash¨ F60 (230 

Ð 400 mesh) and Silica gel 60 F254 TLC (Merck KGaA, Darmstadt, Germany), respectively. 

Fluorescence measurements were performed on HORIBA scientific, Fluoromax 4. 

Centrifugation was carried out by Eppendorf Centrifuge 5702R (Eppendorf, Hamburg, 

Germany). C60 and C70 were purchased from MTR Ltd.  

 

 

 



 65 

6.1 SYNTHETIC PROCEDURES FOR CHAPTER 2 

6.1.1 SYNTHETIC PROCEDURE FOR LYSINE-DERIVED 

HYDROXYLAMINE  

 

To a solution of Fmoc-Lys(Boc)-OH (1, ABCR, 0.500 g, 1.07 mmol) in 1.0 mL of dry 

acetonitrile, DIPEA (Fluka, 0.275 g, 2.13 mmol) was added and followed by the addition of 

allyl bromide (Acros, 1. 398 g, 11.1 mmol). The reaction mixture was refluxed at 60 ¼C for 2 

hours under N2 atmosphere. Once cooled down to room temperature, the reaction mixture was 

diluted with ethyl acetate (2.0 mL), washed with 3.0 mL of 10% citric acid solution and 

extracted three times with ethyl acetate (10 mL). The combined organic layer was washed 

with saturated NaHCO3 (10 mL) and brine (10 mL). Combined organic layer was dried over 

Mg2SO4, filtered, and concentrated in vacuo. Precipitation in ether gave a colorless solid 2 

(450.43 mg, 0.886 mmol, 83%); M.P. 123 ¡C; IR (thin film) ! max (cm-1) 3348(s) (NH 

hydrogen bonded), 2938, 2865, 1741 (ester carbonyl), 1682 (amide carbonyl), 1523 (aromatic 

C=C), 1477 (aromatic C=C), 1446, 1389, 1365, 1343, 1268, 1249, 1166, 1130, 1103, 1089, 

1057, 1007, 988, 927, 867, 782, 757, 735, 620; 1H NMR (400 MHz, CDCl3) )  7.76 (d, J = 7.6 

Hz, 2H, ArH), 7.61 (d, J = 7.1 Hz, 2H, ArH), 7.40 (t, J = 7.4 Hz, 2H, ArH), 7.31 (t, J = 7.4 

Hz, 2H ArH), 5.91 (m, 1H, -CH2-CH=CH2), 5.41 (d, J = 7.2 Hz, 1H, Fmoc-NH-), 5.34 (dd, J 

= 17.1, 1.6 Hz, 1H, ), 5.26 (dd, J = 10.5 Hz, 1.4 Hz, 1H, ), 4.65 (d, J = 5.3 Hz, 2H, CH2-

CH=CH2), 4.56 (br s, 1H, Boc-NH), 4.21-4.43 (m, 3H, Fmoc methylene proton and -

(C)HC(=O)-Allyl), 4.23 (t, J = 7.0 Hz, 1H, Fmoc methine proton), 3.11 (q, J = 6.5 Hz, 2H, -

CH2-NH-Boc), 1.92-1.69 (m, 2H, -CH2-CH2-CH2-CH2-NHBoc), 1.434 (s, 9 H, Boc Methyl 

proton), 1.533- 1.353 (m, 4H, -CH2-CH2-CH2-CH2-NHBoc); 13C NMR (101 MHz, CDCl3) )  

172.27 (-C(=O)-O-Allyl) , 156.15 (Fmoc and Boc carbonyl carbons, 143.96 (Fmoc quaternary 

carbons), 141.44, 131.63 (-CH2-CH=CH2-), 127.84 (Fmoc tertiary carbons), 127.20, 125.23, 

120.12, 120.10, 119.18 (-CH2-CH=CH2-), 79.34 (O-C(CH3)3), 67.16 (Fmoc methylene 

carbon), 66.14 (-CH2-CH=CH2-), 53.92 (-NH-CH-C(=O)-), 47.32 (Fmoc methine carbon), 

40.20 (-CH2-NH2-), 32.34 (-CH2-CH2-CH2-CH2-NH2-), 29.74 (-CH2-CH2-CH2-CH2-NH2-), 
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28.56 (O-C(CH3)3), 22.50 (-CH2-CH2-CH2-CH2-NH2-); HRMS (MALDI) m/z calcd. for 

C29H37N2O6: 509. 2646; found 509.2647([M+H] +). 

 

Compound 2 (4.998 g, 9.83 mmol) was dissolved in a 50% solution of TFA in CH2Cl2 (20 

mL) and stirred at room temperature for 2 hours until no starting material detected by TLC. 

After the reaction completed, reaction mixture was cooled down to 0 ¡C and quenched with 

saturated solution of NaHCO3 (15 mL), extracted three times with CH2Cl2 (60 mL), washed 

with brine (30 mL), dried over Mg2SO4, and concentrated in vacuo to yield a pale yellow oil. 

The crude extract was purified by a silica gel flash chromatography (CH2Cl2-MeOH (9:1)) to 

yield colorless oil 3 (4.0 g, 9.79 mmol, > 99.5%); IR (thin film) ! max (cm-1) 3066 (aromatic C-

H), 2950, 1674 (amide carbonyl), 1520 (aromatic C=C), 1477 (aromatic C=C), 1450 

(aromatic C=C), 1424, 1335, 1250, 1199, 1171, 1135, 1079, 1047, 986, 937, 911, 836, 798, 

781, 759, 759, 738, 72, 704, 647, 620; 1H NMR (400 MHz, CDCl3) )  7.99 (br s, NH2), 7.73 

(d, J = 7.5 Hz, 2H, ArH), 7.57 (d, J = 7.3 Hz, 2H, ArH), 7.37 (d, J = 7.4 Hz, 2H, ArH), 7.29 

(d, J = 7.5 Hz, 2H, ArH), 5.86 (m, 1H, -CH2-CH=CH2), 5.63 (d, J = 8.2 Hz, 1H, Fmoc-NH-), 

5.29 (d, J = 17.0, 1H, ), 5.29 (d, J = 10.4 Hz, 1H, ), 4.60 (d, J = 5.5 Hz, 2H, CH2-

CH=CH2), 4.43 - 4.27 (m, 3H, Fmoc methylene proton and -(C)HC(=O)-Allyl), 4.18 (t, J = 

6.9 Hz, 1H, Fmoc methine proton), 2.93 (br s, 2H, -CH2-NH2), 1.88-1.33 (m, 6H, -CH2-CH2-

CH2-CH2-NH2); 
13C NMR (101 MHz, CDCl3) )  172.17 (-C(=O)-O-Allyl) , 156.34 (Fmoc 

carbonyl), 143.88(Fmoc quaternary carbons), 141.41, 131.51(-CH2-CH=CH2-), 127.88 (Fmoc 

tertiary carbons), 127.23, 125.24, 120.13, 119.22 (-CH2-CH=CH2-), 67.30 (Fmoc methylene 

carbon), 66.30 (-CH2-CH=CH2-), 53.80 (-NH-CH-C(=O)-), 47.21 (Fmoc methine carbon), 

39.61 (-CH2-NH2-), 31.96 (-CH2-CH2-CH2-CH2-NH2-), 27.01 (-CH2-CH2-CH2-CH2-NH2-), 

22.26 (-CH2-CH2-CH2-CH2-NH2-); HRMS (ESI) m/z calcd. for C24H29N2O4: 409. 2122; 

found 409.2116 ([M+H]+). 
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A solution of benzoyl peroxide (Aldrich, 75% in water, 0.547 g, 1.697 mmol) in CH2Cl2 (11.3 

mL) was slowly added to a solution of 3 (0.462 g, 1.13 mmol) in 11.3 mL of 0.1 M 

NaOH/NaHCO3 (pH 10.5) and was stirred at room temperature for 4 hours. The reaction 

mixture was extracted three times with CH2Cl2 (75 mL), and then washed with brine (25 mL). 

The combined organic layers was dried over Mg2SO4, filtered, and concentrated in vacuo, 

followed by a silica gel flash chromatography (hexane-ethyl acetate (2:1)) to yield a colorless 

oil 4 (0.347 g, 0.656 mmol, 58%); IR (thin film) ! max (cm-1) 3662, 3320 (NH hydrogen 

bonded), 3274 (NH hydrogen bonded), 3081 (aromatic C-H), 2949, 2922, 2869, 1742 

(carbonyl ester), 1690 (carbonyl ester/amide), 1634 (carbonyl amide), 1603 (C=C aromatic), 

1538 (C=C aromatic), 1488, 1477, 1466, 1451, 1377, 1349, 1316, 1291, 1253, 1232 (acetate 

C(=O)-O), 1205 (C-phenyl), 1182, 1121, 1100, 1087, 1052, 1019, 1052, 1019, 993, 970, 928, 

906, 856, 800, 773, 742, 756, 733, 704, 634, 620; 1H NMR (400 MHz, CDCl3) )  8.02 (d, 2H, 

J = 7.1 Hz, Benzoyl ArH), 7.75 (d, J = 7.5 Hz, 2H, ArH), 7.61 Ð 7.54 (m, 3H, Benzoyl ArH), 

7.44 (t, J = 7.7 Hz, 2H, ArH), 7.38 (t, J = 7.3 Hz, 2H, ArH), 7.31 (td, 7.4 Hz, 1.0 Hz, 2H, 

ArH), 5.89 (m, 1H, -CH2-CH=CH2), 5.55 (d, J = 8.2 Hz, 1H, ), 5.33 (d, J = 17.2 Hz, 1H), 

5.25 (d, J = 11.7 Hz, 2H,  ), 4.64 (d, J = 5.1 Hz, 2H, CH2-CH=CH2), 4.49 Ð 4.37 (m, 3H, 

Fmoc methylene proton and -(C)HC(=O)-Allyl), 4.22 (t, J = 7.0 Hz, 1H, Fmoc methine 

proton), 3.13 (t, J = 6.9 Hz, 2H, -CH2-NH-O-C(=O)-Ph), 1.97 Ð 1.44 (m, 6H, -CH2-CH2-

CH2-CH2-NH-OBz); 13C NMR (101 MHz, CDCl3) ) 172.15 (-C(=O)-O-Allyl), 166.84 (Ar-

C(=O)-O-NH- ), 155.97 (Fmoc carbonyl carbon), 143.82 (Fmoc quaternary carbons), 141.28, 

133.35 (OBz aromatic carbon), 131.52 (-CH2-CH=CH2-), 129.31 (OBz aromatic carbons), 

128.44, 127.69 (Fmoc tertiary carbons), 127.05, 125.08, 119.97, 118.94 (-CH2-CH=CH2-), 

66.97 (Fmoc methylene carbon), 65.97 (-CH2-CH=CH2-), 53.81 (-NH-CH-C(=O)-), 52.13, 

47.16 (Fmoc methine carbon), 32.39 (-CH2-CH2-CH2-CH2-NH-) , 26.81 (-CH2-CH2-CH2-

CH2-NH-), 22.77 (-CH2-CH2-CH2-CH2-NH-); HRMS (MALDI) m/z calcd for 

C31H32N2NaO6: 551.2153; found 551. 2152([M+Na]+).  
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DIPEA (Fluka, 0.897 mL, 5.15 mmol) was added to a solution of 4 (2.5927 g, 4.90 mmol) in 

