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ABSTRACT 

Over a century, peptides have been used as drugs for treating various diseases. In 

recent decades, along with the development of structural biology, peptides have even 

been regarded as promising modulators for protein-protein interactions (PPIs) that 

play vital roles in all biological processes. Fluorescent peptides are powerful tools 

in chemical biology, which are widely applied for diagnoses and fundamental studies. 

As the most established protocol for synthesizing peptide derivatives in both 

laboratory and industry, solid-phase peptide synthesis (SPPS) shows significant 

advantage that the desired products can be obtained with no more than single time 

chromatographic purification, while all excess reagents/reactants and the side 

products in the solution phase can be removed by simple wash.  

Dipyrrins and their boron complexes BODIPYs have attracted lots of research 

attentions and efforts for their potential applications. As a series of bright and tunable 

fluorescent molecules, BODIPYs have been used as fluorescent dye for decades. 

Although dipyrrins are not fluorescent molecule, they serve as ligands for various 

fluorescent metal complexes, and the turn-on process upon complexation give their 

potential for metal sensing. A functionalized dipyrrin/BODIPY, which requires 

multi-step reaction and purification, is thought to be necessary for obtaining its 

corresponding peptide conjugate. 

In this thesis, the syntheses of dipyrrin/BODIPY moieties were strategically and 

innovatively combined with the procedure of SPPS rather than conducted 

independently; dipyrrin/BODIPY-peptide conjugates were obtained with 

significantly lower workload. By using simple aldehydes/orthoesters/acyl chlorides 

and pyrroles as building blocks, the fluorescent BODIPY-peptide conjugates and 
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multifunctional dipyrrin/BODIPY-based cyclopeptides were able to be obtained by 

performing only single time chromatographic purification.  

In Chapter One, the research background and significance about peptides, solid-

phase peptide synthesis, fluorescent peptides, as well as dipyrrins and BODIPYs are 

introduced. 

In Chapter Two, my first research project is described that provides a novel synthetic 

methodology to in situ construct dipyrrin on solid support directly. By using simple 

aldehydes and pyrroles, various dipyrrins can be constructed on diverse peptides, 

which include all commonly used amino acids, during SPPS. The post-cleavage 

dipyrrin-peptide conjugates, which also include all commonly used amino acids, can 

be converted into fluorescent BODIPY-peptide conjugates which are potential bio-

targeting fluorescent probes. Specially, one of BODIPY-peptide conjugates, 

BODIPY1-Pep4, showing similar bioactivity as other EBNA1-targetting fluorescent 

probes reported in our previous research, are promising fluorescent probe and 

photodynamic therapy agent for EBV infection.  

In Chapter Three, my second project is described where a novel peptide 

macrocyclization methodology can be achieved by constructing dipyrrin on resin 

intramolecularly. The meso position of formed dipyrrin cyclopeptides can be 

diversified by using different commercially available orthoesters, acyl chlorides and 

aldehydes. The SPPS can be even continued on the meso position via specific 

functional group. The products showed higher protease resistance than their linear 

counterparts, and showed various potential applications. The dipyrrin cRGD peptide 

cDP1-Pep14 showed good binding affinity with integrin αvβ3, and its corresponding 

BODIPY cBODIPY1-Pep14 performed as a promising fluorescent for bladder cancer 

cell lines. Moreover, the dipyrrin cGHK peptide cDP1-Pep11 showed sensitive and 

selective response toward zinc ion in vitro. 
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In Chapter Four, all detail of experiments, including the chemical syntheses, 

biological experiments and computational experiments are described. Moreover, the 

NMR spectra, HPLC chromatographs and HRMS spectra of synthesized compounds 

are also presented on Appendix. 

  



v 
 

ACKNOWLEDGEMENTS 

I would like to express my sincere appreciation to my principal supervisor Prof. Ka-

Leung Wong for his generous guidance, encouragement and support. Prof. Ka-

Leung Wong provided me the precious opportunity to pursue the Ph.D. degree in 

Hong Kong Baptist University, and he also provided a great experimental condition 

for my research over these years. I also appreciate my co-supervisor Dr. Chi-Sing 

Lee for his selfless help for the ideas and experiments. 

I express my appreciation to the colleagues who took part in my research projects. 

Dr. Wai-Lun Chan give me huge help for the ideas, experimental plans and writing 

of research articles, as well as the measurement of CD spectrums in Chapter Three. 

Dr. Ho-Fai Chau, Ms. Wing-Sze Tam and Ms. Kaitlin Hao Yi Chan conducted the 

biological experiments for my projects, include cytotoxicity assays and confocal 

imaging experiments. Dr. Wei Shen Aik and Ms. Simranjeet Kaur provided the 

purified EBNA1 protein which used in fluorescent titration experiment in Chapter 

Two. Mr. Waygen Thor assisted me with the computational and photophysical 

experiments. 

I would also like to thanks to all members of my research groups, include but not 

limited to: Dr. Lijun Jiang, Dr. Shuai Zai, Mr. Chen Xie, Mr. Xiong Li, Ms. Xia Ma, 

Ms. Celina Matuszewska, Mr. Tomasz Pańczuk, Ms. Anjun Huang, Ms. Wanqi Zhou, 

Mr. Yik-Hoi Yeung, etc., for their help in both academic and daily life. 

I would like to acknowledge the receipt of a postgraduate studentship (2018–2021) 

administered by Hong Kong Baptist University, which has supported me during my 

studies. 



vi 
 

Thanks for my parents who always support my decision include the pursuit of my 

Ph.D. degree. 

Finally, I would like to express my gratefulness thanks to Hong Kong, a place where 

provide me an open and free environment for my daily life, study and research.  



vii 
 

Table of Contents 

DECLARATION .................................................................................................... i 

ABSTRACT .......................................................................................................... ii 

ACKNOWLEDGEMENTS ................................................................................... v 

Table of Contents ................................................................................................. vii 

List of Tables ......................................................................................................... x 

List of Figures ....................................................................................................... xi 

List of Abbreviations and Symbols ..................................................................... xix 

Chapter One. Introduction ................................................................................... 1 

1.1 Peptides and their application ....................................................................... 2 

1.1.1 Amino acids............................................................................................ 2 

1.1.2 Peptide .................................................................................................... 4 

1.1.3 Biological application of peptide ............................................................ 7 

1.2 Solid-phase peptide synthesis ......................................................................10 

1.3 Fluorescent peptides as bioprobes ................................................................17 

1.4 Dipyrrin and BODIPY .................................................................................20 

1.5 Objectives of this thesis ...............................................................................26 

1.6 Reference .....................................................................................................27 

Chapter Two. Solid-phase fluorescent BODIPY–peptide synthesis via in situ 

dipyrrin construction .............................................................................................36 

2.1 Introduction .................................................................................................37 



viii 
 

2.1.1 Current synthetic methodology for BODIPY-peptide conjugates ...........37 

2.1.2 Epstein–Barr virus (EBV) and Epstein-Barr nuclear antigen 1 

(EBNA1)…………………………………………. ...........................................39 

2.1.3 Photodynamic therapy (PDT) ................................................................44 

2.2 Result and discussion ...................................................................................48 

2.2.1 General Design ......................................................................................48 

2.2.2 In-situ construction of different dipyrrins on YFMVF peptide ...............51 

2.2.3 In-situ construction of dipyrrin on different peptides .............................53 

2.2.4 Conversion of dipyrrin-peptide conjugates into BODIPY counterparts

 …………………………………………………………………………..54 

2.2.5 BODIPY1-Pep4 as EBNA1-targeting fluorescent probe and PDT agent

 …………………………………………………………………………..57 

2.3 Conclusion ...................................................................................................61 

2.4 Reference .....................................................................................................62 

Chapter Three. Direct formation of multifunctional dipyrrin-based 

cyclopeptide …………………………………………………………………...….71 

3.1 Introduction .................................................................................................72 

3.1.1 The disadvantages of linear peptides .....................................................72 

3.1.2 Design and synthesis of cyclopeptides ...................................................73 

3.1.3 Integrin αvβ3. .........................................................................................83 

3.2 Result and discussion ...................................................................................88 

3.2.1 General design .......................................................................................88 



ix 
 

3.2.2 Synthesis of dipyrrin cyclopeptide .........................................................88 

3.2.3 Dipyrrin/BODIPY-based cRGD peptide as αvβ3 probe ..........................93 

3.2.4 Dipyrrin-based cGHK peptide as selective zinc sensor ..........................99 

3.3 Conclusion ................................................................................................. 105 

3.4 Reference ................................................................................................... 106 

Chapter Four. Experimental .............................................................................. 114 

4.1 Chemistry .................................................................................................. 115 

4.2 Biological experiments .............................................................................. 147 

4.3 Computational experiments ....................................................................... 152 

4.4 Reference ................................................................................................... 153 

Appendix ............................................................................................................ 155 

NMR spectrum of synthesized compounds ..................................................... 156 

HPLC chromatographs and MALID-TOF HRMS spectra of products ............ 201 

CURRICULAM VITAE ..................................................................................... 273 

 

  



x 
 

List of Tables 

Table 2.1 Expression of EBV viral proteins in different latency programs. ..........40 

Table 2.2 Photophysical property of BODIPYn-Pep1 in DMSO............................56 

Table 3.1 The estimated docking energies of Pep13-16 and cDP1-Pep13-16 with αvβ3 

protein (PDB: 4MMY) with the residues that exist H-bond interactions with the 

docked position of respective compound...............................................................96 

Table 3.2 The photophysical property of cBODIPY1-Pep13 and cBODIPY1-Pep14 

in HEPES buffer. ..................................................................................................98 

Table 3.3 The photophysical property of cDP1-Pep11, cDP1-Pep12 and DP18-Pep18 

in HEPES buffer with saturated zinc ion. ............................................................ 102 

Table 4.1 Gradient A for analytical HPLC ......................................................... 116 

Table 4.2 Gradient B for analytical HPLC.......................................................... 116 

Table 4.3 Gradient C for analytical HPLC.......................................................... 116 

Table 4.4 The chemical shift of αH/NH and corresponding coupling constant of 

RGD motif of Pep13-16, cDP1-Pep13-16 ................................................................ 146 

  



xi 
 

List of Figures 

Figure 1.1 The structure, name, abbreviation (3-letter and 1-letter) of 20 standard 

proteinogenic amino acids. The backbones of amine acids are in blue, while their 

side chains are in black. ......................................................................................... 2 

Figure 1.2 Examples of non-proteinogenic amino acids. ....................................... 3 

Figure 1.3 The example for the writing of peptide sequence. ................................ 4 

Figure 1.4 The different secondary structure of peptide. a) α-helix; b, c) 

parallel/antiparallel β-sheet. ................................................................................... 5 

Figure 1.5 The dihedral angle ϕ, ψ and ω in peptide backbone. ............................. 6 

Figure 1.6 The Ramachandran plot for describing the secondary structure of 

peptides and proteins.............................................................................................. 7 

Figure 1.7 The critical peptide sequence near interface of PPIs may be identified as 

modulators. ............................................................................................................ 9 

Figure 1.8 Workflow of Fmoc SPPS. ...................................................................10 

Figure 1.9 Structure and abbreviation of amino acid building blocks used in Fmoc 

SPPS, the protecting group on N-terminal and side chain are highlighted in blue and 

red, respectively. ...................................................................................................12 

Figure 1.10 Examples of solid support for SPPS. .................................................13 

Figure 1.11 The synthetic routes for DOTA-peptide conjugates. ..........................15 

Figure 1.12 Jablonski diagram for the fluorescence..............................................17 

Figure 1.13 Examples of organic fluorescent molecules. ......................................18 



xii 
 

Figure 1.14 The structure, numbering system and relationship of dipyrromethane, 

dipyrrin and BODIPY. ..........................................................................................20 

Figure 1.15 The synthetic methods of dipyrrin. ....................................................21 

Figure 1.16 The post-functionalization of the BODIPY core. ...............................22 

Figure 1.17 The structure-property relationship of BODIPYs. .............................23 

Figure 1.18 The examples of dipyrrin metal (zinc/cobalt) complexes...................25 

Figure 2.1 Various approaches for synthesizing fluorescent BODIPY-peptide 

conjugates. A) Solution phase conjugation of fluorescent BODIPY dyes on post-

SPPS peptides requiring multistep transformations and purifications. B) Pre-

functionalized BODIPY-bearing unnatural amino acids were used as building blocks 

during SPPS. .........................................................................................................38 

Figure 2.2 The structure of Epstein-Barr virus. ....................................................39 

Figure 2.3 Location and function of EBNA1 domains..........................................41 

Figure 2.4 EBNA1 DD/DBD domains bind with OriP of DNA. The green and 

orange represent the DD domain of two identical monomers, while pink represents 

the DBD domain for each. ....................................................................................42 

Figure 2.5 The vital short peptide Y561FMVG565 was identified from the PPIs 

between two EBNA1 monomers. ..........................................................................43 

Figure 2.6 Reported peptide-based EBNA1 dimerization domain inhibitors/probes.

..............................................................................................................................44 

Figure 2.7 The Jablonski diagram for ROS generation. ........................................44 

Figure 2.8 The examples of photosensitizers. .......................................................46 



xiii 
 

Figure 2.9 The strategies for enhancing the singlet oxygen quantum yield of 

BODIPYs. .............................................................................................................47 

Figure 2.10 On-resin dipyrrin construction follow by post-cleavage boron 

complexation to give the BODIPY-peptide conjugates with a single 

chromatographic purification step. ........................................................................48 

Figure 2.11 The trial of dipyrrin formation on peptide YFMVF (Pep1). ...............49 

Figure 2.12 Directly construction of dipyrrin on resin-bound Pep1. A. The samples 

of resin-bound peptide were taken, cleaved, precipitated and then monitored by 

HPLC and ESI-MS; From top to bottom: unmodified peptide (black), aldehyde-

peptide conjugate (blue), dipyrrin-peptide conjugate DP1-Pep1 (red); From left to 

right: HPLC of crude samples, UV-Vis spectrum at peak on HPLC, ESI mass of 

crude samples; B. Comparison of 1H NMR of Pep1 and DP1-Pep1. ......................50 

Figure 2.13 In situ construction of dipyrrin derivatives on Pep1. Condition: a) 

aldehyde-containing carboxylic acid, PyBOP, DIPEA, DMF, 3 h. b) pyrrole 

derivatives, BF3·OEt2, r.t., DMF, overnight; c) DDQ, 1 h, DCM; d) TFA/TIPS/H2O, 

v/v/v, 95/2.5/2.5, r.t., 2 h. a Absolutely isolated yields compare with substitution 

values of resin-bound peptide. b Relative yield compare with isolated yields of 

unmodified peptide. c No reaction. d Desired products were detected by LC-MS, but 

too less to separate. ...............................................................................................51 

Figure 2.14 The trial of dipyrrin formation on peptide YFMVF (Pep1) that used 5-

formyl-2,4-dimethyl-3-pyrrolecarboxylic acid (FDMPA) as building block. The 

FDMPA can be regard as an aldehyde building block to form DP14 (a tripyrrin 

example) or an α-formylpyrrole building block to form DP15 (an asymmetry 

example). ..............................................................................................................52 



xiv 
 

Figure 2.15 On-resin construction of DP1 on different peptides. a Absolute isolated 

yield compared with substitution value of the resin-bound peptide. b Relative yield 

compared with the isolated yield of the unmodified peptide. .................................53 

Figure 2.16 Boron complexation for post-cleavage dipyrrin-peptide conjugates. a 

Purified dipyrrin conjugate was used, isolated yields compare with corresponding 

dipyrrin conjugate. b Crude dipyrrin conjugates were used, isolated yields compare 

with substitution values of resin-bound peptide. c EDT was used as reductant. .....54 

Figure 2.17 The fluorescence of 10 μM BODIPY-peptide conjugates in DMSO 

under 365 nm UV light, with their normalized emission spectrum. .......................56 

Figure 2.18 The comparison of 1H-NMR between DP1-Pep1 and BODIPY1-Pep1.