3.5 mL of dry CH2Cl2 followed by dropwise addition of Boc2O (Aldrich, 1.124 mg, 5.15 

mmol) solution in 3.5 mL of dry CH2Cl2. Reaction was stirred at room temperature for 18 

hours. Subsequently, a solution of 10% citric acid was added and reaction mixture was 

extracted with CH2Cl2. The combined organic layer was dried over Mg2SO4, filtered, and 

concentrated in vacuo, followed by a silica gel flash chromatography (hexane-ethyl acetate (7 

: 3)) to yield a white foam 5 (1.9838 g, 3.155 mmol, 64%); IR (thin film) ! max (cm-1) 3350 

(NH hydrogen bonded), 3066 (C-H aromatic), 2978, 2939, 2868, 1762 (carbonyl ester), 1712 

(carbonyl amide), 1601, 1584 (aromatic C=C), 1521 (aromatic C=C), 1478, 1450, 1392, 1368, 

1342, 1316, 1302, 1240 (acetate C(=O)-O), 1154 (acetate C(=O)-N), 1107, 1077, 1040, 1012, 

935, 853, 796, 759, 740, 707, 637, 620; 1H NMR (400 MHz, CDCl3) )  8.07 (m, 2H, Benzoyl 

ArH), 7.76 (d, J = 7.5 Hz, 2H, ArH), 7.55-7.66 (m, 3H, Benzoyl ArH), 7.46 (t, J = 7.8 Hz, 

2H, ArH), 7.39 (t, J = 7.4 Hz, 2H, ArH), 7.31 (t, J =7.4 Hz, 2H, ArH), 5.89 (m, 1H, -CH2-

CH=CH2), 5.43 (d, J = 8.1 Hz, 1H, Boc-NH-), 5.33 (d, J = 17.2 Hz, 1H, ), 5.24 (dd, J = 

0.88 Hz, 10.4 Hz, 1H, ), 4.64 (d, J = 5.6 Hz, 2H, CH2-CH=CH2), 4.31 Ð 4.53 (m, 3H, Fmoc 

methylene proton and -(C)HC(=O)-Allyl),  4.22 (t, J = 7.0 Hz, 1H, Fmoc methine proton), 

3.71 (t, J = 6.7 Hz, 3H, -CH2-NH-O-C(=O)-Ph), 1.99 Ð 1.40 (m, 6H, -CH2-CH2-CH2-CH2-

NH-OBz), 1.46 (s, 9H, Boc methyl proton); 13C NMR (100 MHz, CDCl3) )
13C NMR (101 

MHz, CDCl3) )  172.18 (-C(=O)-O-Allyl) , 164.78 (Boc carbonyl carbon, Ar-C(=O)-O-NH-), 

156.01(Fmoc carbonyl carbon), 154.91(Fmoc carbonyl carbons), 143.91 (Fmoc and O-

benzoyl quaternary carbons), 141.36, 133.91 (O-benzoyl aromatic carbon), 131.60 (-CH2-

CH=CH2-), 129.93 (O-benzoyl aromatic carbon), 128.71 (Fmoc tertiary carbons), 127.71, 

127.14, 125.19 (OBz aromatic carbons), 120.03, 119.02 (-CH2-CH=CH2-), 82.47 (O-

C(CH3)3), 67.10 (Fmoc methylene carbon), 66.06 (-CH2-CH=CH2-), 53.90 (-NH-CH-C(=O)), 

53.52, 50.26 (-CH2-NH-O-C(=O)-Ph), 47.24 (Fmoc-methine carbon), 32.22 (-CH2-CH2-CH2-

CH2-NH-), 28.21 (-CH2-CH2-CH2-CH2-NH-), 26.94 (O-C(CH3)3), 22.39 (-CH2-CH2-CH2-

CH2-NH-); HRMS (MALDI) m/z calcd for C36H41N2O8: 629. 2857; found 629. 2858 

([M+H] +).  
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To a solution of 5 (1.98 g, 3.14 mmol) in dry THF (15 mL), (PPh3)4Pd (Aldrich, 0.364 g, 

0.315 mmol) was added. Next, N-methylaniline (Fluka, 0.364 g, 0.315 mmol) was added and 

the reaction mixture was stirred in the dark for 18 hours at room temperature under Ar 

atmosphere. Then, reaction mixture was concentrated in vacuo and purified by a silica gel 

flash chromatography ((CH2Cl2-MeOH (10:1)) to yield a yellowish foam 6 (1.36 g, 2.31 

mmol, 73%); IR (thin film) ! max (cm-1) 3327 (NH hydrogen bonded), 3063 (aromatic C-H), 

2977, 2937, 2867, 1761 (carbonyl ester), 1713 (carbonyl amide), 1601, 1517, 1478, 1450, 

1438, 1393, 1367, 1342, 1316, 1240 (acetate C(=O)-O), 1152 (acetate C(=O)-N), 1119, 1077, 

1058, 1040, 1013, 938, 850, 796, 758, 740, 722, 707, 693, 620; 1H NMR (400 MHz, CDCl3) )  

8.06 (m, 2H, benzoyl ArH), 7.74 (d, J = 7.5 Hz, 2H, ArH), 7.632 Ð 7.554 (m, 3H, benzoyl 

ArH), 7.45 (t, J = 7.8 Hz, 2H), 7.38 (t, J = 7.4 Hz, 2H), 7.29 (t, J = 7.4 Hz, 2H), 5.47 (d, J = 

5.2 Hz, 1H, Fmoc-NH), 4.54-4.30 (m 3H, Fmoc methylene proton and -(C)HC(=O)-Allyl), 

4.2 (t, J = 6.9 Hz, Fmoc methine proton), 3.75-3.63 (m, 2H, -CH2-NH-O-C(=O)-Ph), 1.99-

1.48 (m, 6H, -CH2-CH2-CH2-CH2-NH-), 1.44 (s, 9H, Boc Methyl proton); 13C NMR (100 

MHz, CDCl3) ) 164.91 (Boc and Fmoc carbonyl carbon), 155.09 (O-benzoyl carbonyl carbon 

and carboxylic acid), 143.93 (Fmoc and O-Benzoyl quaternary carbons), 141.43, 134.01(O-

benzoyl aromatic carbon), 130.02 (O-benzoyl aromatic carbon), 128.79 (Fmoc tertiary 

carbons), 127.77, 127.23, 125.27 (Fmoc aromatic carbons), 120.10, 82.72 (O-C(CH3)3), 67.28 

(Fmoc methylene carbon), 53.84 (-NH-CH-C(=O)-), 50.97, 50.28(-CH2-NH-O-C(=O)-Ph), 

47.30 (Fmoc-methine carbon), 31.87 (-CH2-CH2-CH2-CH2-NH-), 28.28(-CH2-CH2-CH2-CH2-

NH-), 26.96 (O-C(CH3)3), 22.40(-CH2-CH2-CH2-CH2-NH-); HRMS (MALDI) m/z calcd for 

C33H37N2O8: 589. 2544; found 589. 2548 ([M+H]+).  
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6.1.2 SYNTHETIC PROCEDURE FOR KETOACID P RECURSOR 

 

A solution of 7 (241 mg, 0.98 mmol, 1 equiv) in a mixture of TFAA (1 mL, 7.14 mmol, 7 

equiv) and dry diethyl ether (1 mL) was stirred at 45 ¼C for 30 minutes in a sealed tube. 

Reaction mixture was cooled down to room temperature followed by the addition of diethyl 

ether. The diluted reaction mixture was concentrated under nitrogen stream. The resulting 

concentrated residue was then again diluted in diethyl ether and 5% aqueous solution of 

sodium bicarbonate was added. Organic layer was then extracted three times with diethyl 

ether. The combined organic layer was dried over anhydrous magnesium sulfate, and filtered. 

Fresh magnesium sulfate and powdered molecular sieves (0.3 nm) was added to the ether 

filtrate and was stirred for two overnights to tautomerize. Reaction was monitored by 1HNMR 

of crude extract. Once the product peak has appeared, reaction mixture was filtered, 

concentrated, and then dried in vacuo. Crude mixture was purified by a silica gel flash 

chromatography with 20% ethyl acetate in hexane (spots were visualized with KMnO4 and/or 

ninhydrin stain), concentrated, and dried in vacuo to yield a colorless oil 8 (55 mg, 1.17 

mmol, 17% yield); IR (thin film) ! max (cm-1): 3356 (N-H), 2978 (C-H alkanes), 1803 (C=O 

oxazolone), 1692 (carbonyl boc), 1648 (C=N), 1514 (NH), 1456, 1392, 1367, 1271, 1250, 

1190 (C-O), 1153 (C-F), 1084, 1016 (C-O), 870, 781, 699; 1H NMR (400 MHz, CDCl3) )  

6.10 (m, 1H, -CH-CF3), 4.56 (br s, 1H, -NH), 3.17 (q, JHCCH = JHCNH = 6.5 Hz, 2H, -NH-CH2-

), 2.73 (td, J = 7.9, 2.2 Hz, 2H, -CH2-Oxazolone), 1.81 (m, 2H, -CH2-CH2-Oxazolone), 1.59 

(m, 1H, -NH-CH2-CH2-), 1.44 (s, 9H, -(CH3)3); 
13C NMR (100 MHz, CDCl3) )  168.95 (-

C=N), 163.66 (oxazolone carbonyl carbon), 156.10 (boc carbonyl carbon), 121.71 (-CF3), 

93.83-92.78 (-C-CF3), 79.45 (-C-(CH3)3), 40.06 (-NH-CH2-), 29.59 (CH2-Oxazolone), 28.53 

(-(CH3)3), 28.06 (-CH2-CH2-Oxazolone), 22.42 (-NH-CH2-CH2-); 
19F NMR (377 MHz, 

CDCl3) )  78.95 (CF3); HRMS (MALDI) m/z calcd. for C13H19F3N2NaO4  347. 1189, found 

347.1188 ([M+Na]+). 

N
H

Boc O
N

O

CF3

8



 71 

 

Compound 9 was dissolved in 1:1 mixture of CH2Cl2 and TFA and was stirred for 30 minutes 

while monitoring the reaction by TLC (Hexane - Ethyl acetate = 4:1, Rf  of 9 = 0). Once 

reaction completed, solvents are removed by rotary evaporation and dried in vacuo, and used 

without further purification for the next step. Reaction proceeded quantitatively.  

 

 

A solution of MCA-NHS (Anaspec, 150 mg, 0.473 mmol, 1equiv) and 9 in a 1:1 mixture of 

dry DMSO and dry pyridine (11.2 mL) was stirred at room temperature for 16 hours. The 

reaction mixture was concentrated under N2 stream and purified by preparatory HPLC using a 

YMC C18 column (20 x 250 mm) with a gradient solvent system of 10 to 60% MeCN in 7 

min and then to 100% in 23 minutes in the presence of 0.1% TFA. The product peak eluting 

at 14.8 min was collected and lyophilized to obtain white sticky residue 10 (26.65 mg, 13% 

yield); IR (thin film) ! max (cm-1) 3339 (NH), 2943 (CH alkane), 1804 (C=O oxazolone), 1704 

(C=O), 1647 (C=N), 1615 and 1537 (C=C aromatic), 1601 (C=C alkene), 1508 (NH), 1462, 

1444, 1372, 1273, 1183, 1144 (C-F), 1017 (C-O), 969, 870, 838, 794, 755, 720, 698, 684, 

639; 1H NMR (600 MHz, CDCl3) )  8.83 (s, 1H, alkene H), 8.81 (broad s, 1H, NH), 7.58 (d, J 

= 8.7 Hz, 1H, ArH5- to OCH3), 6.94 (dd, J = 8.7, 2.4 Hz, 1H, ArH6), 6.87 (d, J = 2.4 Hz, 1H, 

ArH8), 6.10 (m, 1H, -CH-CF3), 3.92 (s, 3H, OCH3), 3.50 (q, JHCCH = JHCNH = 6 Hz, 2H, -NH-

CH2-), 2.77 (dt, 2H, J = 7.4, 2.3 Hz, -NH-CH2-), 1.89 (m, 2H, m, 2H, -CH2-CH2-Oxazolone), 

1.75 (m, 2H, -NH-CH2-CH2-); 
13C NMR (150 MHz, CDCl3) )  169.11 (-C=N), 165.26 

(oxazolone carbonyl carbon), 163.88 (C=C-OMe), 162.60 (carbonyl lactone), 162.29 (amide 

carbonyl), 157.03 (C-O-carbonyl), 149.00 (C5), 148.75 (-CF3), 131.47 (C4), 131.33 (C3), 

114.45 (C5=C-C4), 112.79 (C6), 100.69 (C8), 93.20-93.90 (-C-CF3), 56.40 (O-CH3),  39.49 

(-NH-CH2-), 29.20 (CH2-Oxazolone), 28.27 (-CH2-CH2-Oxazolone), 22.85 (-NH-CH2-CH2-). 
19F NMR (377 MHz, CDCl3) )  78.90 (CF3); HRMS (MALDI) m/z calcd. for 

C19H17F3N2NaO6: 449. 0931; found 449.0930 ([M+Na]+). 
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6.1.3 KAHA LIGATION TEST REACTION  

 
Figure 42. KAHA Ligation test reaction 

  

A test KAHA ligation was carried out using a ketoacid derivative 8 (exact mass: 324) and an 

N-hydroxylamine derivative 4 (exact mass: 528) to evaluate the effectiveness of the reaction 

by observing the appearance of product (exact mass: 607). Compounds 8 (0.4 mg, 0. 757 

µmol, 1.0 equiv) and 4 (0.5 mg, 1. 54 µmol, 2.0 equiv) were dissolved in a mixture of tBuOH 

(7.7 µl) and of 0.1 M oxalic acid buffer (pH 1.25, 7.7 µl) and shaken at 50 ¡C for 23.5 hours. 

Crude reaction mixture was analyzed by LC/MS (Figures. 43-44). The peaks at retention time 

of 4.4 min  

 

 
Figure 43. LC trace of test KAHA ligation reaction mixture (23.5 hours) 
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(a) 

 

(b) 

 
Figure 44. ESI mass spectra of peaks with retention time at (a) 4.4 (m/z 608, 
corresponding to [M+H] of product), (b) 4.8 (m/z 529, corresponding to 
[M+H] of 4. 

 

6.1.4 SYNTHETIC PROCEDURES FOR POSITIVE AND CONTROL 

PEPTIDE 

 

 

 

Rink amide MBHA resin (Chem-Impex, 0.33 mmol/g, 2.0 g, 1.0 equiv) was swelled in 

CH2Cl2 for 20 minutes. Fmoc group was removed using 20% piperidine in DMF. Fmoc-Ala-

OH (68.5 mg, 0.22 mmol, 1 equiv), HCTU (89.2 mg, 0.21, 0.98 equiv), and NMM (48.4 ul, 

0.44 mmol, 2 equiv) were dissolved in dry DMF, added to the resin, and shaken for 1 hour. 

The loading amount of Fmoc-Ala onto Rink Amide MBHA resin was estimated to be 33.3%. 

The unreacted free amine groups on the resin were capped with a solution containing 20% 

acetic anhydride + 20% NMM in DMF for 20 minutes. Fmoc group deprotection was done 

using 20% piperidine in DMF. Fmoc-Cys(Trt)-OH (515.4 mg, 0.88 mmol, 4 equiv) was 

coupled to the resin using HCTU (356.7 mg, 0.86 mmol, 3.92 equiv) and NMM (0. 1937 ml, 

1.76 mmol, 8 equiv) in DMF (4 mL) for 1 hour. Other subsequent amino acid residues were 

coupled in the same way. For analytical purposes, cleavage of the peptide from resin was 

done in 5% TIPS in TFA for 30 minutes, dried and precipitated in diethyl ether, and MALDI-
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TOF of the crude peptide was checked. MALDI-TOF m/z 1134.5644 calcd. for 

C35H78N14O12S, found 1136.113.  

 

 

Peptide 11 of on resin (130 mg) was subjected to Fmoc-deprotection using 20% piperidine in 

DMF. Lys derivative 6 (30 mg, 0.051 mmol, 3.45 equiv) was coupled to the free amine using 

HCTU (20.8 mg, 0.050 mmol, 3.38 equiv) and NMM (9.8 *l, 0.089 mmol, 6 equiv) as 

coupling reagents, and shaken vigorously for 1 hour. The coupling was repeated again using 

fresh cocktail of 6, HCTU, and NMM for another 1 hour. MALDI-TOF m/z 1382.6805 calcd. 

for C66H94N16O15S, found 1383. 318. 

 

 

 

 

The entire 12 on resin was subjected to Fmoc-deprotection with 20% piperidine in DMF. 

MPEG12-NHS (Quanta Biodesign, 40.0 mg, 0.0584 mmol, 4 equiv) in CH2Cl2 (2 mL) was 

added to the resin and shaken vigorously for 18 hours. MALDI-TOF m/z 1730.9376 calcd. for 

C77H134N16O26S, found 1731.758. 
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Peptide 13 on resin was cleaved in 5% TIPS in TFA for 2.5 hours at room temperature, 

concentrated, precipitated in diethyl ether, centrifuged and used for the next step without 

further purification. MALDI -TOF m/z MALDI -TOF m/z 1730.9376 calcd. for 

C77H134N16O26S, found 1731.758  

 

 

 

 

A keto-acid derivative 2 (0.293 mg, 0.686 µmol, 1 equiv) was first hydrolyzed to keto-acid in 

20 µl of 50% t-BuOH in 0.1M oxalic acid at 50¡C for 16 hours in the dark. Freshly cleaved 

peptide 14 (2.36 mg, 1.364 µmol, 2 equiv), obtained as described above, was immediately 

dissolved in a 1:1 mixture of MeCN and 0.1 M oxalic acid containing 0.1M of TCEP (20 µl), 

added to the solution of hydrolyzed 10 above, and shaken at 50¡C for 16 hours in the dark. 

Reaction mixture was purified by a preparatory HPLC with C18 Phenomenex Jupiter column 

(250 x 21.2 mm) by using gradient of 10 to 95% of ACN in H2O in 35 minutes at 10 ml / min 

flow rate to collect a peak eluting at 21.7 minutes and lyophilized to provide 15 (0.226 mg, 

0.102 µmol, 15%). MALDI -TOF m/z 1913.0188 calcd. for C86H146N17O29S, found 1913.0175 

([M+H] +). 
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Compound 15 (0.226 mg, 0.118 µmol, 1 equiv) and DNP-C2-maleimide in DMSO (Anaspec, 

0.108 mg, 0.354 µmol, 3 equiv) were dissolved in 20 uL of 20% MeCN in 0.1M phosphate 

buffer pH 6.8 and shaken at room temperature for 16 hours in the dark. Purification was done 

on the preparatory HPLC with C18 Phenomenex Jupiter column (250 x 21.2 mm) by using 

gradient of 10 to 98% of ACN in H2O in 30 minutes at10 ml/min flow rate. Purification of 16 

(probe A) was carried out by collection of peak eluting at 20.4 minutes followed by 

lyopholization (70 µg, 0.03153µmol, 27%). Analytical HPLC was carried out on YMC C18 

Pack ODS-A (250x4.6 mm) with gradient of 30 to 90% MeCN in H2O at 1 ml/min. MALDI-

TOF m/z calcd. 2219.0788 for C98H156N21O35S, found 2219. 0779 [M+H]+. 

 

 

 

 

Another FRET probe 17 (probe B) with a random peptide sequence but with same molecular 

weight was prepared in a similar manner as 16. MALDI -TOF m/z calcd. 2219.0788 for 

C98H156N21O35S, found 2219. 0797 [M+H] + 
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6.2 ENZYME CLEAVAGE EXPERIMENT  

 

 

 

MMP2 (Calbiochem, human recombinant, CHO cell, MW66KDa, 0.10 mg/mL concentration) 

was divided into 5 *L aliquots in a low retention centrifuge tubes upon arrival and kept at Ð80 

¡C. Procedure was adapted from Kriedel et. al.1 Probes A and B (above) were prepared as 

described in the previous section and similar manner. The assay buffer contained 50 mM Tris, 

pH 7.5, 100 mM NaCl, and 10 mM CaCl2. A stock solution of 1, 10-phenanthroline of 5mM 

in assay buffer was prepared. To an aliquot (5 *L) of MMP2 thawed in ice, 100 *L of ice-

cold assay buffer was added. Six reaction vials were prepared as shown below in Table 1, 

containing 8 nmol of either Probe A or B. Before incubation (0 hr), 0.9 *L of samples from 

R1-R6 were taken for MALDI-TOF measurement, and mixed with 0.9 ul of saturated HCCA 

matrix solution in 50% MeCN in H2O. Fluorescence spectra of R1 and R4 were also 

measured with excitation wavelength of 355 nm prior to heating. Then the reactions were 

heated up to 37¡C for 4 hours while monitoring the reactions with MALDI-TOF measurement 

by taking 0.9 ul samples after 2 hours, and 3 hours and 20 minutes. Fluorescence 

measurements of R1-R6 were done after 4 hours. Fluorescence spectra of assay buffer, R1 

and R4 were also measured before starting the experiment.  
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6.3 SYNTHETIC PROCEDURES FOR CHAPTER 3 

6.3.1 SYNTHETIC PROCEDURES FOR FATTY-ACID BEARING KAT 3 

 

 

To a solution of 37% formalin (4.31 mL, 62.27 mmol, 4.3 equiv) in H2O, benzotriazole 21 

(1.72 g, 14.48 mmol, 1 equiv) was added at 0 ¼C. The solution was stirred at 0 ¼C for 15 min, 

warmed up to room temperature and stirred for additional 30 min. The resulting colorless 

solids were broken down with a spatula and suspended in Milli-Q H2O, filtered, washed twice 

with cold ethanol, and dried under vacuum to give a colorless solid 22 (1.35 g, 62%); 1H-

NMR (400 MHz, DMSO-d6): 8.06 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.58 (t, J = 

6.9 Hz, 1H), 7.43 (t, J = 6.9 Hz, 1H), 6.02 (s, 2H), 3.32 (s, 1H); 13C-NMR (100 MHz, DMSO-

d6) 146.0, 132.8, 127.8, 124.6, 119.5, 111.4, 70.8. 