..............................................................................................................................56 

Figure 2.19 Fluorescent titration of BSA and EBNA1 protein toward BODIPY1-

Pep4. EBNA1 showed around 6 times enhancement over titration, while BSA 

showed only 3 times. Which indicated BODIPY1-Pep4 is selective response to 

EBNA1 protein. ....................................................................................................57 

Figure 2.20 The confocal imaging of BODIPY1-Pep4 toward HeLa and C666. The 

green fluorescent signal (from BODIPY) uptake in nucleus (blue) of C666 (EBNA 

positive cell line) while not in nucleus of HeLa (EBNA negative cell line). ..........58 

Figure 2.21 Profiles of the emission intensity of the BODIPY1-Pep4 and nuclear 

blue were plotted along the red arrow A. C666, B. HeLa. The signal of BODIPY1-

Pep4 and nuclear blue overlapped well in C666 cell line (EBNA positive) but not in 

HeLa cell line (EBNA negative). ..........................................................................59 

Figure 2.22 The singlet oxygen quantum yield measurement. The solution of ABDA 

(50 µM) with rose Bengal (A, 10 µM) or BODIPY1-Pep4 (B, 10 µM) were irradiated, 

and the absorption spectrum was recorded at 0, 1, 3, 5, 7, 9, 11 min. The decreasing 



xv 
 

rates of absorption intensity of ABDA were used for calculation, where the singlet 

oxygen quantum yield of rose Bengal is 0.75; C) Singlet oxygen signal was found 

on emission spectrum of BODIPY1-Pep4; D) Comparison of dark/light cytotoxicity 

of BODIPY1-Pep4 toward C666 cell line. Light toxicity was significantly higher 

than dark toxicity, which showed the PDT effect. .................................................60 

Figure 3.1 The disadvantages of linear peptide. ...................................................72 

Figure 3.2 Different types of cyclopeptide according to the location of cyclic linker.

..............................................................................................................................73 

Figure 3.3 On-resin peptide macrocyclization and in-solution peptide 

macrocyclization. ..................................................................................................74 

Figure 3.4 One-component stapling and two-component stapling. .......................75 

Figure 3.5 One-component stapling that conducted between natural amino acids. 

Disulfide bond formation and lactonization. .........................................................76 

Figure 3.6 One-component stapling via C-H bond activation between tryptophan 

and halogenated tyrosine or phenylalanine. ...........................................................76 

Figure 3.7 One-component stapling via transitional metal catalysis. CuAAC and 

RCM reaction. ......................................................................................................77 

Figure 3.8 One-component stapling via Diels-Alder reaction. ..............................77 

Figure 3.9 Potential side reaction of two-component stapling, di-substituted side 

reaction. ................................................................................................................78 

Figure 3.10 Two-component stapling via formation of thioester. .........................79 

Figure 3.11 Examples of two-component stapling with the introduction of 

functional moieties. ...............................................................................................80 



xvi 
 

Figure 3.12 Two-component stapling between lysine, tyrosine/arginine and 

formaldehyde. .......................................................................................................80 

Figure 3.13 Two-component stapling via lactonization. .......................................81 

Figure 3.14 Two-component stapling via CuAAC. ..............................................82 

Figure 3.15 The design of β-hairpin for mimicking the β-sheet conformation. The 

examples of turn templates were highlight in green. .............................................83 

Figure 3.16 The role of integrin in cell-ECM adhesion. The ECM-embed 

glycoproteins activate the integrin by binding, and active integrins are then able to 

bind with downstream protein in cell. ...................................................................84 

Figure 3.17 The integrins with different α and β subunits and their functions. .....84 

Figure 3.18 The RGD motif plays vital role on the PPI between fibronectin and αvβ3.

..............................................................................................................................85 

Figure 3.19 The examples of αVβ3-targeting cRGD peptides. ...............................86 

Figure 3.20 Synthetic route of cyclo(-RGDfK-) conjugates by SPPS. ..................87 

Figure 3.21 Formation of dipyrrin-based cyclopeptide. Percent conversion was 

determined by HPLC. The meso-position (red part in structure) was introduced by 

different condition: a Orthoester, POCl3, DCM, 12 h; b Acyl chloride, DCM, 12 h; c 

1) aldehyde, BF3·OEt2, DMF, 12 h; 2) DDQ, DCM, 1 h; * Further reactions were 

carried out after formation of dipyrrin to yield corresponding products. ...............89 

Figure 3.22 The synthetic route of dipyrrin cyclopeptide synthesis on GHK peptide.

..............................................................................................................................89 

Figure 3.23 The synthetic route of synthesis of dipyrrin-based bicyclic peptide 

cDP1-Pep12 and cDP1-Pep13-16. .............................................................................91 



xvii 
 

Figure 3.24 The synthetic route of synthesis of dipyrrin-based bicyclic peptide 

bcDP-Pep17. .........................................................................................................91 

Figure 3.25 The synthetic route of synthesis of dipyrrin-bis-peptide conjugate DP18-

bis(Pep18). ............................................................................................................92 

Figure 3.26 The synthetic route of synthesis of liner dipyrrin-GHK peptide 

conjugate DP19-Pep11. ...........................................................................................93 

Figure 3.27 In vitro trypsin resistance assays for cyclic cDP1-Pep13 versus linear 

Pep13 at 37 ℃. ......................................................................................................94 

Figure 3.28 The CD spectrum of 50 µM linear peptides Pep13-16 and dipyrrin 

cyclopeptides cDP1-Pep13-16 in PBS 7.4. ...............................................................95 

Figure 3.29 αvβ3 binding assay of dipyrrin cyclopeptides cDP1-Pep13-16, linear 

peptide Pep14, and the positive control cilengtide..................................................96 

Figure 3.30 The docked structure of cDP1-Pep14 with αvβ3 (PDB: 4MMY) with ΔG 

= −8.8 kcal/mol. The dipyrrin connector are shown in magenta while the peptide is 

shown in green. Fibronectin were overlayed in yellowish white with transparency as 

a comparison. ........................................................................................................97 

Figure 3.31 Boron complexation of cDP1-Pep13 and cDP1-Pep14. ........................98 

Figure 3.32 The normalized excitation and emission spectrum of cBODIPY1-Pep14.

..............................................................................................................................98 

Figure 3.33 Confocal imaging of cBODIPY1-Pep14 (green) and fluorescent αvβ3-

specific antibody (red) in T24, MRC5, and HeLa cell lines...................................99 

Figure 3.34 The fluorescent titration of cDP1-Pep11 with zinc(II) ion. ............... 100 



xviii 
 

Figure 3.35 Determination of stoichiometry between cDP1-Pep11 and zinc ion via 

Jobs’ plot. The total concentration of cDP1-Pep11 and ZnCl2 is 1 μM. ................ 100 

Figure 3.36 The fluorescent responses of cDP1-Pep11 toward various metal ions.

............................................................................................................................ 101 

Figure 3.37 The zinc fluorescent titration for cDP2-Pep11, cDP4-Pep11, cDP1-Pep12, 

DP18-Pep18. ......................................................................................................... 102 

Figure 3.38 MTT assay of cDP1-Pep11 toward (A) HeLa and (B) MRC5 cell lines.

............................................................................................................................ 103 

Figure 3.39 The changes in NMR spectrum of cDP1-Pep11 upon the addition of 

Zn(OAc)2. ........................................................................................................... 104 

Figure 3.40 Confocal imaging of cDP1-Pep11 in HeLa and MRC5 cell line, as well 

as in HeLa cell line with zinc chelator TPEN. ..................................................... 104 

Figure 4.1 The building blocks for unnatural amino acids used in projects. ....... 115 

Figure 4.2 The crude products of intermediate steps for synthesizing cDP9-Pep11 

were cleaved, precipitated and analyzed by HPLC (gradient A) and ESI-MS. .... 135 

Figure 4.3 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with 

Fmoc-X(Mtt)-OH (X = Lys, Orn, Dap). .............................................................. 136 

Figure 4.4 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with 

Fmoc-X(Mtt)-OH (X = Dab). ............................................................................. 140 

Figure 4.5 The crude products of intermediate steps for synthesizing bcDP-Pep17 

were cleaved, precipitated and analyzed by HPLC (gradient A) and ESI-MS. .... 143 

  



xix 
 

List of Abbreviations and Symbols 

ABDA  9,10-Anthracenediyl-

bis(methylene)dimalonic acid 

ACN  acetonitrile 

Alloc  allyloxycarbonyl 

AY  absolutely Isolated yields 

BARAC  biarylazacyclooctynone 

Boc  tert-butyloxycarbonyl 

BODIPY  boron-dipyrromethene (4,4-difluoro-

4-bora-3a,4a-diaza-s-indacene) 

BSA  Bovine serum albumin 

Cbz  benzyloxycarbonyl 

CD  circular dichroism 

CT  computed tomography 

CTC resin  2-Chlorotrityl chloride resin 

CuAAC  copper-catalyzed azide–alkyne 

cycloadditions 

DBD  DNA binding domain 



xx 
 

DCM  dichloromethane 

DD  dimerization domain 

DDQ  2,3-dichloro-5,6-dicyano-1,4-

benzoquinone 

DIBO  dibenzylcyclooctyne 

DIPEA  N,N-diisopropylethylamine 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

DO3A  1,4,7,10-Tetraazacyclododecane-

1,4,7-triacetic acid 

DOTA  1,4,7,10-Tetraazacyclododecane-

1,4,7,10-tetraacetic acid 

EBNA1  Epstein-Barr nuclear antigen 1 

EBV  Epstein–Barr virus 

EBV-GC  Epstein–Barr virus associated gastric 

carcinoma 

ECM  cell- extracellular matrix 

EDT  1 2-ethanedithiol 



xxi 
 

EGFR  epidermal growth factor receptor 

ESI-MS  electrospray ionization mass 

spectrometry 

FDMPA  5-formyl-2,4-dimethyl-3-

pyrrolecarboxylic acid 

Fmoc  fluorenylmethyloxycarbonyl 

GnRH  gonadotropin-releasing hormone 

HATU  
1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 

3-oxide hexafluorophosphate 

hDM2  human double minute 2 

HEPES  4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

HER2  human epidermal growth factor 

receptor 2 

HF  hydrogen fluoride 

HIF-1A  hypoxia-inducible factor 1-alpha 

HPLC  high-performance liquid 

chromatography 

HRMS  high-resolution mass spectra 

HTS  high-throughput screening 



xxii 
 

ISC  intersystem crossing 

IUPAC  international union of pure and 

applied chemistry 

LMP  latent membrane protein 

MALDI-TOF MS  
matrix assisted laser desorption 

ionization-time of flight mass 

spectrometry 

MCRs  multicomponent reactions 

MD simulation  molecular dynamics simulation 

MOE  metal-organic framework 

MRI  magnetic resonance imaging 

Mtt  4-methyltrityl 

NHS  N-hydroxysuccinimide 

NIR  near-infrared 

NMR  nuclear magnetic resonance 

NPC  nasopharyngeal carcinoma 

OI  optical imaging 



xxiii 
 

oriP  origin of replication 

PBS  Phosphate-buffered saline 

PDB  protein data bank 

PDT  photodynamic therapy 

PET  positron emission tomography 

PPI  protein–protein interaction 

PyBOP  
benzotriazol-1-

yloxytripyrrolidinophosphonium 

hexafluorophosphate 

RB  rose Bengal 

RCM  ring-closing metathesis 

RGD  arginylglycylaspartic acid 

ROS  reactive oxygen species 

RY  relative yields 

SOCT-ISC  spin–orbit charge transfer intersystem 

crossing 

SPAAC  Strain-promoted alkyne-azide 

cycloadditions 



xxiv 
 

SPECT  single-photon emission computed 

tomography 

SPPS  solid-phase peptide synthesis 

STAT3  signal transducer and activator of 

transcription 3 

SWCNT  single-walled carbon nanotube 

tBu  tert-butyl 

TFA  trifluoroacetic acid 

TIPS  Triisopropyl silane 

UV  ultraviolet 

αvβ3  integrin alpha-v beta-3 

ε (photophysical 

property) 
 absorption coefficient 

λ (photophysical 

property) 
 wavelength 

τ (photophysical 

property) 
 lifetime 

Φ (photophysical 

property) 
 quantum yield 



1 
 

 

Chapter One. Introduction  
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1.1 Peptides and their application 

1.1.1 Amino acids 

 

Figure 1.1 The structure, name, abbreviation (3-letter and 1-letter) of 20 standard proteinogenic 

amino acids. The backbones of amine acids are in blue, while their side chains are in black. 

 

Amino acids are building blocks for peptides and proteins. In organisms, 22 

proteinogenic amino acids (or call genetically encoded amino acids) are found to be 

encompassed into peptides and proteins by translation, a process in 

which ribosomes synthesize peptides/proteins after the process 

of transcription of DNA to RNA. 20 of 22 proteinogenic amino acids are in the 

standard genetic code, while the other two (Selenocysteine and Pyrrolysine) have to 

be incorporated by unusual translation mechanisms.1 Therefore, the proteinogenic 

amino acids discussed here usually refer to only 20 standard one (Figure 1.1). All 

proteinogenic amino acids are α-amino acid that have an α-NH2 and an α-COOH on 
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a same carbon atom (α-C). Other than non-chiral glycine that have no side chain on 

α-C, other proteinogenic amino acids are L-configuration in most cases. 

 

 

Figure 1.2 Examples of non-proteinogenic amino acids. 

 

Besides the 20 standard proteinogenic amino acids that take part in translation, 

various non-proteinogenic amino acids are also used both by organisms and for 

artificial synthesis. The examples of non-proteinogenic amino acids are listed in 

Figure 1.2. For instance, although citrulline (Cit) and ornithine (Orn) are not 

involved in translation, they serve as crucial intermediates of urea cycle which 

converts highly toxic ammonia to urea for excretion in organisms. D-amino acid 

were also found for constructing protein in some organisms although they are rare 

in nature.2–4 In recent decade, given the increasing demand of peptide derivatives, 

artificial amino acids were also designed for different purposes. For example, the 

alkyne-containing amino acid propargylglycine (Pra), or azide-containing amino 

acid (Dab(N3)) can be introduced into peptides to give an anchor for site-specific 

conjugations5 with an azide/alkyne-containing functional fragment by copper-

catalyzed azide–alkyne cycloadditions (CuAAC);6–9 As the shorter analogues of 

lysine (Lys) and ornithine (Orn), 2,4-diaminobutyric acid (Dab) and 2,3-

diaminopropionic acid  (Dap) are also used for constructing some peptide based 
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drugs.10–16 Incorporating unnatural amino acids, which were designed as bioisosteres 

of natural counterpart, can improve the metabiotic stability of peptide-based drug. 

For example, Cetrorelix, a FDA approved GnRH antagonist for treating prostate 

cancer, endometriosis and uterine fibroids, show highly stability in vivo as the 

natural amino acid in the peptide structure of its lead compound were replaced by 

unnatural amino acids, such as 3-(2-Naphthyl)-L-alanine (2-Nal), 3-(3-Pyridyl)-L-

alanine (3-Pal) and Fenclonine (4-Cpa).17 Beside α-amino acids, there are also β-, γ-, 

δ- amino acid when their backboned -NH2 and -COOH are not linked on same carbon 

atom. Some artificial amino acid like like 6-Aminohexanoic acid (Ahx), H2N-

(PEG)n-COOH, were commercially available and be used as linkers (or spacers) for 

adjusting the distance of different moieties of peptide conjugates. 

 

1.1.2 Peptide 

 

Figure 1.3 The example for the writing of peptide sequence. 

 

Peptides is a class of biomolecules that usually consist of 2-50 amino acid monomers 

which are linked together by peptide bonds. When the number of amino acid 

monomers (or called residues) approaches 50, such biopolymers can be regarded as 
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proteins. As mentioned in Section 1.1.1, only 22 proteinogenic amino acids were 

found to construct peptides and proteins in organisms while 2 of them are non-

standard proteinogenic ones that are rare involved. Therefore, natural peptides (and 

protein) are α-peptide as all proteinogenic amino acids are α-amino acids.  

The primary structure of peptides is the linear sequence of amino acids which are 

written from N-terminal to C-terminal by either 1-letter or 3-letter abbreviation of 

them. Although IUPAC give the suggested rule for peptide nomenclature18, different 

ways of writing still used in literatures as complicated modifications for peptides 

were involved. The Figure 1.3 presented the different way of writing for tripeptide 

Arg-Gly-Asp (RGD) and its derivative. For the peptides with unprotected -NH2 and 

-COOH on their terminals, their terminals can be ignored in sequence writing. For 

the peptides with modified terminals, such an amidated C-terminal, the terminal 

should be written for specifying by either abbreviated (e.g., -NH2 for amidated C-

terminal) or full (e.g., -CONH2 for amidated C-terminal) way. In this thesis, the 

terminals were written in full way. 

 

 

Figure 1.4 The different secondary structure of peptide. a) α-helix; b, c) parallel/antiparallel β-

sheet. 
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Similar with proteins, peptides can be folded into complicated secondary structures 

which is crucial for their stability and bioactivity. The most common secondary 

structure is α-helix and β-sheet (Figure 1.4). Here, we only discussed the peptides 

with only L-α-amino acid into for their secondary structure. The α-helix is a right 

hand-helix conformation that is stabilized by hydrogen bond between backbone N-

H group of i-th residues and backbone C=O (i+4)th residues (i+4 → i hydrogen 

bonding). The α-helix is also called 3.613-helix as there are 3.6 residues per turn, and 

13 atoms with 13 atoms being involved in the ring formed by the hydrogen bond. 

Similarly, the 310-helix and π-helix are also found which stabilized by i+3 → i and 

i+5 → i hydrogen bonding, respectively. Different amino acids have different 

propensities to form α-helical structure. Ala, Met, Leu, Gln, and Lys have the best 

helix-forming propensities, while Pro and Gly have the poorest helix-forming 

propensities. The β-sheet consist of more than one lateral β-strands that is a peptide 

chain usually with 3 to 10 amino acids long with backbone in an extended 

conformation. The β-sheet can be parallel or antiparallel when the orientation of two 

adjective β-strands is same or opposite. The β-sheet is stabilized by the at least three 

hydrogen bonds between adjective β-strands backbone. Aromatic amino acids, like 

Tyr, Phe, Trp, and β-branched amino acids, like Thr, Val, Ile, are frequently found 

in β-sheet. 

 

 

Figure 1.5 The dihedral angle ϕ, ψ and ω in peptide backbone. 

 

The secondary structure of peptides or proteins can be described by a series of 

dihedral angles throughout their backbone. There are three dihedral angles in the 
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backbone of peptides, ϕ, ψ and ω (Figure 1.5). ω is the dihedral angle of peptide 

bond between two amino acids, Cα(i)-CO(i)-NH(i+1)-Cα(i+1). Because the peptide 

bond is relatively rigid, the ω is usually close to 180º when it is a trans configuration 

(~ 99.9 %) or close to 0 when it is a cis configuration (~ 0.1 %). ϕ and ψ, representing 

the dihedral angles CO(i)-NH(i+1)-Cα(i+1)-CO(i+1) and NH(i)-Cα(i)-CO(i)-

NH(i+1) respectively, are commonly used for analyzing the secondary structure of 

peptides or proteins, which can be visualized by Ramachandran plot (Figure 1.6). 

For example, ϕ and ψ of α-helix are around -60° and -45°, while they are around -

120°, 115° for β-strands.  

 

 

Figure 1.6 The Ramachandran plot for describing the secondary structure of peptides and proteins. 

 

1.1.3 Biological application of peptide 

Peptides were use as drugs for over a century since the discovery of insulin. So far, 

more than 80 peptide-based drugs/diagnostic agents have been approved for various 

diseases, including diabetes, osteoporosis, cancer, multiple sclerosis, infection and 

chronic pain. Moreover, there are over 150 peptides in clinical development and 
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another 400-600 peptides undergoing preclinical studies.19 Early peptide-based 

drugs mainly focused on human hormones, such as insulin and oxytocin, which are 

extracted from their natural source. As the development of recombinant technology 

and peptide synthesis, peptides became more available and were applied for various 

therapeutic/diagnostic purpose. 

Nowadays, researchers pay more and more attention to target the protein–protein 

interactions (PPIs). PPIs, with highly specific physical interactions (including 

electrostatic forces, hydrogen bonding and the hydrophobic interaction) between two 

or more protein molecules, play pivotal roles in almost all intracellular and 

extracellular biological processes. PPIs can also be defined as the interactome 

between proteins, where interactome includes all physical interactions between 

biomolecules in organism. Unlike the traditional drug targets, which are usually 

based on protein-ligand interactions and have deep and narrow binding pocket for 

drug design, the interaction surface of PPIs is usually large and swallow. As a result, 

PPIs was thought “undruggable” for a long time since it is difficult to find a small 

molecule that can satisfy such a large and swallow interaction surface. Although 

antibodies have been used for targeting PPIs for a long time, they are only available 

for targeting the membrane protein as their cell permeability was limited by their 

huge molecular weight. The molecular weight of peptide is far less than antibodies, 

thus peptide have higher cell permeability and lower cost. Therefore, peptides are 

promising drug candidates to disrupt PPIs, or serve as the lead compounds for the 

discovering of other PPIs modulators. 
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Figure 1.7 The critical peptide sequence near interface of PPIs may be identified as modulators. 

 

There are various approaches for discovering peptides as PPIs modulators. The high-

throughput screening (HTS) based on phage display20 are commonly used.21 For 

example, the interaction between p300 and HIF-1A was characterized by a random-

sequence peptide display library, and several identified peptides showed inhibitory 

effect toward the interaction between them with an IC50 < 5 µM.22 Although HTS 

is a powerful tool for identifying peptides as PPIs modulators, it is costly and time-

consuming. Along with the development of structural biology, researchers gained 

better understanding with PPIs through X-ray crystal structures. Under the aid of 

computational methods, rational design of peptide-based PPIs modulator without 

conducting large screens is now possible. The most straightforward rational design 

approach is to identify the short linear peptide sequences from the interface of PPIs 

(Figure 1.7).23 The “hotspots” of PPIs can be identified by some computational 

technique, like MD simulation.24 Two examples for discovery of short peptide-based 

PPIs modulators from PPIs interface, include EBNA1 (Epstein-Barr nuclear antigen 

1) and integrin alpha-V beta-3 (αvβ3), will be discussed in Chapter Two and Chapter 

Three, respectively. 
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1.2 Solid-phase peptide synthesis 

The production of peptides and peptide derivatives became crucial tasks as the large 

demand of peptide derivatives in different fields of researches and applications. The 

limitation of peptide expression in organisms25, which is difficult to incorporate the 

D-amino acids, unnatural amino acids or non-amino acid components, can be 

overcome by chemical synthesis. Although solution-phase synthesis is still useful 

for large-scale production of peptides in industry, solid-phase peptide synthesis 

(SPPS) became most established protocol for synthesizing peptides in the laboratory 

in recent decades. In SPPS, orthogonal protected amino acid building blocks was 

coupled onto insoluble solid support (such as resin) sequentially and successively, 

and the protecting group on the elongating direction (N-terminal in most cases) can 

be removed selectively, and another amino acid building blocks can be further 

attached. The peptide chain can be assembled quickly by repeating the above 

procedure. No complicated purification is required until the global cleavage (or 

global deprotection) that releases the peptide chain from solid support, and usually 

remove all side chain protecting group at same time. 

 

 

Figure 1.8 Workflow of Fmoc SPPS. 
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According to the protecting group on the elongating direction, two SPPS strategy 

have been developed: Boc SPPS (or Boc/Cbz SPPS) and c SPPS (Fmoc/tBu SPPS).26 

As older method, Boc/Cbz SPPS usually conducted by the amino acid building 

blocks that with tert-butyloxycarbonyl (Boc) protected elongation direction (N-

terminal in most cases) and benzyl (or benzyl-based protection group) protected 

branching reactive functional groups (side chain functional groups in most cases). 

The Boc protecting group usually removed by high percentage of TFA during SPPS, 

while the global cleavage required even stronger acidic condition, like hydrogen 

fluoride (HF), to remove the benzyl-based protecting groups at the same time as 

cleaving the peptide from its solid support. Most common used method, Fmoc/tBu 

SPPS (Figure 1.8) conducted by the amino acid building blocks that with 

fluorenylmethyloxycarbonyl (Fmoc) protected elongation direction (N-terminal in 

most cases) and tert-butyl (tBu) (or other “acid-removable” protecting groups) 

protected branching function groups (side chain functional groups in most cases). 

The Fmoc protecting group usually removed by organic base (such as 20% 

piperidine in DMF), while the global cleavage is usually conducted under high 

percentage of TFA. Although Fmoc SPPS became dominated protocol in laboratory, 

Boc SPPS is still useful today due to its lower aggregation during synthesis27, higher 

compatibility for base-sensitive moieties and higher atom economy. We will discuss 

only Fmoc SPPS in following paragraph. Before a Fmoc SPPS is started, the choose 

of amino acid building blocks, solid supports and the condition of global cleavage 

should be considered together according the structure of desired product.  
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Figure 1.9 Structure and abbreviation of amino acid building blocks used in Fmoc SPPS, the 

protecting group on N-terminal and side chain are highlighted in blue and red, respectively. 

 

The diverse building blocks for Fmoc SPPS are commercially available and 

affordable (Figure 1.9). The building blocks are usually abbreviated as “A-X(B)-Y” 

in literatures or in website of chemical suppliers, where A is the protecting group on 

N-terminal of amino acid (thus, A is Fmoc in most cases as N-terminal is elongating 

direction in most case), X is the abbreviation (usually use 3-letter abbreviation) of 

amino acid itself, B is the protecting group on side chain, and Y is the form of C-

terminal that is “OH” in most case as α-COOH is unmodified in most commercially 

available building blocks. There may be various building blocks for the same amino 

acid for satisfying the application of orthogonal protecting group strategy, especially 

for the amino acids with reactive side chains, such as lysine, aspartic/glutamic acid 

and cysteine. For example, for lysine, Fmoc-Lys(Boc)-OH was used to construct 

peptide if no modification is require for its side chain. Fmoc-Lys(Mtt)-OH and 

Fmoc-Lys(Alloc)-OH were also used when side chain modification is required as 

Mtt and Alloc can be removed selectively by 1 % (v/v) TFA and palladium catalysis, 

respectively. Similarly, for aspartic/glutamic acid, although tert-butyl is used as 

protecting group on the side chain -COOH in most cases, allyl (can be removed 

selectively by palladium catalysis) was used when an unprotected -COOH on resin 
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is required for further modification. These orthogonal protection strategies are 

crucial for peptide diversification, as well as macrocyclization. 

 

 

Figure 1.10 Examples of solid support for SPPS. 

 

There are also various solid supports can be chosen for Fmoc SPPS (Figure 10). 

Three factors should be considered for choosing a suitable solid support: 1. The form 

of C-terminal (carbolic acid, amide, alcohol, etc.); 2. The reacting condition for 

global cleavage; 3. The orthogonal protection strategies involved during SPPS. For 

the form of C-terminal, the two of most commonly used solid support, Rink amide 

resin and Wang resin, lead to amide and carbolic acid on C-terminal, respectively. 

Both Rink amide resin and Wang resin usually required a high percentage of TFA 

(~ 90 %, v/v) during global cleavage. Therefore, when the acid-sensitive moiety is 

involved during SPPS, the solid supports that can release the peptide under milder 

condition should be used, for example, the peptide chain can be released from CTC 

(2-Chlorotrityl chloride) resin by treating with only 0.5-1 % (v/v) of TFA. However, 

the amino acid building blocks have to change as well if the condition of global 

cleavage is changed. For example, the side chain protecting group of Fmoc-

Lys(Boc)-OH cannot be removed under 0.5-1 % (v/v) of TFA, thus Fmoc-Lys(Mtt)-

OH is more suitable if side chain protecting group have to be removed at the same 

time during global cleavage.  



14 
 

The peptide derivatives are eventually obtained after global cleavage (or call global 

deprotection), which releases the peptide from the solid support, and usually 

removes all protecting groups on the side chain of amino acids. As mentioned above, 

for two of most commonly used solid supports, Rink amide resin and Wang resin, 

global cleavage usually carried out in cleavage cocktail with a high percentage of 

trifluoracetic acid and necessary scavenger/reductant. The detailed formula of 

cocktail and reaction time depend on the solid support, the composition of amino 

acids and their side chain protection groups.28 In most typical scenario, the solid 

support is Rink amide resin or Wang resin, and the side chain protecting groups can 

be removed under highly acidic conditions. For example, the side chain amime group 

is (Lys, Orn, etc.) usually protected by Boc, and side chain hydroxy group is 

(serine/tyrosine) usually protected by tBu. The solid supports and amino acid 

building blocks under this system are the cheapest. Moreover, such a relatively stable 

protection strategy is compatible with many other reactions other than Fmoc 

deprotection and peptide bond formation (coupling), which is also crucial for 

combining other type of reaction into the SPPS. 