 

 

To compound 22 (1.00 g, 6.7 mmol, 1 equiv) in a round bottom flask, SOCl2 (2.84 mL, 39 

mmol, 5.8 equiv) was added dropwise slowly upon vigorous stirring. After addition was 

complete, the reaction mixture was warmed up in 75 ¼C oil bath and refluxed for 1 hour while 

trapping produced acid vapor in KOH bath. After cooling the reaction to room temperature, 

the reaction mixture was concentrated by rotary evaporator. Methanol was added to the crude 

mixture and subsequently stirred for 5 min, and then again concentrated in vacuo. This 

process was repeated for three times and the resulting solid was washed with methanol and 

dried under high vacuum to afford a colorless powder 23 (0.67 g, 60% yield); 1H-NMR (400 

MHz, CDCl3): 8.11 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.60 (t, J = 7.5 Hz, 1H), 

7.46 (t, J = 7.7 Hz, 1H), 6.41 (s, 2H); 13C-NMR (100 MHz, CDCl3): 146.5, 132.0, 128.6, 

124.9, 120.6, 109.6, 53.5. 
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To a solution of 23 (500 mg, 2.98 mmol, 1 equiv) in 10 mL of DMF, NaOPh (0.346 g, 2.98 

mmol, 1 equiv) was added. The reaction was stirred at 70 ¼C for 16 h. After cooling down to 

room temperature, the reaction mixture was poured slowly into ice-water, stirred vigorously 

for 20 minutes, filtered, and the resulting white solid was washed three times with water. 

After drying under high vacuum, compound 24 was obtained as a fluffy colorless powder 

(0.38 g, 57%); 1H-NMR (400 MHz, CDCl3) 8.10 (d, J = 8.3 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 

7.56 (t, J = 8.0 Hz, 1H), 7.43 (t, J = 8.2 Hz, 1H), 7.30 (m, 2H), 7.11 (d, J = 8.1 Hz, 2H), 7.05 

(t, J = 7.3 Hz, 1H), 6.58 (s, 2H). 13C-NMR (100 MHz, CDCl3): 156.2, 146.3, 132.8, 129.8, 

128.2, 124.5, 123.1, 120.2, 116.3, 109.9, 75.0. 

 

 

 

To a solution of oleyl alcohol 18 (1.58 mL, 5.0 mmol, 1 equiv) in CH2Cl2 (30 mL), CBr4 

(2.07 g, 6.25 mmol, 1.25 equiv) and PPh3 (2.19 g, 8.35 mmol, 1.67 equiv) were added at 0 ¼C. 

The reaction was stirred at 0 ¼C for 10 min, diluted with 30 mL of hexane, filtered through 

Celite, and then evaporated. Cold hexane was added to precipitate PPh3. This process was 

repeated for 3 times to yield a colorless oil 19 (1.29 g, 78%); 1H-NMR (400 MHz, CDCl3): 

5.35 (m, 2H, vinyl), 3.40 (t, 2H, J = 6.9 Hz &-methylene to bromide), 2.01-2.02 (m, 4H, 

allylic), 1.85 (p, 2H, J = 7.2 Hz +-methylene to Br), 1.30 (m, 22H, remaining CH2), 0.88 (t, 

3H, J = 7.2 Hz terminal CH3); 
13C NMR (100 MHz, CDCl3): 130.0, 129.8, 34.0, 32.8, 31.9, 

29.8, 29.7, 29.7, 29.5, 29.3, 29.3, 29.2, 28.8, 28.2, 27.2, 27.2, 22.7, 14.1. 
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To a solution of 19 (8.74g, 0.0264 mmol, 1 equiv) in 26.5 mL acetone was added NaI (7.91 g, 

0.0527 mmol, 2 equiv), then reaction was refluxed overnight. The reaction was diluted with 

acetone and then concentrated in vacuo. The residue was dissolved in ethyl acetate and then 

washed repeatedly with water. The combined organic fraction was washed with brine, dried 

over Mg2SO4, filtered, and concentrated in vacuo, followed by silica gel flash 

chromatography with hexane and then washed with saturated solution of aqueous sodium 

thiosulfate to yield a colorless oil 20 (8.14 g, 0.0215 mmol, 81%); 1H NMR (300 MHz, 

CDCl3) 5.39, 5.26 (m, 1H), 3.38 (d, J = 13.7 Hz, 1H), 2.00 (dd, J = 10.4, 4.7 Hz, 4H), 1.87, 

1.73 (m, 1H), 1.84 (p, J = 6.9 Hz, 2H), 1.49, 1.16 (m, 18H), 0.94, 0.76 (m, 2H).  

 

 

To a solution of 24 (1.0 g, 4.4 mmol, 1 equiv) in 44.3 mL of THF at -78oC was added 4.1 mL 

of n-BuLi (1.6 M in hexane, 6.6 mmol, 1.5 equiv) slowly down the side of the flask, and 

followed by stirring at room temperature for 10 min. Subsequently, degassed iodide 20 

(2.51g, 6.6 mmol, 1.5 equiv) was added to the reaction. The reaction mixture was put into in 

an ice bath (0 ¼C), while stirring overnight in argon atmosphere as the bath gradually warmed 

up to room temperature. The next day, the reaction was cooled in an ice bath and quenched 

with Milli -Q H2O, followed by extraction with ethyl acetate. Combined organic layer was 

washed with brine, dried over MgSO4, filtered, concentrated, and dried in vacuo. The crude 

mixture was purified by a silica gel flash chromatography (hexane - ethyl acetate  (3:1)) to 

provide 25 (1.95g, 93%) as brown oil; IR (ATR) $max (cm-1): 2923.55 (s), 2853.29 (m), 

1451.21 (w), 1493.31 (m), 1590.64 (w), 1278.75 (w), 1153. 89 (w), 1079.53 (w), 1071. 00 

(w), 1001.18 (w), 888. 42 (w), 746.68 (s), 690.97 (m), 666. 68 (m), 628. 30 (s), 557.57 (s); 1H 

NMR (400 MHz, CDCl3) 8.03 (d, J = 8.3 Hz, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.45 (t, J = 7.8 

Hz 1H), 7.35 (t, J = 7.8 Hz 1H), 7.18 (t, J = 8.0 Hz, 1H), 6.95 (m, 3H), 6.83 (t, J = 6.8 Hz, 

1H), 5.34 (m, 2H), 2.49-2.32 (m, 2H), 2.00 (m, 4H), 1.27 (m, 24H) 0.88 (t, J = 5.9 Hz, 3H) 
13C NMR (101 MHz, CDCl3) 156.2, 146.7, 131.1, 129.7, 127.7, 124.3, 122.9, 120.2, 116.2, 
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111.2, 88.3, 34.8, 34.0, 32.8, 32.6, 31.9, 29.7, 29.5, 29.3, 29.3, 29.2, 29.2, 28.9, 28.8, 28.2, 

27.2, 27.2, 24.7, 22.7, 14.1; HRMS (MALDI): m/z calcd for C31H46N3O: 476.3635, found 476. 

3634 [M+H]+. 

 

 

Compound 25 (4.53 g, 9.6 mmol, 1.1 equiv) was dissolved in 123 mL THF at room 

temperature and then cooled down to -78oC and stirred for 20 min. Subsequently, nBuLi 

(1.6M in hexane, 5.45 mL, 8.73 mmol, 1 equiv) was added slowly down the side of the flask 

and stirred for 5 minutes. Subsequently, neat B(OMe)3 (1.81 g, 17.45 mmol, 2 equiv) was 

added dropwise into the solution. The resulting reaction mixture was kept stirring for 1 h in 

the dry-ice/acetone bath and then removed from the bath to stir at room temperature for 5 

min. The septum cap was then removed from the flask and four portions of KHF2 aqueous 

solution were added slowly (4 x 9 mL). As the reaction warmed up, a biphasic mixture was 

formed. This was stirred overnight (about 12 h from the time of KHF2 addition). The reaction 

was concentrated by the rotary evaporator and then dried under high vacuum. The resulting 

solid was stirred in acetone and then filtered (repeated 3 times). The combined acetone 

filtrates were concentrated and diluted in Et2O and stirred until a precipitate formed. The 

precipitate was then filtered, washed twice with Et2O, and dried under high vacuum to give 

the colorless wax 26 (0.94 g, 26%); IR (ATR) $max (cm-1): 2922.33 (s), 2852.57 (m), 1661.38 

(m), 1465.81 (w), 2403.71 (w), 1361.45 (w), 1155.23 (m), 1025.89 (s), 969.23 (s), 928.72 (s), 

746.47 (m), 721. 53 (m), 670.14 (m), 667.00 (m), 590.06 (w), 558.07 (w), 567.76 (w); 1H 

NMR (600 MHz, Acetone-d6): 5.35 (m, 2H), 2.37 (t, J = 7.4 Hz, 2H), 1.44 (p, J = 7.4 Hz, 

2H), 1.29 (m, 22H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (150 MHz, Acetone d6): 130.6, 130.5, 

32.6, 30.6, 30.5, 30.5, 30.4, 30.3, 30.2, 30.2, 30.0, 30.0, 27.8, 27.7, 23.3, 23.3, 14.3; 19F NMR 

(470 MHz, Acetone d6): -150.8, 11B NMR (160 MHz, Acetone d6): -1.67, HRMS (MALDI) 

m/z calcd for [M-K]- C19H35BF3O: 347. 2738; found 347. 2739.  
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6.3.2 SYNTHETIC PROCEDURES FOR HYDROXYLA MINE LINKER  

FLUORESCENT DYE-DERIVED HYDROXYLAMIN E4 

 

 

 

 

 

According to previously reported procedure2, a mixture of hydroxylamine hydrochloride 35  

(1.00 g, 1.44 mmol, 2 equiv) and potassium carbonate (0.995 g, 7.2 mmol, 1 equiv) was 

stirred in 6.4 mL of ether-water mixture (30:1) at 0 ¼C for 1.5 h. Then Boc anhydride (2.04 g, 

9.36 mmol, 1.3 equiv) was added and the reaction mixture was stirred overnight. The next 

day, solvents were decanted and the remaining precipitate was washed with diethyl ether. The 

solvents and diethyl ether wash were combined and organic layer was collected, dried and 

concentrated to give a colorless solid 36 (1.239 g, 9.3 mmol, 65%) 

 

 

 

tert-Butyl (diethylcarbamoyl)oxycarbamate (37). To a solution of 36 (10 g, 0.075 mol, 1 

equiv), triethylamine (26 mL, 0.187 mol, 2.5 equiv) and DMAP (1.00 g, 0.008 mol, 0.1 equiv) 

in 100 mL of CH2Cl2 was added diethylcarbamic chloride (12.51 g, 0.092 mol, 1.2 equiv) and 

the reaction was stirred at room temperature overnight. The mixture was diluted with CH2Cl2 
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and washed with water. The organic layer was washed with brine, dried over Na2SO4, filtered 

and concentrated in vacuo. The crude extract was purified by a silica gel flash column 

chromatography, eluting with hexane/ethylacetate (8:2), to give the 37 (14.2 g, 82%); 1H 

NMR (300 MHz, CDCl3): ) 7.77, (s, 1H, NH), 3.34 (q, J = 7.1 Hz, 4H, CH3-CH2), 1.49 (s, 

9H, tert-butyl), 1.19 (m, 6H, CH2-CH3 methyl protons); 13C NMR (100 MHz, CDCl3): 156.5, 

155.6, 82.7, 43.0, 41.5, 28.1, 13.9, 13.3; HRMS: (ESI+) calculated for [C10H20N2O4]
+ 

(M+Na)+: m/z 255.1315, found: 255.1320. 