Although SPPS is usually conducted by repeating the amidation and Fmoc 

deprotection, other type of reaction may also be combined during the procedure of 

SPPS. Compare with solution phase organic reaction, solid phase synthesis needs 

far less workload for purification as the most excess reagents/reactants and 

uncoupled side products can be removed by simple washing. For example, as Figure 

1.11 shown, the traditional synthetic route for DOTA-peptide conjugates, which are 

commonly used as the ligands for targeting PET/MRI/radiotherapy, usually require 

the one -COOH containing building block DOTA-tris(tert-butyl ester) that can be 

synthesized from tert-butyl-DO3A by two-steps reaction and purification. To ease 

the workload, some previous studies attached bromoacetic bromide on the amine on 
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resin-bound peptide directly, follow by conducting SN2 reaction with tert-butyl-

DO3A directly. The improved synthetic method has one step less compared with the 

traditional synthetic route; more importantly, no chromatographic purification is 

involved. Some previous even developed a “total-solid” approach that use simplest 

building blocks to construct the DOTA moiety directly. So far, different types of 

organic reactions have been tried during SPPS, for example, CuAAC,7 nucleophilic 

substitution,29,30 transition metal catalysis,31 etc. 

 

 

Figure 1.11 The synthetic routes for DOTA-peptide conjugates. 
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As SPPS is conducted in highly repeated way, automation is more likely to realize 

compare with routine organic reaction.32 The automated peptide synthesizers were 

developed by different company in recent decades. Combining with microwave-

assisted technique, peptide synthesis can be conducted more quickly. The coupling 

of each amino acid takes only few minutes under microwave-assisted condition, 

while it take hours by manually SPPS. Moreover, the synthesis of long peptide 

(number of amino acid is over 50) can be realize by microwave-assisted automatic 

synthesizer, while it is extremely difficult by manual SPPS.33 Some automatic 

synthesizers even combine with continuous-flow technique, which make the 

procedure of SPPS become monitorable and more economical.34 

  



17 
 

1.3 Fluorescent peptides as bioprobes 

Over decades, as non-invasive methods to allow the real-time monitoring and 

visualization of biological processes, medical imaging technologies have attracted 

growing attention and are crucial for some clinic application, like early disease 

diagnosis or directing surgery.35 Different imaging techniques, such as computed 

tomography (CT), magnetic resonance imaging (MRI), positron emission 

tomography (PET) and optical imaging (OI), are commonly used in both biological 

research and clinical practice. 

 

 

Figure 1.12 Jablonski diagram for the fluorescence. 

 

Fluorescent imaging is one of the most useful optical imaging techniques that is 

based on fluorescence. As the Jablonski diagram (Figure 1.12) shown, when a 

ground state (S0) molecule absorbs energy from light, the energy of this molecule is 

raised to a higher excited state (S1). Then, the emission of fluorescence can be 

generated when this excited state (S1) molecule returns to ground state (S0). In most 
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cases, the emitted light has lower energy, which mean longer wavelength, than the 

absorbed light. Figure 1.13 showed some examples of organic fluorescent molecules 

(fluorophores) with different color of fluorescence, such as Pacific blue, Fluorescein, 

Rhodamine B, BODIPY (will be discussed in detail in Section 1.4) and Indocyanine 

green. 

 

 

Figure 1.13 Examples of organic fluorescent molecules. 

 

The fluorescent probes, which usually combine recognition moieties (can be 

selectively targets a disease biomarker) with fluorophores (providing a signal for the 

location of molecules in organism), are powerful and necessary tools for fluorescent 

imaging. As the essential roles of peptides as mentioned in Section 1.1.3, they are 

regarded as a class of useful recognition moieties. Therefore, fluorescent dye-peptide 

conjugates (or fluorescent-labelled peptides, or just abbreviated as fluorescent 

peptides) are able to bind selectively at the pathological site to reveal its location. 

As an increasing number of novel peptide-based targeting molecule for cancer, 

bacterial infections and the other pathological targets, fluorescent peptides have 

begun to be widely employed for disease imaging in clinic. On one hand, compared 

with fluorescent-labelled antibody, fluorescent peptides have many advantages, like 

rapid distribution, cell permeable, less immunogenicity, affordable/accurate 
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labelling. On the other hand, compared with small molecule based fluorescent probe, 

fluorescent peptide can be designed without/less the risk of off-target effect. 

Different methodologies are used for synthesizing fluorescent dye-peptide 

conjugates. The fluorescent dyes that contain -COOH can be used as building blocks 

directly on the procedure of SPPS, which can be introduced fluorescent dyes on the 

N-terminal in the last step of SPPS, as well as some the side chain of an amine 

containing by orthogonal protecting group strategies. However, as high percentage 

of TFA is required during global cleavage for the typical SPPS procedure discussed 

in Section 1.2, some fluorescent dye may not be stable under such a highly acidic 

condition. Therefore, site-specific solution-phase conjugations, like maleimide–thiol 

reaction or CuAAC or Strain-promoted alkyne-azide cycloadditions (SPAAC), are 

also frequently used for conjugating fluorescent dye with peptide. For maleimide–

thiol reaction, the maleimide-containing fluorescent dyes are usually reacted with a 

peptide with a Cys in its sequence. For CuAAC, artificial amino acids that contain 

alkyne/azide have to be coupled into the sequence, then reacts with an azide/alkyne-

containing fluorescent dyes. For SPAAC, azide-containing amino acids usually 

deployed into the peptide, then reacts with fluorescent dyes with strained alkyne 

moiety, such as dibenzylcyclooctyne (DIBO) and biarylazacyclooctynone 

(BARAC), in solution phase or even in live organism without the catalysis of copper.   
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1.4 Dipyrrin and BODIPY 

 
Figure 1.14 The structure, numbering system and relationship of dipyrromethane, dipyrrin and 

BODIPY. 

 

Dipyrrin (2,2’-dipyrrolemethene) derivatives are formally composed of a pyrrole 

ring and an azafulvene attached to each other through their 2-positions, it can also 

be regarded as a dipyrromethane with one more degree of unsaturation. This added 

degree of unsaturation allows for delocalization of the electron density across the 

dipyrrin. As a result, the structural data shows that the two pyrrolyl units are 

equivalent when they are identically substituted.36 The BODIPY (4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene or boron dipyrrin) derivatives are the boron complexes 

of corresponding dipyrrin ligand which usually have strongly UV absorbance and 

relatively sharp fluorescence with small Stokes shift and high quantum yields, while 

corresponding dipyrrin ligand is non-fluorescent. The dramatic difference of 

fluorescence between dipyrrins and BODIPYs can be explained by computational 

study.37 Although dipyrrins have no evident fluorescence, they can serve as ligands 

for some luminescent metal complexes (dipyrrin-metal complexes or dipyrrinato 

metal complexes). 

The IUPAC numbering system (Figure 1.14) for dipyrrin/dipyrromethanes and 

BODIPYs are different as BODIPYs are regards as indacene derivatives.38 However, 

the terms α-, β- and meso- position are used in the same way for both two systems. 
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Figure 1.15 The synthetic methods of dipyrrin. 

 

Dipyrrins can be synthesized by (Figure 1.15): Method A: oxidation of 

dipyrromethane, the intermediate generated by condensation between two pyrroles 

with a aldehyde under the catalysis of Lewis acid; Method B: condensation with 

pyrrole and acyl halide or orthoester under the catalysis of POCl3; Method C: 

condensation between a pyrrole and a α-formyl/ α-keto pyrrole under the catalysis 

of POCl3, which lead to asymmetric dipyrrin.39 The newly-formed dipyrrins can be 

converted into corresponding BODIPYs in one-pot by treating with excess base and 

BF3·OEt2. In fact, most of literatures about synthesis of BODIPYs were obtained 

BODIPYs directly without the purification of their dipyrrin intermediates. 

Interestingly, although dipyrrins are intermediates for corresponding BODIPYs 

during synthesis, some literature obtained the dipyrrins by treating BODIPYs with 

acid. That may be because the lower polarity of BODIPYs make them be easier to 

purify by column chromatography, also result from stability concern in some cases. 
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The stability and optical property of dipyrrins and BODIPYs are affected by its 

substituents. The totally unsubstituted dipyrrin was reported to be unstable in 

solution even at - 40 ℃ as the unsubstituted ring positions are vulnerable by 

electrophilic and nucleophilic attack.40 As a result, unsubstituted BODIPY was not 

obtained from its dipyrrin counterpart under the usual reacting condition, until Peña-

Cabrera et al. synthesized it by the deprotection of a meso-methylthio substituted 

BODIPY.41 Lately, Thompson also converted totally unsubstituted dipyrrin into its 

BODIPY counterpart at – 40 ℃.42  

 

 

Figure 1.16 The post-functionalization of the BODIPY core. 

 

The substituents of dipyrrins and BODIPYs can be diversified by either using 

substituted building blocks or further modification from simple dipyrrins and 

BODIPYs (Figure 1.16).43,44 As BODIPYs attracted far more attention than their 

corresponding dipyrrins, the reactions for introducing substituents in this paragraph 

will focus on BODIPY only, some reaction may also work for dipyrrins or 
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dipyrrinato metal complexes. The substituents on meso position are usually 

determined by its building blocks, while some of meso substituents can be 

introduced by further reaction. For example, meso-alkylthio can be: 1. arylated or 

alkenylated by transition metal catalysis under mild condition; 2. nucleophilic 

substitution by amine or alcohol to give N/O-substituted BODIPY. Similarly, meso-

halogenated BODIPYs also showed great potential to diversify. Different functional 

groups such as halogens, formyl, cyano, nitro or sulfonyl, can be introduced on 2,6-

position by electrophilic substitution reactions. 3,5-position can be modified by 

electrophilic substitution as well. Notably, for the 3,5-dimethyl substituted BODIPY, 

Knoevenagel reaction can be used to give vinylated BODIPYs.45 

 

 

Figure 1.17 The structure-property relationship of BODIPYs. 

 

The property of BODIPYs is influenced by their substituent, which was summarized 

on Figure 1.17. The alkylation or arylation on meso position showed less influence 

to the absorption and emission wavelength of the BODIPYs, while the 

absorption/emission showed blue-shift when the nitrogen or oxygen atom link with 

meso position directly.46 Although arylation showed less influence to the absorption 

and emission wavelength of the BODIPYs, the dye become more sensitive in 

intensity to the polarity, especially when a large aromatic ring, like pyrene, is 
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introduced. Some large aromatic ring also enhances the intersystem crossing (ISC), 

which make BODIPYs become photosensitizers (Section 2.1.3). The functional 

groups such as halogens, formyl, cyano, nitro or sulfonyl on 2,6-position usually 

have no significant influence to the absorption/emission wavelength, but lead to 

changes of solubility, quantum yield and singlet oxygen quantum yield. The 

conjugated system on α- and β- position, have great influence to the 

absorption/emission wavelength of BODIOYs. For example, the 3,5-vinyl 

BODIPYs mentioned in last paragraph showed red-shift in the absorption/emission 

wavelength. Large conjugated system on α- and β- position even can turn the 

absorption/emission wavelength into the near-infrared (NIR) region.47,48 

Interestingly, BODIPYs can be radiolabeled by 18F or 125I and showed potential 

application for radiodiagnosis and radiotherapy. Fluorine-18 (t1/2 = 109.8 min, β+) is 

regarded as an ideal radioactive isotope for positron emission tomography (PET)49 

imaging due to its suitable half-life to deliver 18F-labelled products to the desired 

locations and to it can be labelled by diverse chemical reaction.50 Two fluorine atoms 

connected to boron can be used for 18F-labelling by exchanging with 18F salts.51 

Radioiodine can be applied to biological assay (125I, t1/2 = 59.4 d, auger e-), diagnostic 

imaging including PET (124I, t1/2 = 4.18 d, β+) and single-photon emission computed 

tomography (SPECT) (123I, t1/2 = 13.2 h, γ), and clinical radiotherapy (131I, t1/2 = 8.02 

d, β-) and is thus a useful radionuclide for radiolabeling of BODIPY by halogenation 

mentioned above.52 



25 
 

 

Figure 1.18 The examples of dipyrrin metal (zinc/cobalt) complexes. 

 

Although dipyrrins and dipyrrinato metal complexes (Figure 1.18) were 

overshadowed by BODIPYs, they still attracted lots of research efforts for different 

applications. Lots of luminescent metal complexes were reported53.  Although 

dipyrrins have no fluorescence, some dipyrrinato metal complexes are highly 

luminescent, which also make dipyrrin became sensor for metal ions54–59. Especially 

for zinc (II) ion that can be bind with dipyrrin quickly at room temperature.56,60 

Moreover, dipyrrin also have been used for catalysis61 and building block for metal-

organic framework (MOE)62,63. 
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1.5 Objectives of this thesis 

As mentioned in Section 1.2, SPPS is an effective way to synthesize peptides and 

their derivatives which are important bioactive molecules (Section 1.1). Although 

SPPS are usually conducted by repeating Fmoc deprotection and peptide bond 

formation, other type of reaction may also be combined for synthesizing 

functionalized peptide directly. 

Moreover, the structure, function, and the synthetic approach (Figure 1.15) of 

dipyrrins and BODIPYs were described in Section 1.4. The reactions for 

synthesizing dipyrrins and BODIPYs can be performed under mild condition, thus, 

its promising to combine these reactions with SPPS for yielding corresponding 

dipyrrin/BODIPYs-peptide conjugates without intendent preparation of 

dipyrrins/BODIPYs building blocks. 

Therefore, first objective of this thesis is to prove the combability between dipyrrin 

formation and SPPS, which is crucial for the practicability of presented 

methodologies (Section 2.2.2 and Section 2.2.3); Second objective is to prove the 

combability of boron complexation of dipyrrin-peptide conjugates, which is 

necessary step for yielding fluorescent BODIPY-peptide conjugates by presented 

methodologies (Section 2.2.4); Third objective is to prove the presented 

methodologies can be conducted intramolecular to give the dipyrrins/BODIPYs 

bearing cyclopeptide, which can be regard as an effective way of peptide 

macrocyclization and multi-functionalization (Section 3.2.2). Last but not least, the 

application of products from presented methodologies need to be shown, such as the 

EBNA1-targetting fluorescent probe BODIPY1-Pep4 (Section 2.2.5), αvβ3-

targetting fluorescent probe cBODIPY1-Pep14 (Section 3.2.3), and selective zinc 

sensor cDP1-Pep11 (Section 3.2.4). 
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Chapter Two. Solid-phase fluorescent BODIPY–

peptide synthesis via in situ dipyrrin construction 
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2.1 Introduction 

2.1.1 Current synthetic methodology for BODIPY-peptide conjugates 

BODIPYs are acid-sensitive as they tend to be converted into corresponding 

dipyrrins by losing their boron adduct under highly acidic conditions. Therefore, in 

most cases, site-specific solution phase conjugations, such as CuAAC, SPAAC, 

thiol-maleimide reaction and thiol alkylation, were used for synthesizing BODIPY-

peptide conjugates (Figure 2.1 A). For example, Vicente et al. conjugated an alkyne-

bearing BODIPY onto an azide-bearing EGFR-targeting linear/cyclic peptides.1 

More interestingly, Weber et al. conducted 18F-radiolabeling on an azide-containing 

BODIPY, and then conjugated it onto alkyne-containing peptides as bimodal 

fluorescent/PET probes.2 Hashida et al. conjugated a maleimide-containing 

BODIPY onto a SWCNTs-peptide which showed potential applications as drug and 

gene delivery carriers.3 Specially, Ackermann et al. developed a palladium-catalyzed 

a bioorthogonal late-stage Csp3–H activation approach to append BODIPY dyes to 

the alanine and phenylalanine residues within a peptide.4  

For the peptides with only one amine group in their structure, simple amine-based 

coupling reactions were also used. For example, Vicente et al. also synthesized an 

EGFR-targeting BODIPY-peptide conjugate by coupling an isothiocyanate-bearing 

BODIPY with a EGFR-targeting peptide that had only one amine group on its N-

terminal.5 Similarly, Satyanarayanajois et al. conjugated a BODIPY NHS ester onto 

the N-terminus of a HER2 targeting peptide which also have only one amine group 

on its N-terminal.6 Conti et al coupled a -COOH-bearing BODIPY onto the 

unprotected side chain amine group of the Lys (K) of αvβ3-targeting c(RGDyK) 

peptide, which was also used as a positron emission tomography and fluorescence 

dual modality agents for tumor imaging.7 
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Figure 2.1 Various approaches for synthesizing fluorescent BODIPY-peptide conjugates. A) 

Solution phase conjugation of fluorescent BODIPY dyes on post-SPPS peptides requiring 

multistep transformations and purifications. B) Pre-functionalized BODIPY-bearing unnatural 

amino acids were used as building blocks during SPPS. 

 

Although several studies were reported to assemble BODIPY on to solid supports 

during SPPS, they all required special solid supports and/or amino acid building 

blocks with special side chain protecting groups that can be cleaved or deprotected 

without using high percentage of TFA. Chang et al. coupled a prepared -COOH-

containing BODIPY onto CTC-PS resin, then the on-resin vinylation of BODIPY 

was conducted to yield a red-shift emitted BODIPY after cleaved the product from 

CTS-PS resin by a cleavage cocktail with only 0.5 % (v/v) TFA.8 Also, BODIPY-

bearing amino acids were also prepared for introducing BODIPY during SPPS 

(Figure 2.1 B). Vendrell et al. reported a series of “fluorescent building block 

approach” by incorporating BODIPY-containing amino acids, which were 
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synthesized by C-H activation between α-position of indole moiety of Trp and 

halogenated BODIPY, for both linear peptide and cyclopeptide.9–12 Similarly, the 

SPPS for all these studies was conducted on CTC-PS resin that can be cleaved under 

only 0.5-1 % (v/v) TFA, and the protecting groups on the side chains of amino acids 

building blocks have to be removed under the same condition or by catalytic 

hydrogenation.  

 

2.1.2 Epstein–Barr virus (EBV) and Epstein-Barr nuclear antigen 1 (EBNA1) 

 

Figure 2.2 The structure of Epstein-Barr virus. 

 

Epstein–Barr virus (EBV), formally called human gamma herpesvirus IV, was the 

first human tumor virus to be discovered in 1964.13 More than 200,000 cases of 

EBV-related cancer were reported each year, and total 1.8% of all cancer deaths are 

ascribe to EBV-related malignancies.14,15 As a most persistent and common viral 

infection in humans, over 90 % of the world’s population sustaining a life-long EBV 

infection without symptom.16 This persistence is due to unique interaction between 

B cells and EBV, which resides in the memory B cell pool in healthy individuals. 

The role of EBV in the pathogenesis of epithelial tumors, such as nasopharyngeal 

carcinoma (NPC) and EBV-associated gastric carcinoma (EBV‑GC), is usually 
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regarded as the result from the aberrant establishment of latent viral infection in 

epithelial cells with existing premalignant genetic changes.17  

The diameter of EBV virus is range from 122 nm to 180 nm (as Figure 2.2). The 

viral genome, containing a double helix of DNA which processes about 172,000 

base pairs and 85 genes, is surrounded by a protein nucleocapsid.18 The shell of virus 

is consist of a protein tegument, which is further surrounded by an envelope 

containing both lipids and surface projections of glycoproteins that are crucial to 

invade the host cell.19 

Several EBV-specific viral proteins, which include six Epstein-Barr nucleus 

antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNALP) and three 

latent membrane proteins (LMP1, LMP2A, LMP2B), are involved in EBV infection. 

As a member of herpesviruses family, two types of EBV infection, latent and lysis, 

are displayed.20–22 The viral gene reproduce as the reproduction of infected cell in 

latent infection, while the virus replicate themselves follow by killing the host cell 

to release more virus to infect surrounding cells in lysis infection. Four different 

latency programs (0, I, II, III) are adopt for different cell type. The expression of 

viral proteins in different latency programs are outline in Table 2.1. And the latency 

program 0 does not express any viral protein. 

 

Table 2.1 Expression of EBV viral proteins in different latency programs. 

GENE 

EXPRESSED EBNA1 EBNA2  EBNA3A EBNA3B EBNA3C EBNALP LMP1 LMP2A LMP2B 

LATENCY I + – – – – – – – – 

LATENCY II + – – – – + + + + 

LATENCY III + + + + + + + + + 

 

https://en.wikipedia.org/wiki/EBNA-1
https://en.wikipedia.org/wiki/EBNA-2
https://en.wikipedia.org/wiki/EBNA-3
https://en.wikipedia.org/wiki/EBNA-3
https://en.wikipedia.org/wiki/EBNA-3
https://en.wikipedia.org/wiki/LMP-1
https://en.wikipedia.org/wiki/LMP-2
https://en.wikipedia.org/wiki/LMP-2
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Epstein-Barr nuclear antigen 1 (EBNA1) is the most crucial viral protein for EBV 

infection in both latency and lysis stage. As the first discovered EBV viral protein, 

EBNA1 is the only viral protein express in all phases except latency 0. Especially, 

in latency 1 program, EBNA1 is only viral protein to be express, thus latency 1 also 

called EBNA1 only program. EBNA1 dimers, but not EBNA1 monomers, are able 

to bind to origin of replication (oriP) of DNA to promote the DNA replication of 

infected cells. 

 

 

Figure 2.3 Location and function of EBNA1 domains.  

 

EBNA1 consists of several functional domains, as showed in Figure 2.3. Two of the 

most important and most-studied domains are dimerization domain (DD) / DNA 

binding domain (DBD) domain, which are located at the C-terminus within a.a. 452-

607. Among them, a.a. 504-607 are responded for dimerization. DNA binding 

mainly depends on a.a. 452-503, which mainly consists of two α-helix and a loop 

that can embed into minor groove of OriP (Figure 2.4). The structures of DD/DBD 

domain are well defined by x-ray crystallography (PDB code: 5T7X23, 6PW224, 

1B3T25, etc.). Other domain, for example, Gly-Arg domain (a.a. 325-367) is crucial 
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for segregation, replication and transcription by binding with RNA and AT-rich 

DNA. 

 

 

Figure 2.4 EBNA1 DD/DBD domains bind with OriP of DNA. The green and orange represent 

the DD domain of two identical monomers, while pink represents the DBD domain for each. 

 

Various domains are regarded as potential targets for EBV therapy and diagnose. 

For example, BRACO-19, were designed to inhibit the transcription of EBV genes 

by inhibit the Gly-Arg domains.26 The essential role of DD/DBD domains and the  

availability of the crystal structures make DD/DBD domains become the most 

attractive target for EBNA1. Paul et al. proved the “druggability” of DD/DBD 

domain by computation,27 and also discovered a series DBD inhibitors from virtual 

screening28–30. More recently, they obtained the highly potent molecule with first co-

crystal structure between EBNA1 protein and a DBD-targeting small molecule 

inhibitor.31 
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Figure 2.5 The vital short peptide Y561FMVG565 was identified from the PPIs between two 

EBNA1 monomers. 

 

Unlike DBD, the discovery of small molecule drug for DD domain may be more 

difficult as DD domain can be regarded as a PPI between two EBNA1 monomers. 

In 2012, to discover the vital short peptide from the interface between two EBNA1 

monomer, a screening was carried out for the short peptide sequence from EBNA1 

DD/DBD itself.32 Finally, the peptide sequence YFMVF, a.a. 561-565 from EBNA1 

protein, was identified as an efficient sequence to inhibit the dimerization of EBNA1 

(Figure 2.5). Based on that, previous work in our group designed first fluorescent 

probe for EBNA1 by conjugating a fluorescent dye onto N-terminus of YFMVF 

(JLP2, Figure 2.6) by SPPS and realized the selective in vitro imaging for EBV 

positive cell.33 Furthermore, under the aid of computational design, a short nucleus 

permeable peptide (RrRK) in C-terminus and a spacer in N-terminus were 

introduced, and L2P4 (Figure 2.6) was designed as an more potent and selective 

EBNA1 dimerization domain inhibitor/probe in 2017.34 
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Figure 2.6 Reported peptide-based EBNA1 dimerization domain inhibitors/probes. 

 

2.1.3 Photodynamic therapy (PDT) 

 

Figure 2.7 The Jablonski diagram for ROS generation. 

 

Photodynamic therapy (PDT) is an emerging clinical modality for treatment of 

neoplastic and non-malignant lesions. Applications of PDT require a photosensitizer, 
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light, and oxygen.35,36 A series of photochemical reactions generate singlet oxygen 

from the ground state 3O2 that cause cytotoxicity in the regions where these three 

key components come together. PDT is a highly localized because the half-life of 

singlet oxygen is low (6 × 10-7 s).37 In cancer treatment, PDT can destroy the 

vasculature surrounding tumor cells, and activates immunological responses against 

them.38 The main attribute of PDT is its potential for its dual selectivity, the 

photosensitizers with targeting moieties are able to accumulate in pathogenic region 

rather than normal tissues, and the light to trigger the photocytotoxicity can be 

applied on targeted region only.39 PDT is relatively non-invasive, and treatments can 

be repeated without induction of resistance.36 

As the Jablonski diagram (Figure 2.7) shown, a ground state (S0) molecule absorbs 

energy from light, the energy of this molecule is raised to a higher excited state (S1). 

If this excited state (S1) molecule returns to ground state (S0), the fluorescent can be 

emitted. However, excited state (S1) molecule can be further converted into triplet 

excited state (T1) by intersystem crossing (ISC). On one hand, the emission of 

phosphorescence can be generated when this triplet excited state (T1) molecule 

returns to ground state (S0). On the other hand, singlet oxygen can be generated by 

photochemical reactions during this triplet excited state (T1) molecule returns to 

ground state (S0). There are two pathways for photochemical reactions: Type-I 

reaction and Type-II reaction. Type-I reaction generate radical or radical ion by 

electron/hydrogen transfer between triplet excited state (T1) photosensitizer and a 

biomolecule, such as lipids, proteins, and nucleic acids. The generated radical or 

radical ion can be further reacted with oxygen molecule to give reactive oxygen 

species (ROS). Type-II reaction is based on triplet–triplet annihilation that is a direct 

energy transfer between triplet excited state (T1) photosensitizer and oxygen 

molecules, which convert ground state oxygen molecule (3O2) into singlet oxygen 
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(1O2). the ratio of the contribution between these two pathways depends on lots of 

factors, such as the structure of photosensitizer, the concentrations of oxygen and 

biomolecules, and affinity between photosensitizer and oxygen or biomolecules. In 

most cases, Type-II dominate unless the tissue is under hypoxic condition. 

 

 

Figure 2.8 The examples of photosensitizers. 

 

A couple of examples for photosensitizers were listed on Figure 2.8. Porphyrins and 

their derivatives are most typical photosensitizers. Besides, other tetrapyrrole 

photosensitizers, like chlorins, bacteriochlorins and phthalocyanines, are also 

practical photosensitizers that have longer absorption wavelength than porphyrins. 

There are also other types of photosensitizers, like phenothiazinium salt (e.g., 

methylene blue) and halogenated xanthene (e.g., rose Bengal). 

Simple BODIPYs are usually efficiently excited into higher level singlet states (S1), 

then emit fluorescence rather than crossing to triplet state (T1) via ISC. As crossing 

to triplet state is thought to be necessary for PDT, the simple BODIPYs are not good 

PDT agents. Spin-coupling to heavy atoms is the most common strategy to enhance 

the ISC (the “heavy atom effect”), and one of the most frequently approach is 

halogenation. Bromination or iodination on suitable site on the BODIPY core 

promotes spin–orbit coupling, enhance the ISC, but not energy loss from excited 

states. Therefore, halogenated BODIPYs (right top of Figure 2.9) is a promising 

way to enhance the PDT effect of BODIPYs. 
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Figure 2.9 The strategies for enhancing the singlet oxygen quantum yield of BODIPYs. 

 

Although ISC is promoted by introducing heavy atoms, the intrinsic dark toxicity of 

the photosensitizers is usually increased at the same time, which may hinder the 

application for clinical PDT.40,41 Therefore, the discovery of heavy-atom-free 

BODIPYs as photosensitizers is also important. The BODIPY with orthogonal 

donor–acceptor geometry, which have a large aromatic group on the meso position 

of BODIPY core (right bottom of Figure 2.9), would exhibit the spin–orbit charge 

transfer intersystem crossing (SOCT-ISC) which is the key process to generate 

singlet oxygen.42–45 Moreover, orthogonal BODIPY dimers (left side of Figure 2.9) 

were also found to show good singlet quantum yield.46–53 
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2.2 Result and discussion 

2.2.1 General Design 

 

Figure 2.10 On-resin dipyrrin construction follow by post-cleavage boron complexation to give 

the BODIPY-peptide conjugates with a single chromatographic purification step. 