 

 

 

 

To a solution of 37 (7.00 g, 0.036 mol, 1.2 equiv) in 30 mL of DMF was added ethyl 4-

bromobutyrate (7 g, 0.03 mmol, 1.0 equiv) followed by the addition of potassium carbonate 

(6.25 g, 0.045 mmol, 1.5 equiv). The reaction was stirred at 65 ¡C overnight. After addition of 

water, the aqueous phase was extracted for 3 times with CH2Cl2. The combined organic layer 

was washed with brine and dried over sodium sulfate, filtered, and evaporated in vacuo. 

Crude product was purified with column chromatography to provide colorless oil 38 (8.3 g, 

80%); 1H-NMR (300 MHz, CDCl3): )  4.11 (q, J = 7.1 Hz, 2H), 3.65 (t, J = 6.5 Hz, 2H), 3.30 

(q, J = 7.1 Hz, 4H), 2.39 (t, J = 7.5 Hz, 2H), 1.90 (p, J = 7.3 Hz, 0H), 1.45 (s, 9H), 1.23 (t, J = 

7.1 Hz, 3H), 1.16 (t, J = 7.1 Hz, 6H); 13C NMR (100 MHz, CDCl3): )  173.1, 155.0, 154.1, 

81.8, 60.3, 49.6, 42.9, 41.7, 31.4, 28.2, 22.8, 14.2; HRMS: (MALDI) calculated for 

[C16H30N2O6]
+ (M+H)+: m/z 347.2174, found: 347.2174. 

 

 

 

 

 

 

N

O

O
N
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To a solution of hydroxylamine carbamate ester 38  (1 g, 2.89 mmol, 1 equiv) in 20 mL THF 

was added 20 mL of 1M LiOH (832 mg, 19.8 mmol). The reaction mixture was stirred at 

room temperature until completion for about 3 h. Subsequently, 40 mL of EtOAc was added 

and the reaction was slowly neutralized with citric acid being careful to do not exceed pH 7 in 

order to preserve the Boc protection on the amino group. The phases were separated and the 

water was extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over 

Na2SO4, filtered and concentrated in vacuo to give pure hydroxylamine carbamate acid 39 as 

a colorless oil (650 mg, 71 % yield); 1H-NMR (300 MHz, CDCl3): ) 3.68 (t, J = 6.5 Hz, 2H), 

3.31 (q, J = 7.1 Hz, 4H), 2.45 (t, J = 7.3 Hz, 2H), 1.91 (p, J = 7.0 Hz, 2H), 1.46 (s, 9H), 1.23 

(t, J = 7.1 Hz, 3H), 1.18 (t, J = 7.0 Hz, 6H); HRMS (ESI+): calcd. for [C14H26N2O6]
+ (M+H)+: 

m/z 319.1864, found: 319.1862. 

 

6.3.3 SYNTHETIC PROCEDURES FOR FLUORESCENT DYE-DERIVED 

HYDROXYLAMINE  

 

 

 

To a solution of 5,6-carboxyfluorescein 28 a,b (20 mg, 0.053 mmol, 1 equiv) in 0.9 mL of dry 

DMF, EDC¥HCl (40.8 mg, 0.213 mmol, 4 equiv) and NHS (24.5 mg, 0.213 mmol, 4 equiv) 

were added. The reaction mixture was stirred for 1 hour under argon atmosphere and then 

ethylene diamine (34.13 mg, 0.213 mmol, 4 equiv) was added and stirred for 4 hours. 

Purification was done by Preparatory RP HPLC using a gradient of 20 to 90 % ACN in H2O 

(0.1% TFA) to provide yellow fluffy powder 29a and 29b (18 mg, 65 %) after drying. 29a; 1H 
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NMR (300 MHz, methanol-d4) ) 8.49 (s, 1H, H4) 8.22 (dd, J = 8.1, 1.4 Hz, 1H, H6), 7.34 (d, 

J = 8.1 Hz, 1H, H7), 6.78 (d, J = 2.2 Hz, 2H, H4' and H5'), 6.71 (d, J = 8.8 Hz, 2H, H1' and 

H8'), 6.62 (dd, J = 8.8, 2.3 Hz, 2H, H2' and H7'), 3.51 (t, J = 5.9 Hz, 2H, methylene), 3.32 (m, 

2H, methylene) 1.43 (s, 9H, Boc protons); 29b; 1H NMR (300 MHz, methanol-d4) ) 8.15 (d, J 

= 8.0 Hz, 1H, H4), 8.10 (d, J = 8.1 Hz, 1H, H5), 7.63 (s, 1H, H7), 6.74 (d, J = 2.3 Hz, 2H, H4' 

and H5'), 6.67 (d, J = 8.7 Hz, 2H, H1' and H8'), 6.59 (dd, J = 8.7, 2.3 Hz, 2H, H2' and H7'), 

3.38 (t, J = 5.2 Hz, 2H, methylene), 3.20 (t, J = 5.8 Hz, 2H, methylene), 1.31 (s, 10H, Boc 

protons); HRMS: (ESI+) calculated for [C28H27N2O8]
+ (M+H)+: m/z 519.1762, found: 

519.1757. 

 

 

30a and b. To 18 mg of a mixture of 29a, b (0.0347 mmol, 1 eq) was added 250 uL (3.27 

mmol, 94 eq) of neat TFA. The resulting solution was immediately placed under nitrogen 

stream until reaching dryness and used without further purification for the next step.  

 

 

 

 

32a and b. To a solution of a mixture of 30a and 30b (15 mg, 0.036 mmol, 1 equiv) in 0.35 

mL of dry DMF, EDC¥HCl (13.8 mg, 0.072 mmol, 2 equiv) and NHS (8.3 mg, 0.072 mmol, 2 

equiv) were added. After stirring for 1 hour, a solution of 39 (17.1 mg, 0.054 mmol, 1.5 

equiv) and DIPEA (20 *L, 0.108 mmol, 3 equiv) in 0.11 mL of dry DMF was added and 

stirred for 18 hours. Crude reaction mixture was purified by reversed phase HPLC with 

ACN/H2O as eluent (gradient of 10% to 90% in 40 min) and yellow fluffy powder, a mixture 
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of 32a and 32b, 7 mg (27 % yield) was obtained after lyophilization to dryness; IR (ATR): 

$max (cm-1) 2978.73, 1735.51, 1606.33, 1542.75, 1453.32, 1425.16, 1368.23, 1271.13, 

1143.79, 993.72, 924.21, 851.52, 747.77, 666.73, 594.98, 567.76, 551.70; HRMS (MALDI) 

m/z Calc for C35H42N4NaO11: 741.2737, found 741.2742 [M+Na]+, 32b; 1H NMR (400 MHz, 

methanol-d4): )  8.15 (d, J = 1.0 Hz, 2H, H4 and H5), 7.66 (s, 1H, H7), 6.81 (d, J = 2.2 Hz, 

1H, H4' and H5'), 6.77 (d, J = 8.8 Hz, 1H, H1' and H8'), 6.66 (dd, J = 8.7, 2.2 Hz, 1H, H2' and 

H7'), 3.53-3.31 (m, 10H, methylene), 2.21 (t, J = 7.4 Hz, 2H, -(CH2)2NHC=OCH2), 1.75 (m, 

2H, -CH2CH2CH2-), 1.41 (s, 9H, Boc), 1.16 (m, 6H, methyl); 13C NMR (101 MHz, methanol-

d4): )  175.66, 170.02, 168.38, 156.71, 155.89, 155.08, 141.92, 130.86, 130.52, 127.17, 

124.90, 114.87, 111.95, 103.57, 83.40, 77.26, 50.55, 49.71, 49.64, 44.21, 42.91, 41.16, 39.79, 

33.79, 28.46, 24.29, 14.48, 13.62, 6.60; a mixture of 32a and 32b, 1H NMR (400 MHz, 

methanol-d4) ) 8.48 (s, 1H, 5-isomer, H4), 8.21 (dd, J = 8.0, 1.6 Hz, 1H, 5-isomer, H6), 8.16 

(dd, J = 8.0, 1.3 Hz, 1H, 6-isomer, H5), 8.13 (d, J = 8.2 Hz, 1H, H6), 7.65 (s, 1H, 6-isomer, 

H7), 7.34 (d, J = 8.0, 1H, 5-isomer, H7), 6.78-6.62 (12H, m, 5- and 6-isomers H1' H2' H4' H5' 

H7' H8'), 3.68-2.55 (m, 20H, methylene), 2.31 (t, J = 7.5, 2H, 5-isomer, NH-CH2), 2.21 (t, J = 

7.4, 2H, 6-isomer, NH-CH2), 1.88 (p, J = 6.9 Hz, 2H, 5-isomer, -CH2CH2CH2-), 1.76 (p, J = 

6.9 Hz, 2H, 6-isomer, -CH2CH2CH2-), 1.44 (s, 9H, 5-isomer, Boc), 1.42 (s, 9H, 6-isomer, 

Boc), 1.16 (m, 12H, methylene); 13C NMR (101 MHz, methanol-d4) )  175.81, 175.65, 170.12, 

168.59, 168.39, 156.72, 155.90, 154.82, 137.91, 135.14, 130.76, 130.61, 130.50, 114.59, 

111.72, 103.58, 83.39, 50.78, 50.55, 49.71, 49.64, 49.50, 49.43, 49.28, 49.21, 49.07, 49.00, 

49.00, 48.86, 48.79, 48.67, 48.57, 48.36, 44.20, 42.89, 41.19, 41.15, 39.92, 39.78, 33.96, 

33.79, 28.48, 28.46, 26.40, 26.28, 24.47, 24.28, 14.46, 13.62. 

 

6.3.4 TEST KAT LIGATION IN  SOLUTION PHASE 

 

 

 

To a solution of a mixture of 32a and b (2.5 mg, 0.0035 mmol, 1 equiv) in 0.5 mL of DCM, 

0.5 mL of TFA was added. The reaction mixture was stirred for 10 min at room temperature 
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and then checked by LC-MS (Figures 44-45). The solvent was then evaporated under a flux 

of N2 to obtain 33a and 33b as yellow oil (2.15 mg, 100% yield). The product was used 

without further purification. 

 To perform the KAT ligation in phosphate buffer (pH = 5.8) and to overcome the 

insolubility issue, two solutions were prepared: solution A containing compound 33a,b in a 

mixture of MeOH/phosphate buffer in a ratio of 1:2 and solution B containing compound 26 

in acetone/phosphate buffer in a ratio 2:1. The KAT ligation was carried on in a vial adding 

first the aliquot of solution A, the phosphate buffer and the aliquot of solution B in order to 

have a 50 * M final concentration of reagents. The reaction mixture was checked by LC-MS 

and the full conversion was readily observed. 