 

As mention in Section 1.4, BODIPYs are bright fluorescent dyes that have been used 

as fluorescent probe in lots of previous researches. Although various synthetic 

approaches are available for synthesizing BODIPY-peptide conjugates as mention 

in Section 2.1.1, the preparation of BODIPY building blocks is a necessary step in 

all previous research. (Figure 2.1). The preparation of functionalized BODIPYs, 

which bearing some reactive functional group for site-specific solution phase 

conjugation, requires multi-step reactions and purifications and is usually costly and 

time-consuming. As the α-position of pyrroles are highly reactive, lots of side 

products, such as inter-pyrroles coupled products, were generated during synthesis 

of dipyrrins and BODIPYs. Also, when the aldehydes used to synthesize BODIPYs, 

the oxidants, like 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), which is 

poorly soluble during work-up and column chromatography, have to be used. When 

the pyrroles with two unsubstituted α-position were used, the large excess pyrroles 

have to be used to avoid the formation of porphyrin. In summary, lots of side 
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products, excess reagents and reactants are involved during the synthesis of dipyrrin 

or BODIPY, which all hinder the purification of products (Figure 2.10). 

Taking the advantages of SPPS (Section 2.1) that can remove all excess reactants 

and reagents and unbound side products by wash simply, we assumed that dipyrrin 

can be constructed on-resin via the method for synthesizing dipyrrin mentioned in 

Section 1.4 in two steps reaction without damaging the assembled peptide chain on-

resin: step one, the condensation of pyrrole building blocks and the resin-bounded 

aldehyde moiety; step two, on-resin oxidations. The post-reaction resin can be 

washed thoroughly before global cleavage; thus, all impurities in solution phase, 

such as excess pyrroles, inter-pyrrole coupled side products, porphyrin-like side 

products and the oxidant can be removed completely. Moreover, the dipyrrin-peptide 

conjugates can be converted into fluorescent BODIPY-peptide conjugates by a post-

cleavage solution-phase reaction. As BF3·OEt2 is used for treating peptide in 

previous study, we assumed that the reacting condition for boron complexation is 

also compatible for peptide. 

 

 
Figure 2.11 The trial of dipyrrin formation on peptide YFMVF (Pep1). 
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Figure 2.12 Directly construction of dipyrrin on resin-bound Pep1. A. The samples of resin-bound 

peptide were taken, cleaved, precipitated and then monitored by HPLC and ESI-MS; From top to 

bottom: unmodified peptide (black), aldehyde-peptide conjugate (blue), dipyrrin-peptide 

conjugate DP1-Pep1 (red); From left to right: HPLC of crude samples, UV-Vis spectrum at peak 

on HPLC, ESI mass of crude samples; B. Comparison of 1H NMR of Pep1 and DP1-Pep1. 

 

As shown in Figure 2.11. The 4-formylbenzoic acid was coupled on N-terminal of 

resin-bound peptide YFMVF (Pep1) at first step. Then, the 2,4-dimethyl-1H-pyrrole 

in solution phase was condensed with the aldehyde group on solid phase under the 

catalysis of Lewis acid BF3·OEt2, the resin was further treated by oxidant DDQ. The 

resin was red after fully washing, which indicate the successful formation of dipyrrin 

moiety on peptide chain. The resin sample of unmodified peptide, aldehyde 

conjugate and dipyrrin conjugate was taken, cleaved, and analyzed by high-

performance liquid chromatography (HPLC) and electrospray ionization mass 

spectrometry (ESI-MS), shown on Figure 2.12 A. HPLC indicated the completely 

conversion of each step, and the increase of retention time for each step of reaction 

according with the introduction the hydrophobic moiety into peptide chain. The UV 

spectrum from HPLC also revealed the formation of dipyrrin moiety as an absorption 

peak in around 500 nm was found from desired product. The structure of dipyrrin-

peptide conjugate (DP1-Pep1) was verified by ESI-MS, as well as nuclear magnetic 
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resonance (NMR) spectrum after purification. Compare the NMR spectrum between 

Pep1 and DP1-Pep1, the formation of dipyrrin, 3 group of newly formed aromatic 

protons (6H, a, b, c on Figure 2.12 B) and two group of methyl protons (12H, d, e 

on Figure 2.12 B) were detected, and the shift of α-H (residue Y nearby N-terminal) 

was observed. 

 

2.2.2 In-situ construction of different dipyrrins on YFMVF peptide 

 

Figure 2.13 In situ construction of dipyrrin derivatives on Pep1. Condition: a) aldehyde-containing 

carboxylic acid, PyBOP, DIPEA, DMF, 3 h. b) pyrrole derivatives, BF3·OEt2, r.t., DMF, overnight; 

c) DDQ, 1 h, DCM; d) TFA/TIPS/H2O, v/v/v, 95/2.5/2.5, r.t., 2 h. a Absolutely isolated yields 

compare with substitution values of resin-bound peptide. b Relative yield compare with isolated 

yields of unmodified peptide. c No reaction. d Desired products were detected by LC-MS, but too 

less to separate. 
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Figure 2.14 The trial of dipyrrin formation on peptide YFMVF (Pep1) that used 5-formyl-2,4-

dimethyl-3-pyrrolecarboxylic acid (FDMPA) as building block. The FDMPA can be regard as an 

aldehyde building block to form DP14 (a tripyrrin example) or an α-formylpyrrole building block 

to form DP15 (an asymmetry example). 

 

Based on the success trial of first example, various simple aldehydes and pyrroles 

(include some indoles) were used as building blocks for constructing the diverse 

dipyrrins on N-terminal of Pep1, shown on Figure 2.13. Two concepts were 

introduced for evaluating the yield of desired dipyrrin-peptide conjugate in this study, 

absolutely Isolated yields (AY) were calculated based on the substitution values of 

resin-bound peptide, while relative yields (RY) were the ratio of isolated yields of 

dipyrrin-peptide conjugate and isolated yields of unmodified peptide. In most cases, 

the dipyrrin-peptide conjugate can be obtained in high yield.  The failure of DP7 and 

DP11 indicate the reaction is sensitive toward steric effect, while the trace amount of 

DP8 and DP17 showed the vinyl-conjugated pyrrole is not suitable for given reaction. 

To form asymmetry dipyrrins during SPPS, -COOH containing α-ketopyrroles/α-

formylpyrroles are required (for the Method C on Figure 1.15). Therefore, 5-formyl-

2,4-dimethyl-3-pyrrolecarboxylic acid (FDMPA) attracted our attention for its 

commercial availability and low cost (< 10 USD/gram). On one hand, FDMPA was 
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able to use as an aldehyde to prepare tripyrrin example DP14 via former condition. 

On the other hand, resin-bound FDMPA-peptide conjugate was treated by POCl3 

with another pyrrole derivatives, unsymmetrical cases DP15 and DP16 were also 

obtained in good yields (Figure 2.14).  

 

2.2.3 In-situ construction of dipyrrin on different peptides 

 

Figure 2.15 On-resin construction of DP1 on different peptides. a Absolute isolated yield compared 

with substitution value of the resin-bound peptide. b Relative yield compared with the isolated 

yield of the unmodified peptide. 

 

The scope of given methodology for peptides with different amino acid 

compositions (Figure 2.15) was then verified. The 1,3,7,9-tetramethyldipyrrin (DP1) 

was constructed on a series of peptides that cover all 20 natural amino acids as well 

as several commonly used unnatural amino acids. All dipyrrin-peptide conjugates 

were obtained with comparable yields compared with the corresponding unmodified 

peptides. The synthesized peptide conjugates are potential for a variety of biological 

studies, such as EBNA1-specific peptides (Pep1–Pep6), STAT3-specific peptides 

(Pep7 and Pep8), as well as some FDA approved peptide-based drugs including 
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cetrorelix (Pep9, a GnRH antagonists for treating endometriosis, prostate cancer, 

uterine fibroids, etc.), angiotensin II (Pep10, used in treatment of septic shock, sepsis, 

diabetes mellitus, acute renal failure, etc.) and prezatide (Pep11, a copper chelator 

with many potential applications, such as wound healing). Besides N-terminal 

conjugation, the dipyrrin moiety can also be constructed on the side chain of the 

lysine of Pep11 by using orthogonal protecting group strategy (the side chain of 

lysine was protected with a removable protecting group Alloc), which shows that 

our procedure is not limited within N-terminal modification. 

 

2.2.4 Conversion of dipyrrin-peptide conjugates into BODIPY counterparts 

 

Figure 2.16 Boron complexation for post-cleavage dipyrrin-peptide conjugates. a Purified dipyrrin 

conjugate was used, isolated yields compare with corresponding dipyrrin conjugate. b Crude 

dipyrrin conjugates were used, isolated yields compare with substitution values of resin-bound 

peptide. c EDT was used as reductant. 

 

Next, we investigated boron complexation of synthesized dipyrrin-peptide 

conjugates, which is a necessary step for convert non-fluorescent dipyrrin–peptide 

conjugates to fluorecent BODIPY–peptide conjugates (Figure 2.16). Traditionally, 
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this complexation step is conducted in solvents with relatively low polarity, such as 

dichloromethane or toluene. However, in most cases, it is difficult for peptides to 

dissolve in these solvents, while polar solvents, like MeOH, DMF, THF, resulted in 

no complexation. Upon systematic solvent screening, acetonitrile (ACN) was found 

as a suitable solvent which displays moderate solubility for peptide conjugates. Both 

the purified dipyrrin–peptide conjugates and the crude product from SPPS were 

converted into the corresponding BODIPY conjugates in ACN within few minutes 

with acceptable yields. Notably, bulky base DIPEA have to be used and the products 

should be separated from the reacting mixture rapidly, in order to avoid racemization. 

The comparison between the 1H-NMR spectra of DP1-Pep1 and BODIPY1-Pep1 are 

shown in Figure 2.18. Interestingly, the BODIPY-peptide conjugates with different 

colour of fluorescence were prepared (Figure 2.17 and Table 2.2), further 

demonstrating the practicability to achieve fast fluorescent labelling of de novo 

peptides with tunable BODIPY dyes for bioimaging and biosensing. As description 

in Section 1.4, the  photophysical properties of BODIPY dyes are largely influenced 

by the extent of electron delocalization around the boron centre (e.g. simple 

BODIPY dyes emitting around 510 nm as green light, like BODIPY1-Pep1) by 

peripherical substitutions on the dipyrrin to (i) extend the p-conjugation system  with 

aromatic/vinyl/ynyl groups (e.g. highly red-shifted BODIPY9-Pep1 to emit 

orange/red light) and (ii) subtly fine-tune it with either electron-donating (e.g. 

aliphatic groups in BODIPY3-Pep1 for slightly shifting to emit yellow light) or 

electron-withdrawing groups (e.g. halogens). 
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Figure 2.17 The fluorescence of 10 μM BODIPY-peptide conjugates in DMSO under 365 nm UV 

light, with their normalized emission spectrum.  

 

 

Table 2.2 Photophysical property of BODIPYn-Pep1 in DMSO. 

 
λ absorption 

(nm) 

ε  

(× 10
4 
M

-1 
cm

-1
) 

λ excitation 

(nm) 

λ emission 

(nm) 
τ (ns) Φ (%) 

a
 

BODIPY1-Pep1 503 5.81 501 515 3.18 50.1 

BODIPY3-Pep1 526 5.10 526 542 5.23 34.0 

BODIPY9-Pep1 560 4.07 557 599 0.991 5.58 
a. the quantum yields are measured by comparative method with reference rhodamine 6G in water (Φ = 

95%). 

 

 

Figure 2.18 The comparison of 1H-NMR between DP1-Pep1 and BODIPY1-Pep1. 
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2.2.5 BODIPY1-Pep4 as EBNA1-targeting fluorescent probe and PDT agent 

 

 

Figure 2.19 Fluorescent titration of BSA and EBNA1 protein toward BODIPY1-Pep4. EBNA1 

showed around 6 times enhancement over titration, while BSA showed only 3 times. Which 

indicated BODIPY1-Pep4 is selective response to EBNA1 protein.  

 

To prove the practical application of the BODIPY–peptide conjugates synthesized 

above, the confocal imaging for BODIPY1-Pep4 (where Pep4 had been designed as 

a nucleus-penetrating EBNA1-specific peptide that was described in Section 2.1.2) 

with both an EBNA1 negative cell line (HeLa) and the EBNA1 positive cell line 

(C666) (Figure 2.20 and Figure 2.21). As our expectation, more signal of BODIPY 

(green) accumulated in the C666 cells’ nucleus where the EBNA1 proteins are 

mainly located, while the uptake of BODIPY into the nucleus of HeLa cells was far 

less. The confocal imaging experiments confirmed selective EBNA1-targeting 

performance of BODIPY1-Pep4 in vitro despite different chromophore were used. 

Besides, BODIPY1-Pep4 showed almost 5-fold binding-responsive fluorescence 

enhancement (Figure 2.19) with EBNA1 protein, while only 2-fold enhancement 

was observed with BSA protein. These results were all accorded with the previous 

work in our group for other fluorescent dyes conjugates of Pep4.33,34,54 

As meso-arylated BODIPY can be regards as photosensitiser that may generate 

singlet oxygen under excitation. ABDA (9,10-Anthracenediyl-
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bis(methylene)dimalonic acid) was used in the measurement of singlet oxygen 

generation.55 The singlet oxygen quantum yield of BODIPY1-Pep4 was calculated 

as 0.34 by using rose Bengal as reference (Figure 2.22 A and B), which indicated 

the BODIPY1-Pep4 is able to generate moderate amount of ROS under excitation. 

And the singlet oxygen can be observed by emission spectrum in NIR region (~ 1260 

nm) (Figure 2.22 C). Therefore, the MTT assay was conduct in dark/light condition. 

The light toxicity is higher than dark toxicity in C666 cell line, which indicated the 

PDT effect of BODIPY1-Pep4 (Figure 2.22 D).  

 

 

 

 

Figure 2.20 The confocal imaging of BODIPY1-Pep4 toward HeLa and C666. The green 

fluorescent signal (from BODIPY) uptake in nucleus (blue) of C666 (EBNA positive cell line) 

while not in nucleus of HeLa (EBNA negative cell line). 
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Figure 2.21 Profiles of the emission intensity of the BODIPY1-Pep4 and nuclear blue were plotted 

along the red arrow A. C666, B. HeLa. The signal of BODIPY1-Pep4 and nuclear blue overlapped 

well in C666 cell line (EBNA positive) but not in HeLa cell line (EBNA negative). 
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Figure 2.22 The singlet oxygen quantum yield measurement. The solution of ABDA (50 µM) 

with rose Bengal (A, 10 µM) or BODIPY1-Pep4 (B, 10 µM) were irradiated, and the absorption 

spectrum was recorded at 0, 1, 3, 5, 7, 9, 11 min. The decreasing rates of absorption intensity of 

ABDA were used for calculation, where the singlet oxygen quantum yield of rose Bengal is 0.75; 

C) Singlet oxygen signal was found on emission spectrum of BODIPY1-Pep4; D) Comparison of 

dark/light cytotoxicity of BODIPY1-Pep4 toward C666 cell line. Light toxicity was significantly 

higher than dark toxicity, which showed the PDT effect. 
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2.3 Conclusion 

An efficient and convenient methodology was developed to give the dipyrrin-

peptides conjugates that can be further derived into highly emissive bioactive 

BODIPY–peptide conjugates for multicolour imaging. Both symmetrical and 

unsymmetrical dipyrrin moieties can be constructed on either the N-terminus or the 

side chain of peptides that comprises all 20 natural and five unnatural amino acids 

with good yield. The workload and cost for yielding dipyrrin/BODIPY-peptide 

conjugates are greatly reduced by using this protocol, which therefore provide a 

promising strategy for the development of high-throughput (HTS) screening 

platforms of peptide-based fluorescent probes. The BODIPY-labelled EBNA1-

targetting peptide (BODIPY1-Pep4) obtained from this methodology exhibited 

excellent in vitro performance as a specific fluorescent probe and PDT agent for 

EBV infection. This work provides a new pragmatic alternative SPPS methodology 

for fluorescent peptide production that can leverage and impact multifaceted 

biomedical applications.  