 

6.3.5 SYNTHETIC PROCEDURES OF NANOPARTICLE 

Lecithin (PC, TCI), Triolein (TO, Acros), Cholesteryl Oleate (CO, Alfa Aesar), and OA-KAT 

26 were dissolved completely in (Chloroform/MeOH/Acetone = 2 : 1 : 1) solution, followed 

by evaporation with rotary evaporator to create a thin film which then dried in lyophilizer 

(Table 3). To the thin film was added 8.0 mL 0.01M Tris.HCl buffer pH 8.0 containing 1.6 

mg KF and 8 µg of BHT and sonicated in ice bath for 2 hours. The suspension was then 

filtered twice using 0.45 um RC syringe filter and extruded at 53 oC, 8 times, with stacked 0.1 

on top of 0.05 micron polycarbonate membrane filters (Sterlitech), followed by twice 

fi ltration with 0.45 um RC syringe filter. Then 200 uL aliquot was taken and dialyzed at 0.01 

M potassium phosphate buffer pH 5.8 overnight at 10¡C. Size measurements with DLS were 

performed using SpectaPor 14-17 kDa regenerated cellulose. 
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Table 3. Composition of 0, 1, and 10% KAT-containing nanoparticles 

0%  PC TO CO 26 
Mole ratio 3 2 1 - 

mmol 0.099 0.066 0.033 - 

mg 75.24 58.45 18.8 - 

  61.5 uL   

1%  PC TO CO 26 

Mole ratio 2.94 2 1 0.06 

mmol 0.097 0.066 0.033 0.00198 

mg 73.72 58.45 18.8 0.737 

  61.5 uL   

10% PC TO CO 26 

Mole ratio 2. 4 2 1 0.6 

mmol 0.0792 0.066 0.033 0.0198 

mg 60.2 58.45 18.8 7.37 

  61.5 uL   

 

 

6.3.6 SURFACE LIGATION ON NANOPARTICLE P ROCEDURE 

 

 

Reaction was set at 10 minutes at pH 5.86, same amount of LDL was added and same amount 

of dye was added to all 3 vials, which is 170 ug (1.2 eq with regards to 10% KAT containing 

LDL). First, probe was Boc-deprotected with 40 uL DCM/TFA (1:1), incubated for 15 

minutes, and dried under nitrogen stream. The reaction was monitored with LC/MS, and after 

pH 5.8

= 26 = 33
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10 minutes the deprotection reaction was complete, 420 uL of 0.01 M potassium phosphate 

buffer (pH 5.86) was added to the dried unprotected probe. The resulting solution was 

sonicated, and filtered using 0.22 um syringe filter, and then added to the 80 uL dialyzed LDL 

aliquot, and stirred at room temperature for 10 minutes. After 10 minutes then they were 

dialyzed in 4.5 L of buffer pH 8.06 together (with 360 mg of KF). Fluorescence 

measurements were done after exhaustive dialysis of the reactions nanoparticles to remove 

non-specifically bound functionalized fluorophore 33 using excitation wavelength of 480 nm 

(check again).  

 

6.3.7 TEM IMAGING 5  

Samples were prepared for microscopy by diluting the stock solution 1 : 4 by mixing 

an equal volume of the solution of lipids and 2% sodium phosphotungstate (pH 8) in a small 

test tube. Mixing was achieved by gently shaking the tube by hand. The final concentration of 

lipids in the mixture was approximately 4 mg/ml. One drop of this mixture was placed on 

carbon-coated grids (Quantifoil) that were glow-discharged for 15 s (Emitech K100X, GB) 

and allowed to remain 60 sec; after this interval excess fluid was removed by touching the 

edge of the grid with filter paper. The drop was drained and, when dry, examined in a 

Morgagni 268 microscope (FEI, Hillsboro, Oregon, USA) operated at 100 kV. 

 

6.4 SYNTHETIC PROCEDURES FOR CHAPTER 4 

6.4.1 SYNTHETIC PROCEDURES FOR PREPARATION  OF FULLERENE 

(C60 OR C70)- PVP POLYMERS  

A solution of fullerene (C60 or C70),  azobisisobutyronitrile (AIBN), N-vinylpyrrolidone 

(NVP, distilled) in o-dicholorobenzene was degassed four times and was stirred at 60 ¼C 

under N2 until the substance became very viscous. The reaction mixture was then 

reconstituted into CH2Cl2 (initial reaction volume + 2 mL) to provide dark brown solution and 

then added to Et2O (100 times of the solution in volume) to precipitate the polymer. The 

resulting precipitate was separated by centrifugation and dissolved with CH2Cl2 and 

precipitated in Et2O again (2 times).  After drying, the precipitate was dissolved in the 

minimum required amount of water and then subjected dialysis in RC membrane (Fisher, 

3,500 MWCO) followed by lyophilization to dryness. 
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Table 4. Reaction conditions and product of C60-NVP polymerization 

run 
Reaction condition 

yield 
[%]**  C60 [mg] 

([* mol]) eq. 
NVP [mg] 

([mmol]) eq. 
AIBN  

[equivalent to C60] 
solvent* 

[mL] 
reaction 
time [h] 

1 50 (69.4) 1 767 (6.9) 100 40 1.74 72 71 
2 50 (69.4) 1 1545 (13.9) 200 40 1.74 19 93 
3 50 (69.4) 1 2312 (20.8) 300 40 1.74 27 74 
4 50 (69.4) 1 3090 (27.8) 400 40 1.74 23 72 
5 50 (69.4) 1 3857 (34.7) 500 40 1.74 22 73 

* o-dichlorobenzene
** Calculated from the weight of polymer. 

Table 5. Reaction conditions and product of C70-NVP polymerization 

run 
Reaction condition 

yield 
[%]**  C70 [mg] 

([* mol]) eq. 
NVP [mg] 

([mmol]) eq. 
AIBN 

[eq. to C60] 
solvent* 

[mL] 
reaction 
time [h] 

1 25 (30) 1 330 (2.97) 100 40 0.65 72 85 
2 25 (30) 1 660.17 (5.94) 200 40 0.65 45 73 
3 25 (30) 1 990 (8.91) 300 40 0.65 28 87 
4 25 (30) 1 1320 (11.88) 400 40 0.75 26 71 
5 25 (30) 1 1650 (14.85) 500 40 0.75 26 70 

* o-dichlorobenzene
** Calculated from the weight of polymer. 

6.4.2 SIZE MEASUREMENTS WITH GPC 

Samples were prepared with 3-5 mg of each polymer in 0.4 mL of DMF (GPC grade, Fischer 

Chem.) and filtered prior to the analysis with 0.22 micron PTFE hydrophilic syringe filters 

(Simplepure). Aliquot of each solusion (250 *L) was subjected to GPC analysis on JASCO 

PU-2080 Plus HPLC pump, JASCO MD-2018 Plus UV detector, JASCO RI02031 plus RI 

detector, and ChromNAV Chromatography Data System (JASCO Co., Tokyo, JPN) with 5µ 

linear (2), 104 •, 10 3 •, 500 • columns (Phenomenex, Torrance CA, USA) inside of JASCO 

CO-2065 plus column oven.  Results are summarized in Table 4 and Table 5. 
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6.4.3 SOLUBILITY IN WATER  

Solubility in water. An aliquot of the each polymer and was dissolved in Milli-Q water 

followed by filtration through 0.45 µm RC syringe filters (Whatman) in order to prepare the 

samples of concentration range (100-800 mg/mL). Each filtrate was then diluted with Milli-Q 

(100 times) and subjected to the UV-Vis measurement on JASCO V570 UV-Vis 

spectrometer. 

  

6.4.4 SIZE MEASUREMENT WITH DLS  

An aliquot (12.5 mg) of each polymer sample was dissolved in distilled water (1 mL) and 

filtered through a 0.22 micron PTFE hydrophilic syringe filters (Simplepure). Samples were 

subjected to the analysis immediately (within 30 min) and after sitting overnight at room 

temperature.  Dynamic light scattering was recorded on Zetasized Nano S (Malvern) using a 

fresh disposable cuvette (half-mikro PS, 1.6 mL, VWR Int.).  

 

6.4.5 AFM IMAGING  

An aliquot (30 µL) of polymer solution (concentration about 0.3(10-5M in water) was 

deposited onto the freshly cleaved HOPG surface, air-dried for 5 min, and finally dried with 

N2 gas. All of the AFM images were recorded using Nanoscope IIIa SPM (Bruker) under 

ambient condition. AFM characterizations were operated at tapping mode using a typical Si 

cantilever with resonant frequency around 340 kHz. 

 

6.4.6 O2
¥Ð GENERATION MEASURED BY EPR METHOD WITH D EPMPO AS 

A SPIN TRAPPING AGENT 

Superoxide was detected by an EPR method using 5-(Diethoxyphosphoryl)-5-methyl-1-

pyrroline-N-oxide (DEPMPO) as a spin-trapping agent. To a 0.5 mM fullerene aqueous 

solution (40 µL), 5 mM DETAPAC in 250 mM phosphate buffer (20 µL), water (8 µL), 625 

mM DEPMPO in DMSO (22 µL), 100 mM NADH or distilled water (10 µL) were added and 

mixed well under an aerobic condition. The mixed solution was collected in a capillary, 

irradiated with a 200-W photoreflector lamp at a distance of 10 cm, and subjected 

immediately to EPR measurement. The generation of O2
.- was detected as signals due to 

DEPMPO-OOH formed by the reaction of O2
.- with DEPMPO. 
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6.4.7 1O2 GENERATION MEASURED BY EPR METHOD WITH T EMP AS A 

SPIN TRAPPING AGENT  

Singlet oxygen was detected by an EPR method using 2,2,6,6-tetramethyl-4-piperidone (4-

oxo-TEMP) as a spin-trapping reagent. As a standard, 1O2-generating compound Rose Bengal 

was employed. To a 0.5 mM fullerene or a Rose Bengal aqueous solution (40 µL), 250 mM 

phosphate buffer (20 µL), distilled water (32 µL), and 1 M 4-oxo-TEMP (8 µL) were added 

and mixed well under an aerobic condition. The mixed solution was introduced into a 

capillary, then placed into the EPR tube and irradiated with a 200-W photoreflector lamp at a 

distance of 10 cm, and immediately subjected to EPR measurement. The generation of singlet 

oxygen was detected as an EPR signal due to 4-oxo-TEMPO formed by the reaction of 1O2 

with 4-oxo-TEMP. 
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CHAPTER 7 

SPECTRAL DATA 
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CHAPTER 7. SPECTRAL DATA 

7.1 DATA FOR CHAPTER 2 

Figure 45. 1H-NMR spectrum of compound 8 (in CDCl3, 400 MHz). 

Figure 46. 13C-NMR spectrum of compound 8 (in CDCl3, 100 MHz). 
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Figure 47. 19F-NMR spectrum of compound 8 (in CDCl3, 377 MHz). 

Figure 48. 1H NMR spectrum of compound 10 (in CDCl3, 600 MHz) 
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Figure 49. 13C NMR spectrum of compound 10 (in CDCl3, 150 MHz) 

Figure 50. 19F NMR spectrum of compound 10 (in CDCl3, 377 MHz) 
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Figure 51.1H-NMR spectrum of compound 2 (in CDCl3, 400 MHz) 

Figure 52.13C-NMR spectrum of compound 2 (in CDCl3, 100 MHz) 
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Figure 53. 1H-NMR spectrum of compound 3 (in CDCl3, 400 MHz) 

Figure 54. 13C-NMR spectrum of compound 3 (in CDCl3, 100 MHz) 

H
N

OFmoc

NH2

O

3

�������������������������������������������������������������������������	�����	�����
�����
����
�������
������ ��

��

��������

����������

����������

����������

����������

����������

����������

����������

����������

����������

���
��


��

���
���

��

���
��	

��

���
���

�


���
���

��

���
��'

�	

���
��	

��

���
��	

��

���
���

�	

���
���

�	

���
���

�'

���
���

�	

���
��	

��

���
��	

��

���
���

��

���
���

��
���

���
�	

���
���

�

���

���
��

���
���

��
���

���
��

���
���

��
���

���
��

���
���

��
���

���
��

���
���

��
���

���
�	

���
���

�'
���

��	
��

���
��


��
���

��

��

���
��


�

���

��'
��

���
��'

��
���

��'
��

���
��'

��

���
���

�


���
���

��
���

���
��

���
���

�

���

���
�'

���
���

��
���

���
��

���
���

��
���

���
��

���
���

��
���

���
��

���
���

��
���

���
�


���
���

��
���

���
��

���
���

�'
���

���
��

���
���

��
���

���
��

���
���

�	
���

���
��

���
���

��
���

���
��

���
��


��
���

��

��

���
��


��
���

��

��

���
��


�

���

��

�


���
��


�'

���
���

�	

�	�
���

��
�	�

���
��

�	�
���

��
�	�

���
�	

�	�
���

�

�	�

���
�'

�	�
���

��
�	�

���
��

�	�
���

��
�	�

���
�	

�	�
���

�	
�	�

���
�


�	�
���

�'
�	�

���
�'

�	�
���

��
�	�

���
��

�	�
���

��
�	�

���
��

�	�
���

�

�	�

��	
��

�	�
��	

��
�	�

��'
�'

�� �������������������������������	���
���������������������������������������������������	�����
��������������������
�����
�������� ��

�� ������

��

������

������

������

������

������

������

�	����

�
����

������

��������

��������

��������

��������

��������

��������

��������

���	����

���
�������
��'

���
�

���
	�'

���
�

���
��'

���
�

���
��'

���
�

���
	�'

���
�

���
��'

�
�
�

���
��'

���
�

���
	�'

���
�

�	�
��'

�
�
�

�	�
	�'

���
�

�	�
	�'

���
�

�	�
	�'

���
�

�	�
	�'

���



���
���

�'�
���

���
���

�'�
���

���
���

�'�
���

���
��	

�'�
���

���
��	

�'�

�


���
���

�'�
���

���
���

�'�
���

���
���

�'�

�


���
���

�'�
���

���
	��

�'�
��	



99 

Figure 55. 1H-NMR spectrum of compound 4 (in CDCl3, 400 MHz) 

Figure 56. 13C-NMR spectrum of compound 4 (in CDCl3, 100 MHz) 
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Figure 57. 1H-NMR spectrum of compound 5 (in CDCl3, 400 MHz) 

Figure 58. 13C-NMR spectrum of compound 5 (in CDCl3, 100 MHz) 
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Figure 59. 1H-NMR spectrum of compound 6 (in CDCl3, 400 MHz) 

Figure 60. Expanded 13C-NMR spectrum of compound 6 (in CDCl3, 100 MHz) 
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Figure 61. MALDI spectrum of crude compound 11 (Matrix: HCCA) 

Figure 62. MALDI spectrum of crude compound 12 (Matrix: HCCA) 
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Figure 63. MALDI spectrum of crude compound cleaved 13 (Matrix: HCCA) 

Figure 64. MALDI -TOF-MS spectrum of compound 14 purified by HPLC (Matrix: HCCA) 
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Figure 65. MALDI spectrum of HPLC purified compound 15 (Matrix: HCCA) 
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Figure 66. MALDI spectrum of HPLC purified compound 15' (Matrix: HCCA) 
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Figure 67. Analytical HPLC trace of purified compound 16 (probe A) at 220 nm 

Figure 68. High resolution MALDI spectrum of purified compound 16 (probe A). 
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Figure 69. Analytical HPLC trace of purified 17 (probe B) at 220 nm 

Figure 70. High resolution MALDI spectrum of purified 17 (probe B) 

N
H

O

H
N

Gly Val Arg Leu Gly Pro Gly

O

H
N

O

N
H

O

NH2

S
17

O
H
N

Fmoc

NH
O

HN

O

O

MeO

O

methoxycoumarine
(FRET donor)

NO O

NH

NO2O2N



108 

��a�� 

��b�� 

��c�� 

Figure 71. MALDI -TOF-MS spectra of R1 (a) 0 min, (b) 120 min, (c) 200 min 

��a�� 

��b�� 

��c�� 

Figure 72. MALDI-TOF-MS spectra of R2 (a) 0 min, (b) 120 min, (c) 200 min 
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Figure 73. MALDI -TOF-MS spectra of R3 (a) 0 min, (b) 120 min, (c) 200 min 
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Figure 74. MALDI -TOF-MS spectra of R4 (a) 0 min, (b) 120 min, (c) 200 min 
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Figure 75. MALDI -TOF-MS spectra of R5 (a) 0 min, (b) 120 min, (c) 200 min 
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Figure 76. MALDI -TOF-MS spectra of R6 (a) 0 min, (b) 120 min, (c) 200 min 
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Figure 71 (a) Expanded 

Figure 71 (b) Expanded 
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Figure 71 (c) Expanded 

Figure 72 (a) Expanded 
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Figure 72 (b) Expanded 

Figure 72 (c) Expanded 
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Figure 73 (a) Expanded 

Figure 73 (b) Expanded 
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Figure 73 (c) Expanded 

Figure 74 (a) Expanded 
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Figure 74 (b) Expanded 

Figure 74 (c) Expanded 
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Figure 75 (a) Expanded 

Figure 75(b) Expanded 



118 

Figure 75 (c) Expanded 

Figure 76 (a) Expanded 
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Figure 76 (b) Expanded 

Figure 76 (c) Expanded 
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(a) (b) 

Figure 77. Fluorescence Spectra of R1 (a) 0 hr (b) 240 min 

Figure 78. Fluorescence Spectra of R2 (240 min) Figure 79. Fluorescence Spectra of R3 (240 min) 

(a) (b) 

Figure 80. Fluorescence Spectra of R4 (a) 0 hr (b) 240 min 
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Figure 81. Fluorescence Spectra of R5 (240 min) Figure 82. Fluorescence Spectra of R6 (240 min) 

7.2 DATA FOR CHAPTER 3 

Figure 83. 1H-NMR spectrum of 22 (in DMSO-d6, 400 MHz) 
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Figure 84. 13C-NMR spectrum of 22 (in DMSO-d6 100 MHz) 

Figure 85. 1H-NMR spectrum of 23 (in CDCl3, 400 MHz)
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Figure 86. 13C-NMR spectrum of 23 (in CDCl3, 100 MHz)

Figure 87. 1H-NMR spectrum of 24 (in CDCl3, 400 MHz) 
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Figure 88. 13C-NMR spectrum of 24 (in CDCl3, 100 MHz) 

Figure 89. 1H-NMR spectrum of 19 (in CDCl3, 400 MHz) 
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Figure 90. 13C-NMR spectrum of 19 (in CDCl3, 100 MHz) 

Figure 91. 1HNMR spectrum of 20 (in CDCl3, 300 MHz) 
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Figure 92. 1H-NMR spectrum of 25 (in CDCl3, 400 MHz). 

Figure 93. 13C-NMR spectrum of 25 (in CDCl3, 100 MHz) 

OPh

N
N

N

25

�����������������������	���
�������������������������������������������������	�����
��������������
�
��������������

��������

��

������

��������

��������

��������

��������

��������

��������

��������

��������

��������

��������

�	������

�	������

�
������

�
������

��������

��������

��������

���
���

���
�

���
���

�	�
�

���
���

�
�
�

���

��

���
�

���

��

���
�

���
���

���
�

���
���

�
�
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

�
�
�

���
���

���
�

���
���

�	�
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

���
�

���
���

���
���

���
��	

���
���

���
���

���
���

���
���

���
��


���
���

���
��


���
��


���
	�	

���
���

���
	��

���
���

���
���

���
��	

���

��

���
��	

���
���



127 

Figure 94. 1H-NMR spectrum of 26 (in Acetone-d6, 600 MHz) 

Figure 95. 13C-NMR spectrum of 26 (in Acetone-d6, 150 MHz) 
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Figure 96. 19F-NMR spectrum of 26 (in Acetone-d6, 470 MHz) 

Figure 97. 11B-NMR spectrum of 26 (in Acetone-d6, 160 MHz). 
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Figure 98. 1H-NMR spectrum of 36 (in CDCl3, 300 MHz) 

Figure 99. 13C-NMR spectrum of 36 (in CDCl3, 75 MHz) 
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Figure 100. 1H-NMR spectrum of 37 (in CHCl3, 300 MHz) 

Figure 101. 13C-NMR spectrum of 37 (in CDCl3, 100 MHz) 
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Figure 102. 1H-NMR spectrum of 38 (in CDCl3, 300 MHz) 

Figure 103. 13C-NMR spectrum of 38 (in CDCl3, 100 MHz) 
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Figure 104. 1H-NMR spectrum of 39 (in CDCl3, 400 MHz) 

Figure 105. 13C-NMR spectrum of 39 (in CDCl3, 100 MHz) 
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Figure 106. 1H-NMR spectrum of 29a (in methanol-d4, 300 MHz) 

Figure 107. 1H-NMR spectrum of 29b (in methanol-d4, 300 MHz) 
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Figure 108. 1H-NMR spectrum of 32b (methanol-d4, 400 MHz) 

Figure 109. 13C-NMR spectrum of 32b (methanol-d4, 100 MHz) 
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Figure 110. 1H-NMR spectrum of a mixture of 32a and 32b (methanol-d4, 400 MHz) 

Figure 111. 13C-NMR spectrum of 32a and 32b  (methanol-d4, 100 MHz) 
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Figure 112. LC trace of compounds 32 and 33 (Boc-deprotection reaction monitoring) 

Figure 113. ESI mass trace of compounds 32 (top) and 33 (bottom) (Boc-deprotection reaction monitoring) 
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7.3 DATA FOR CHAPTER 4 

 

Figure 114. UV-Vis spectra of C60-PVP in water (42a-e) in water (1 mg/mL). Ratios of subjected C60-NVP: 
1:100 (red), 1:200 (dark orange), 1:300 (orange), 1:400 (yellow), 1:500 (green) 

Figure 115. UV-Vis spectra of C70-PVP in water, 1 mg/mL (43 a-e). Ratios of subjected C70-NVP 1:300 
(orange), 1:400 (yellow), and 1:500 (green) 
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3. Characterization of C60- or C70-PVP polymers
3.1  UV-Vis spectraof polymers

Figure S1.  UV-Vis spectra of C60-PVP 2a in water (1 mg/mL).  Ratios of subjected C60-NVP: 1: 100 (red),
1:200 (dark orange), 1:300 (orange), 1:400 (yellow), and 1:500 (green).