Although the application of dipyrrin-peptide conjugates was not investigated in this 

chapter, they may be used as promising building block for the creation of novel 

metal-peptide nano-frameworks. Also, as the given reaction was conducted 

successfully in the surface of resin during the procedure of SPPS, it may also be 

applied for surface modification of other solid material, like nanoparticle and 

polymer. Moreover, based on this methodology, the cyclopeptides with 

dipyrrin/BODIPY-bearing cyclic linkers can be obtained by intramolecular 

construction of dipyrrins, which will be discussed in Chapter Three. 

  



62 
 

2.4 Reference 

(1)  Williams, T. M.; Kaufman, N. E. M.; Zhou, Z.; Singh, S. S.; Jois, S. D.; 

Vicente, M. da G. H. Click Conjugation of Boron Dipyrromethene (BODIPY) 

Fluorophores to EGFR-Targeting Linear and Cyclic Peptides. Molecules 2021, 

26 (3), 1–14. https://doi.org/10.3390/molecules26030593. 

(2)  Paulus, A.; Desai, P.; Carney, B.; Carlucci, G.; Reiner, T.; Brand, C.; Weber, 

W. A. Development of a Clickable Bimodal Fluorescent/PET Probe for in 

Vivo Imaging. EJNMMI Res. 2015, 5 (1). https://doi.org/10.1186/s13550-015-

0120-4. 

(3)  Ohta, T.; Hashida, Y.; Yamashita, F.; Hashida, M. Development of Novel 

Drug and Gene Delivery Carriers Composed of Single-Walled Carbon 

Nanotubes and Designed Peptides With PEGylation. J. Pharm. Sci. 2016, 105 

(9), 2815–2824. https://doi.org/10.1016/j.xphs.2016.03.031. 

(4)  Wang, W.; Lorion, M. M.; Martinazzoli, O.; Ackermann, L. BODIPY Peptide 

Labeling by Late-Stage C(Sp3)−H Activation. Angew. Chem. Int. Ed. 2018, 57 

(33), 10554–10558. https://doi.org/10.1002/anie.201804654. 

(5)  Zhao, N.; Williams, T. M.; Zhou, Z.; Fronczek, F. R.; Sibrian-Vazquez, M.; 

Jois, S. D.; Vicente, M. G. H. Synthesis of BODIPY-Peptide Conjugates for 

Fluorescence Labeling of EGFR Overexpressing Cells. Bioconjug. Chem. 

2017, 28 (5), 1566–1579. https://doi.org/10.1021/acs.bioconjchem.7b00211. 

(6)  Banappagari, S.; McCall, A.; Fontenot, K.; Vicente, M. G. H.; Gujar, A.; 

Satyanarayanajois, S. Design, Synthesis and Characterization of 

Peptidomimetic Conjugate of BODIPY Targeting HER2 Protein Extracellular 

Domain. Eur. J. Med. Chem. 2013, 65, 60–69. 

https://doi.org/10.1016/j.ejmech.2013.04.038. 



63 
 

(7)  Liu, S.; Lin, T. P.; Li, D.; Leamer, L.; Shan, H.; Li, Z.; Gabbaï, F. P.; Conti, P. 

S. Lewis Acid-Assisted Isotopic 18F-19F Exchange in BODIPY Dyes: Facile 

Generation of Positron Emission Tomography/Fluorescence Dual Modality 

Agents for Tumor Imaging. Theranostics 2013, 3 (3), 181–189. 

https://doi.org/10.7150/thno.5984. 

(8)  Vendrell, M.; Krishna, G. G.; Ghosh, K. K.; Zhai, D.; Lee, J. S.; Zhu, Q.; Yau, 

Y. H.; Shochat, S. G.; Kim, H.; Chung, J.; et al. Solid-Phase Synthesis of 

BODIPY Dyes and Development of an Immunoglobulin Fluorescent Sensor. 

Chem. Commun. 2011, 47 (29), 8424–8426. 

https://doi.org/10.1039/c1cc11774b. 

(9)  Mendive-Tapia, L.; Zhao, C.; Akram, A. R.; Preciado, S.; Albericio, F.; Lee, 

M.; Serrels, A.; Kielland, N.; Read, N. D.; Lavilla, R.; et al. Spacer-Free 

BODIPY Fluorogens in Antimicrobial Peptides for Direct Imaging of Fungal 

Infection in Human Tissue. Nat. Commun. 2016, 7, 1–9. 

https://doi.org/10.1038/ncomms10940. 

(10)  Mendive-Tapia, L.; Subiros-Funosas, R.; Zhao, C.; Albericio, F.; Read, N. D.; 

Lavilla, R.; Vendrell, M. Preparation of a Trp-BODIPY Fluorogenic Amino 

Acid to Label Peptides for Enhanced Live-Cell Fluorescence Imaging. Nat. 

Protoc. 2017, 12 (8), 1588–1619. https://doi.org/10.1038/nprot.2017.048. 

(11)  Subiros-Funosas, R.; Ho, V. C. L.; Barth, N. D.; Mendive-Tapia, L.; 

Pappalardo, M.; Barril, X.; Ma, R.; Zhang, C. Bin; Qian, B. Z.; Sintes, M.; et 

al. Fluorogenic Trp(RedBODIPY) Cyclopeptide Targeting Keratin 1 for 

Imaging of Aggressive Carcinomas. Chem. Sci. 2020, 11 (5), 1368–1374. 

https://doi.org/10.1039/c9sc05558d. 

(12)  Subiros-Funosas, R.; Mendive-Tapia, L.; Sot, J.; Pound, J. D.; Barth, N.; 



64 
 

Varela, Y.; Goñi, F. M.; Paterson, M.; Gregory, C. D.; Albericio, F.; et al. A 

Trp-BODIPY Cyclic Peptide for Fluorescence Labelling of Apoptotic Bodies. 

Chem. Commun. 2017, 53 (5), 945–948. https://doi.org/10.1039/c6cc07879f. 

(13)  Epstein, M. A.; Achong, B. G.; Barr, Y. M. Virus Particles in Cultured 

Lymphoblasts From Burkitt’S Lymphoma. Lancet 1964, 283 (7335), 702–703. 

https://doi.org/10.1016/S0140-6736(64)91524-7. 

(14)  Lieberman, P. M. Keeping It Quiet: Chromatin Control of Gammaherpesvirus 

Latency. Nat. Rev. Microbiol. 2013, 11 (12), 863–875. 

https://doi.org/10.1038/nrmicro3135. 

(15)  Lieberman, P. M. Epstein-Barr Virus Turns 50. Science (80-. ). 2014, 343 

(6177), 1323–1325. https://doi.org/10.1126/science.1252786. 

(16)  Young, L. S.; Yap, L. F.; Murray, P. G. Epstein-Barr Virus: More than 50 

Years Old and Still Providing Surprises. Nat. Rev. Cancer 2016, 16 (12), 789–

802. https://doi.org/10.1038/nrc.2016.92. 

(17)  Tsao, S. W.; Tsang, C. M.; To, K. F.; Lo, K. W. The Role of Epstein-Barr 

Virus in Epithelial Malignancies. J. Pathol. 2015, 235 (2), 323–333. 

https://doi.org/10.1002/path.4448. 

(18)  Amon, W.; Farrell, P. J. Reactivation of Epstein-Barr Virus from Latency. Rev. 

Med. Virol. 2005, 15 (3), 149–156. https://doi.org/10.1002/rmv.456. 

(19)  Odumade, O. A.; Hogquist, K. A.; Balfour, H. H. Progress and Problems in 

Understanding and Managing Primary Epstein-Barr Virus Infections. Clin. 

Microbiol. Rev. 2011, 24 (1), 193–209. https://doi.org/10.1128/CMR.00044-

10. 

(20)  Adler, B.; Sattler, C.; Adler, H. Herpesviruses and Their Host Cells: A 

Successful Liaison. Trends Microbiol. 2017, 25 (3), 229–241. 



65 
 

https://doi.org/10.1016/j.tim.2016.11.009. 

(21)  Grinde, B. Herpesviruses: Latency and Reactivation – Viral Strategies and 

Host Response. J. Oral Microbiol. 2013, 5 (1), 22766. 

https://doi.org/10.3402/jom.v5i0.22766. 

(22)  Sehrawat, S.; Kumar, D.; Rouse, B. T. Herpesviruses: Harmonious Pathogens 

but Relevant Cofactors in Other Diseases? Front. Cell. Infect. Microbiol. 2018, 

8 (MAY). https://doi.org/10.3389/fcimb.2018.00177. 

(23)  Dheekollu, J.; Malecka, K.; Wiedmer, A.; Delecluse, H. J.; Chiang, A. K. S.; 

Altieri, D. C.; Messick, T. E.; Lieberman, P. M. Carcinoma-Risk Variant of 

EBNA1 Deregulates Epstein-Barr Virus Episomal Latency. Oncotarget 2017, 

8 (5), 7248–7264. https://doi.org/10.18632/oncotarget.14540. 

(24)  Malecka, K. A.; Dheekollu, J.; Deakyne, J. S.; Wiedmer, A.; Ramirez, U. D.; 

Lieberman, P. M.; Messick, T. E. Structural Basis for Cooperative Binding of 

EBNA1 to the Epstein-Barr Virus Dyad Symmetry Minimal Origin of 

Replication. J. Virol. 2019, 93 (20). https://doi.org/10.1128/jvi.00487-19. 

(25)  Bochkarev, A.; Bochkareva, E.; Frappier, L.; Edwards, A. M. The 2.2 Å  

Structure of a Permanganate-Sensitive DNA Site Bound by the Epstein-Barr 

Virus Origin Binding Protein, EBNA1. J. Mol. Biol. 1998, 284 (5), 1273–1278. 

https://doi.org/10.1006/jmbi.1998.2247. 

(26)  Norseen, J.; Johnson, F. B.; Lieberman, P. M. Role for G-Quadruplex RNA 

Binding by Epstein-Barr Virus Nuclear Antigen 1 in DNA Replication and 

Metaphase Chromosome Attachment. J. Virol. 2009, 83 (20), 10336–10346. 

https://doi.org/10.1128/jvi.00747-09. 

(27)  Gianti, E.; Messick, T. E.; Lieberman, P. M.; Zauhar, R. J. Computational 

Analysis of EBNA1 “Druggability” Suggests Novel Insights for Epstein-Barr 



66 
 

Virus Inhibitor Design. J. Comput. Aided. Mol. Des. 2016, 30 (4), 285–303. 

https://doi.org/10.1007/s10822-016-9899-y. 

(28)  Li, N.; Thompson, S.; Schultz, D. C.; Zhu, W.; Jiang, H.; Luo, C.; Lieberman, 

P. M. Discovery of Selective Inhibitors against Ebna1 via High Throughput in 

Silico Virtual Screening. PLoS One 2010, 5 (4), e10126. 

https://doi.org/10.1371/journal.pone.0010126. 

(29)  Thompson, S.; Messick, T.; Schultz, D. C.; Reichman, M.; Lieberman, P. M. 

Development of a High-Throughput Screen for Inhibitors of Epstein-Barr 

Virus EBNA1. J. Biomol. Screen. 2010, 15 (9), 1107–1115. 

https://doi.org/10.1177/1087057110379154. 

(30)  Tikhmyanova, N.; Schultz, D. C.; Lee, T.; Salvino, J. M.; Lieberman, P. M. 

Identification of a New Class of Small Molecules That Efficiently Reactivate 

Latent Epstein-Barr Virus. ACS Chem. Biol. 2014, 9 (3), 785–795. 

https://doi.org/10.1021/cb4006326. 

(31)  Messick, T. E.; Smith, G. R.; Soldan, S. S.; McDonnell, M. E.; Deakyne, J. S.; 

Malecka, K. A.; Tolvinski, L.; van den Heuvel, P. A. J.; Gu, B. W.; Cassel, J. 

A.; et al. Structure-Based Design of Small-Molecule Inhibitors of EBNA1 

DNA Binding Blocks Epstein-Barr Virus Latent Infection and Tumor Growth. 

Sci. Transl. Med. 2019, 11 (482), eaau5612. 

https://doi.org/10.1126/scitranslmed.aau5612. 

(32)  Kim, S. Y.; Song, K. A.; Kieff, E.; Kang, M. S. Small Molecule and Peptide-

Mediated Inhibition of Epstein-Barr Virus Nuclear Antigen 1 Dimerization. 

Biochem. Biophys. Res. Commun. 2012, 424 (2), 251–256. 

https://doi.org/10.1016/j.bbrc.2012.06.095. 

(33)  Jiang, L.; Lui, Y. L.; Li, H.; Chan, C. F.; Lan, R.; Chan, W. L.; Chi-Kong Lau, 



67 
 

T.; Sai-Wah Tsao, G.; Mak, N. K.; Wong, K. L. EBNA1-Specific Luminescent 

Small Molecules for the Imaging and Inhibition of Latent EBV-Infected 

Tumor Cells. Chem. Commun. 2014, 50 (49), 6517–6519. 

https://doi.org/10.1039/c4cc01589d. 

(34)  Jiang, L.; Lan, R.; Huang, T.; Chan, C. F.; Li, H.; Lear, S.; Zong, J.; Wong, W. 

Y.; Muk-Lan Lee, M.; Dow Chan, B.; et al. EBNA1-Targeted Probe for the 

Imaging and Growth Inhibition of Tumours Associated with the Epstein-Barr 

Virus. Nat. Biomed. Eng. 2017, 1 (4), 42. https://doi.org/10.1038/s41551-017-

0042. 

(35)  Agostinis, P.; Berg, K.; Cengel, K. A.; Foster, T. H.; Girotti, A. W.; Gollnick, 

S. O.; Hahn, S. M.; Hamblin, M. R.; Juzeniene, A.; Kessel, D.; et al. 

Photodynamic Therapy of Cancer: An Update. CA. Cancer J. Clin. 2011, 61 

(4), 250–281. https://doi.org/10.3322/caac.20114. 

(36)  Dolmans, D. E. J. G. J.; Fukumura, D.; Jain, R. K. Photodynamic Therapy for 

Cancer. Nat. Rev. Cancer 2003, 3 (5), 380–387. 

https://doi.org/10.1038/nrc1071. 