Figure S2.  UV-Vis spectra of C70-PVP2b in water (1 mg/mL).  Ratios of subjected C70-NVP: 1:300 (orange),
1:400 (yellow), and 1:500 (green).
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3. Characterization of C60- or C70-PVP polymers
3.1  UV-Vis spectraof polymers

Figure S1.  UV-Vis spectra of C60-PVP 2a in water (1 mg/mL).  Ratios of subjected C60-NVP: 1: 100 (red),
1:200 (dark orange), 1:300 (orange), 1:400 (yellow), and 1:500 (green).

Figure S2.  UV-Vis spectra of C70-PVP 2b in water (1 mg/mL).  Ratios of subjected C70-NVP: 1:300 (orange),
1:400 (yellow), and 1:500 (green).
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Figure 116. 1H-NMR spectrum of C60-PVP copolymer 42a (1:100) (in CDCl3 MHz) 

Figure 117. 1H-NMR spectrum of C60-PVP copolymer 42b (1:200) (in CDCl3, 300 MHz) 
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Figure 118. 1H-NMR spectrum of C60-PVP copolymer 42c (1:300) (in CDCl3, 300 MHz) 

Figure 119. 1H-NMR spectrum of C60-PVP copolymer 42d (1:400) (in CDCl3, 300 MHz) 

������ ���� ���� �����������������	�
������������������������������
�����
�������� ��

��

������

��������

��������

��������

��������

��������

��������

��������

��������

��������

��������

�� ���� ���� ���� �����������������	�
������������������������������
�����
�������� ��

��

������

��������

��������

��������

��������

��������

��������

��������

��������

��������



140 

Figure 120. 1H-NMR spectrum of C60-PVP copolymer 42e (1:500) (in CDCl3, 300 MHz) 

Figure 121. 1H-NMR spectrum of C70-PVP copolymer 43b (1:200) (in CDCl3, 300 MHz) 
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Figure 122. 1H-NMR spectrum of C70-PVP copolymer 43c (1:300) (in CDCl3, 300 MHz) 

Figure 123. 1H-NMR spectrum of C70-PVP copolymer 43d (1:400) (in CDCl3, 300 MHz) 
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Figure 124. 1H-NMR spectrum of C70-PVP copolymer 43e (1:500) (in CDCl3, 300 MHz) 

Figure 125. 13C-NMR spectrum of C60-PVP copolymer 42a (1:100) (in CDCl3, 600 MHz) 
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Figure 126. IR Spectrum of C60-PVP copolymer (1:100) 42a 

Figure 127. IR Spectrum of C60-PVP copolymer (1:200) 42b 
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Figure 128. IR Spectrum of C60-PVP copolymer (1:300) 42c 

Figure 129. IR Spectrum of C60-PVP copolymer (1:400) 42d 
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Figure 130. IR Spectrum of C60-PVP copolymer (1:500) 42e 

Figure 131. IR Spectrum of C70-PVP copolymer (1:200) 43b 
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Figure 132. IR Spectrum of C70-PVP copolymer (1:300) 43c 

Figure 133. IR Spectrum of C70-PVP copolymer (1:400) 43d 

Oriana et. al, supporting materials

Page S11 of S19

Figure S19. IR Spectrum ofC70-PVP copolymer2b (1:300) (neat).

Figure S20. IR Spectrum ofC70-PVP copolymer2b (1:400) (neat).

Figure S21. IR Spectrum ofC70-PVP copolymer2b (1:500) (neat).

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013
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Figure 1����. IR Spectrum of C70-PVP copolymer (1:500) 43e 

Figure 1����. G�3C diagram of C60-PVP (ratios of subjected C60-NVP: 1: 100 (red), 1:200 (dark orange), 
1:300 (orange), 1:400 (yellow), and 1:500 (green) 
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Figure 136. G�3C diagram of C70-PVP (ratios of subjected C70-NVP: 1:300 (orange), 1:400 (yellow), and 
1:500 (green) 

Figure 137. Distribution curves of the PVP.  Solid lines: fresh solution, dotted lines: solution kept for one day. 
Data are the average of three-times-measurements. 
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Figure 138. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C60/PVP complex aqueous 
solution under irradiation of 200-W reflector lamp. Light irradiation time: 0 min (top), 1 min (middle), 3 min 
(bottom). Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave power 10 
mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep time 84 sec. 

Figure 139. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C70/PVP complex aqueous 
solution under irradiation of 200-W reflector lamp. Light irradiation time: 0 min (top), 1 min (middle), 3 min 
(bottom). Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave power 10 
mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep time 84 sec. 

Oriana et. al, supporting materials

Page S15 of S19

3.4 AFM imaging. An aliquot (30 !L) of polymer solution (concentration about 0.3"10-5M in water) 
was deposited onto the freshly cleaved HOPG surface, air-dried for 5 min, and finally dried with N2

gas. All of the AFM images were recorded using Nanoscope IIIa SPM (Bruker) under ambient
condition. AFM characterizations were operated at tapping mode using a typical Si cantilever with 
resonant frequency around 340 kHz.

3.5 O2
¥Ðgeneration measured by EPR method with DEPMPO as a spin trapping agent.

Superoxide was detected by an EPR method using 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-
oxide (DEPMPO) as a spin-trapping agent. To a 0.5 mM fullerene aqueous solution (40 µL), 5 mM
DETAPAC in 250 mM phosphate buffer (20 µL), water (8 µL), 625 mM DEPMPO in DMSO (22 µL), 
100 mM NADH or distilled water (10 µL) were added and mixed well under an aerobic condition. The
mixed solution was collected in a capillary, irradiated with a 200-W photoreflector lamp at a distance
of 10 cm, and subjected immediately to EPR measurement. The generation of O2

.- was detected as
signals due to DEPMPO-OOH formed by the reaction of O2

.- with DEPMPO.

 
Fig. S27. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C60/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle), 3 min

(bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave power 10
mW, receiver gain 5.0x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep time 84 sec.
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Fig. S28. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C70/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle), 3 min

(bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave power 10
mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep time 84 sec.

Fig. S29. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C60-PVP 1:500 polymer
aqueous solution under irradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle),

3 min (bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave 
power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep

time 84 sec.
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Figure 140. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C60-PVP 1:500 polymer 
aqueous solution under irradiation of 200-W reflector lamp. Light irradiation time: 0 min (top), 1 min (middle), 
3 min (bottom). Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave 
power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep 
time 84 sec. 

Figure 70 1����. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C��-PVP 1:500 polymer 
aqueous solution under irradiation of 200-W reflector lamp. Light irradiation time: 0 min (top), 1 min (middle), 
3 min (bottom). Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave 
power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep 
time 84 sec. 
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Fig. S28. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C70/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle), 3 min

(bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave power 10
mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep time 84 sec.

Fig. S29. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C60-PVP 1:500 polymer
aqueous solution under irradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle),

3 min (bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave 
power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep

time 84 sec.

2000

1500

1000

500

0

-500

-1000

35603540352035003480346034403420

2000

1500

1000

500

0

-500

-1000

35603540352035003480346034403420

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Oriana et. al, supporting materials

Page S17 of S19

Fig. S30. X-band ESR spectrum of DEPMPO adduct with superoxide generated in C70-PVP 1:500 polymer
aqueous solution underirradiation of 200-W reflector lamp.Light irradiation time: 0min (top), 1 min (middle),

3 min (bottom).Experimental conditions: temperature 296 K, microwave frequency 9.790 GHz, microwave
power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, modulation frequency 100 kHz, sweep

time 84 sec.

3.6 1O2 generation measured by EPR method with TEMP as a spin trapping agent. Singlet
oxygen was detected by an EPR method using 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TEMP) as a
spin-trapping reagent. As a standard, 1O2-generating compound Rose Bengal was employed. To a 0.5 
mM fullerene or a Rose Bengal aqueous solution (40 µL), 250 mM phosphate buffer (20 µL), distilled 
water (32 µL), and 1 M 4-oxo-TEMP (8 µL) were added and mixed well under an aerobic condition. 
The mixed solution was introduced into a capillary, then placedinto the EPR tube and irradiated with a
200-W photoreflector lamp at a distance of 10 cm, and immediately subjected to EPR measurement. 
The generation of singlet oxygen was detected as an EPR signal due to 4-oxo-TEMPO formed by the
reaction of1O2 with 4-oxo-TEMP.
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Figure 142. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60/PVP complex 
aqueous solution under irradiation of 200-W reflector lamp. Light irradiation time 0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiaton was used as a reference. Experimental conditions: temperature 296 K, microwave 
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 

Figure 143. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70/PVP complex aqueous 
solution under irradiation of 200-W reflector lamp. Light irradiation time 0 min, 1 min, 3 min, 5 min. Rose 
bengal 1 min irradiaton was used as a reference. Experimental conditions: temperature 296 K, microwave 
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec
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Fig. S31. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time 0min, 1 min, 3 min, 5 min. Rose
bengal 1 min irradiaton wasused as areference. Experimental conditions: temperature 296 K, microwave
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.

Fig. S32. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. Rose
bengal 1 min irradiaton wasused as a reference. Experimental conditions: temperature296 K, microwave
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Oriana et. al, supporting materials

Page S18 of S19

Fig. S31. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time 0min, 1 min, 3 min, 5 min. Rose
bengal 1 min irradiaton wasused as areference. Experimental conditions: temperature 296 K, microwave
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.

 
Fig. S32.  X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70/PVP complex aqueous
solution under irradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. Rose
bengal 1 min irradiaton wasused as a reference. Experimental conditions: temperature296 K, microwave
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.
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Figure 144. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60-PVP 1:500 polymer 
aqueous solution under irradiation of 200-W reflector lamp. Light irradiation time 0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiaton was used as a reference. Experimental conditions: temperature 296 K, microwave 
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec. 

 

Figure 145. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70-PVP 1:500 polymer 
aqueous solution under irradiation of 200-W reflector lamp. Light irradiation time 0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiaton was used as a reference. Experimental conditions: temperature 296 K, microwave 
frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec 
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Fig. S33.  X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60-PVP 1:500 polymer
aqueous solution under irradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiatonwasused as a reference. Experimental conditions: temperature 296 K, microwave

frequency 9.790 GHz,microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.

Fig. S34. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70-PVP 1:500 polymer
aqueous solution underirradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiatonwasused as a reference. Experimental conditions: temperature 296 K, microwave

frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.
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Fig. S33. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C60-PVP 1:500 polymer
aqueous solution under irradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiatonwasused as a reference. Experimental conditions: temperature 296 K, microwave

frequency 9.790 GHz,microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.

Fig. S34. X-band ESR spectrum of TEMP adduct with singlet oxygen generated in C70-PVP 1:500 polymer
aqueous solution underirradiation of 200-W reflector lamp.Light irradiation time0 min, 1 min, 3 min, 5 min. 
Rose bengal 1 min irradiatonwasused as a reference. Experimental conditions: temperature 296 K, microwave

frequency 9.790 GHz, microwave power 10 mW, receiver gain 5.0 x 104, modulation amplitude 1.00 G, 
modulation frequency 100 kHz, sweep time 84 sec.
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