(37)  MOAN, J.; BERG, K. The Photodegradation of Porphyrins in Cells Can Be 

Used To Estimate the Lifetime of Singlet Oxygen. Photochem. Photobiol. 

1991, 53 (4), 549–553. https://doi.org/10.1111/j.1751-1097.1991.tb03669.x. 

(38)  Juarranz, Á .; Jaén, P.; Sanz-Rodríguez, F.; Cuevas, J.; González, S. 

Photodynamic Therapy of Cancer. Basic Principles and Applications. Clin. 

Transl. Oncol. 2008, 10 (3), 148–154. https://doi.org/10.1007/s12094-008-

0172-2. 

(39)  Castano, A. P.; Demidova, T. N.; Hamblin, M. R. Mechanisms in 

Photodynamic Therapy: Part One - Photosensitizers, Photochemistry and 



68 
 

Cellular Localization. Photodiagnosis Photodyn. Ther. 2004, 1 (4), 279–293. 

https://doi.org/10.1016/S1572-1000(05)00007-4. 

(40)  Lim, S. H.; Thivierge, C.; Nowak-Sliwinska, P.; Han, J.; Van Den Bergh, H.; 

Wagnières, G.; Burgess, K.; Lee, H. B. In Vitro and in Vivo Photocytotoxicity 

of Boron Dipyrromethene Derivatives for Photodynamic Therapy. J. Med. 

Chem. 2010, 53 (7), 2865–2874. https://doi.org/10.1021/jm901823u. 

(41)  Agazzi, M. L.; Ballatore, M. B.; Durantini, A. M.; Durantini, E. N.; Tomé, A. 

C. BODIPYs in Antitumoral and Antimicrobial Photodynamic Therapy: An 

Integrating Review. J. Photochem. Photobiol. C Photochem. Rev. 2019, 40, 

21–48. https://doi.org/10.1016/j.jphotochemrev.2019.04.001. 

(42)  Wang, C.; Qian, Y. A Water Soluble Carbazolyl-BODIPY Photosensitizer 

with an Orthogonal D-A Structure for Photodynamic Therapy in Living Cells 

and Zebrafish. Biomater. Sci. 2020, 8 (3), 830–836. 

https://doi.org/10.1039/c9bm01709g. 

(43)  Callaghan, S.; Filatov, M. A.; Savoie, H.; Boyle, R. W.; Senge, M. O. In Vitro 

Cytotoxicity of a Library of BODIPY-Anthracene and -Pyrene Dyads for 

Application in Photodynamic Therapy. Photochem. Photobiol. Sci. 2019, 18 

(2), 495–504. https://doi.org/10.1039/C8PP00402A. 

(44)  Wang, Z.; Sukhanov, A. A.; Toffoletti, A.; Sadiq, F.; Zhao, J.; Barbon, A.; 

Voronkova, V. K.; Dick, B. Insights into the Efficient Intersystem Crossing of 

Bodipy-Anthracene Compact Dyads with Steady-State and Time-Resolved 

Optical/Magnetic Spectroscopies and Observation of the Delayed 

Fluorescence. J. Phys. Chem. C 2019, 123 (1), 265–274. 

https://doi.org/10.1021/acs.jpcc.8b10835. 

(45)  Chen, K.; Yang, W.; Wang, Z.; Iagatti, A.; Bussotti, L.; Foggi, P.; Ji, W.; Zhao, 



69 
 

J.; Di Donato, M. Triplet Excited State of BODIPY Accessed by Charge 

Recombination and Its Application in Triplet-Triplet Annihilation 

Upconversion. J. Phys. Chem. A 2017, 121 (40), 7550–7564. 

https://doi.org/10.1021/acs.jpca.7b07623. 

(46)  Epelde-Elezcano, N.; Palao, E.; Manzano, H.; Prieto-Castañeda, A.; 

Agarrabeitia, A. R.; Tabero, A.; Villanueva, A.; de la Moya, S.; López-Arbeloa, 

Í.; Martínez-Martínez, V.; et al. Rational Design of Advanced Photosensitizers 

Based on Orthogonal BODIPY Dimers to Finely Modulate Singlet Oxygen 

Generation. Chem. Eur. J. 2017, 23 (20), 4837–4848. 

https://doi.org/10.1002/chem.201605822. 

(47)  Zhang, X. F.; Yang, X.; Xu, B. PET-Based BisBODIPY Photosensitizers for 

Highly Efficient Excited Triplet State and Singlet Oxygen Generation: Tuning 

Photosensitizing Ability by Dihedral Angles. Phys. Chem. Chem. Phys. 2017, 

19 (36), 24792–24804. https://doi.org/10.1039/c7cp02645e. 

(48)  Kolemen, S.; Işlk, M.; Kim, G. M.; Kim, D.; Geng, H.; Buyuktemiz, M.; 

Karatas, T.; Zhang, X. F.; Dede, Y.; Yoon, J.; et al. Intracellular Modulation 

of Excited-State Dynamics in a Chromophore Dyad: Differential Enhancement 

of Photocytotoxicity Targeting Cancer Cells. Angew. Chem. Int. Ed. 2015, 54 

(18), 5340–5344. https://doi.org/10.1002/anie.201411962. 

(49)  Paquin, F.; Rivnay, J.; Salleo, A.; Stingelin, N.; Silva, C. Multi-Phase 

Semicrystalline Microstructures Drive Exciton Dissociation in Neat Plastic 

Semiconductors. J. Mater. Chem. C 2015, 3 (207890), 10715–10722. 

https://doi.org/10.1039/b000000x. 

(50)  Pang, W.; Zhang, X. F.; Zhou, J.; Yu, C.; Hao, E.; Jiao, L. Modulating the 

Singlet Oxygen Generation Property of Meso-β Directly Linked BODIPY 



70 
 

Dimers. Chem. Commun. 2012, 48 (44), 5437–5439. 

https://doi.org/10.1039/c2cc30915g. 

(51)  Duman, S.; Cakmak, Y.; Kolemen, S.; Akkaya, E. U.; Dede, Y. Heavy Atom 

Free Singlet Oxygen Generation: Doubly Substituted Configurations 

Dominate S 1 States of Bis-BODIPYs. J. Org. Chem. 2012, 77 (10), 4516–

4527. https://doi.org/10.1021/jo300051v. 

(52)  Bröring, M.; Krüger, R.; Link, S.; Kleeberg, C.; Köhler, S.; Xie, X.; Ventura, 

B.; Flamigni, L. Bis(BF2)-2,2′-Bidipyrrins (BisBODIPYs): Highly 

Fluorescent BODIPY Dimers with Large Stokes Shifts. Chem. Eur. J. 2008, 

14 (10), 2976–2983. https://doi.org/10.1002/chem.200701912. 

(53)  Ventura, B.; Marconi, G.; Bröring, M.; Krüger, R.; Flamigni, L. Bis(BF2)-2,2′-

Bidipyrrins, a Class of BODIPY Dyes with New Spectroscopic and 

Photophysical Properties. New J. Chem. 2009, 33 (2), 428–438. 

https://doi.org/10.1039/b813638f. 

(54)  Jiang, L.; Lung, H. L.; Huang, T.; Lan, R.; Zha, S.; Chan, L. S.; Thor, W.; Tsoi, 

T. H.; Chau, H. F.; Boreström, C.; et al. Reactivation of Epstein-Barr Virus by 

a Dual-Responsive Fluorescent EBNA1-Targeting Agent with Zn2+-

Chelating Function. Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (52), 26614–

26624. https://doi.org/10.1073/pnas.1915372116. 

(55)  Song, R.; Feng, Y.; Wang, D.; Xu, Z.; Li, Z.; Shao, X. Phytoalexin 

Phenalenone Derivatives Inactivate Mosquito Larvae and Root-Knot 

Nematode as Type-II Photosensitizer. Sci. Rep. 2017, 7 (January), 1–9. 

https://doi.org/10.1038/srep42058. 



71 
 

 

Chapter Three. Direct formation of multifunctional 

dipyrrin-based cyclopeptide 
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3.1 Introduction 

3.1.1 The disadvantages of linear peptides 

As mentioned in Section 1.1, peptides can be used as drugs for various diseases and 

are important lead compounds for discovery of PPIs modulators. The molecular 

weights of peptides range between small molecule drugs and biomacromolecules. 

Compared with small molecule drugs, peptide is more likely to satisfy the large and 

swallow interface of PPIs. Compare with biomacromolecules, like antibodies, 

peptides are relatively low cost and have higher cell permeability that make them be 

available for intracellular PPIs.  

Currently, although around 30 % of PPIs modulators are linear peptides. However, 

their further development was severely limited by two of most critical disadvantages 

(Figure 3.1): low stability and low potency. On one hand, as the protease are 

ubiquitous in organisms, the linear peptide may be eliminated even in just minutes. 

On the other hand, without the global restriction, short linear peptides cannot keep 

their active conformation over time, which lead to low potency. 

 

 

Figure 3.1 The disadvantages of linear peptide. 
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To solve these problems, lots of strategies can be applied. To improve the stability, 

lots of simple modifications are helpful. N-terminal capping (acylation or 

conjugating with other moiety at last step of SPPS) and C-terminal modification (by 

using different solid support during SPPS) are useful to prevent the digestion of 

exopeptidases that only remove one amino acid on terminals each time. For 

endopeptidase that can cleave peptide from middle, replacing residues with 

unnatural counterparts (D-amino acids, α-disubstituted amino acids, N-substituted 

amnio acids, etc.) are also useful. For example, the drug Cetrorelix, mentioned in 

Section 1.1.3, contains 4 non-proteinogenic amino acids in its structure, have long 

life time in vivo.1 Moreover, the resistance of peptides to endopeptidases also related 

to their rigidity.  It is more difficult for endopeptidases to cleave peptides from the 

middle if peptides keep on specific conformations. 

Design of peptidomimetics is another promising approach to overcome the 

disadvantages of linear peptides.2–4 The peptidomimetics can be designed either 

based on bioactive linear peptide or de novo.5–7 There are different types of 

peptidomimetics, such as peptoids8–12, foldamers13,14 and cyclopeptides7,15. 

 

3.1.2 Design and synthesis of cyclopeptides 

 

Figure 3.2 Different types of cyclopeptide according to the location of cyclic linker. 
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Cyclopeptide (also called cyclic peptides) is a subclass of peptidomimetic, which 

append cyclic linkers on peptides.16–18 According the location of the cyclic linker, 

cyclopeptides can be divided into four classes (Figure 3.2): head-to-tail, head-to-

side chain, side chain-to-side chain and side chain-to-tail, where head and tail here 

refer to N-terminal and C-terminal, respectively. Because of the large chemical 

diversity of the side chain of amino acids, side chain-to-side chain cyclization are 

the most important in the development of new methodology for peptide 

macrocyclization. All cyclization reactions for other three classes are also available 

for side chain-to-side chain cyclization. Therefore, the reaction in following 

paragraphs will focus on side chain-to-side chain cyclization. 

In particular, the term “stapled peptide” is used when a single-turn (i, i+4) or a 

double-turn (i, i+7) stapled linker is introduced for stabilizing the α-helix 

conformation by side chain-to-side chain cyclization.19–24 On one hand, the 

development of synthetic approaches for stapled peptide attracts lots of research 

interest, as α-helix is most commonly secondary structure for PPIs modulators. On 

the other hand, the developed synthetic approaches for stapled peptides, provide a 

large number of chemical tools for macrocyclization, which are also available for 

synthesizing other type of cyclopeptides.  

 

 

Figure 3.3 On-resin peptide macrocyclization and in-solution peptide macrocyclization. 
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The cyclization can be either conducted during SPPS (or-resin) or in-solution 

(Figure 3.3). Cyclization during SPPS can be realized by using orthogonal 

protecting group strategy. The protecting groups on two of residues have to be 

removed without influence toward other functional groups. Then the cyclization was 

conducted between two exposed reactive side chain functional groups. In-solution 

cyclization is carried out between two reactive side chain functional groups via site-

specific reactions. On-resin cyclizations usually have better combability as all others 

reactive side chain functional group was protected. The site-specific reactions are 

necessary for in-solution cyclization as all side chains functional groups are usually 

exposed under this situation. In-solution cyclization usually faster than on-resin 

cyclization, and the intermolecular coupling can be avoided by conducting the 

cyclization in a diluted solution. 

 

 

Figure 3.4 One-component stapling and two-component stapling. 

 

The synthetic approaches for stapled peptides can be classified into two types: one-

component stapling and two-component stapling (Figure 3.4). For one-component 

stapling, the cyclization was carried out between two reactive functional groups on 

the side chain of amino acids directly. For two-component stapling, an additional 
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linker is required for reacting with both two reactive functional groups on the side 

chain of amino acids.  

 

 

Figure 3.5 One-component stapling that conducted between natural amino acids. Disulfide bond 

formation and lactonization. 

 

The two of simplest one-component stapling (Figure 3.5), which can be applied on 

the peptide without unnatural amino acids, are disulfide bond formation and 

lactonization. Disulfide bond can be formed between the two side chain thiol groups 

of Cys on-resin or in solution by oxidation.25 Lactonization can be carried out 

between a side chain -NH2 (Lys, Orn, or artificial amino acids Dab, Dap) and a side 

chain -COOH (Asp, Glu). Lactonization usually conducted on-resin by using the 

orthogonal protecting group strategy since the undesired side reaction is usually 

unavoidable unless there are only one -NH2 and one -COOH on the entire structure 

of peptide. 

 

 

Figure 3.6 One-component stapling via C-H bond activation between tryptophan and halogenated 

tyrosine or phenylalanine. 
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Other than the Cys, Lys, Asp and Glu that have a -SH/-NH2/-COOH on their side 

chain, other natural amino acids were not commonly used for synthesizing stapled 

peptide. Lavilla et al. reported a peptide cyclization method through C–H activation 

stapling between the α-position of indole on side chain of tryptophan and an aryl 

halide (Figure 3.6).26  

 

 

Figure 3.7 One-component stapling via transitional metal catalysis. CuAAC and RCM reaction. 

 

Two of most common methodologies for synthesizing stapled peptide are CuAAC 

and ring-closing metathesis (RCM) (Figure 3.7). Both of these two methodologies 

have to conducted under the catalysis of transition metals. As CuAAC and RCM 

have been successfully used in drug discovery, diverse azide/alkyne/alkene-

containing amino acid building blocks became commercially available for satisfying 

the requirement of screening of stapled peptides. 

 

 

Figure 3.8 One-component stapling via Diels-Alder reaction. 
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Although very few natural amino acids can be used for one-component stapling as 

mentioned above, by using orthogonal protecting group strategy, other type of 

functional groups can be further attached on to reactive chain (-NH2/-COOH/-SH) 

during SPPS, then further cyclization can be conducted between two newly-coupled 

parts. For example, Moellering et al. reported a peptide macrocyclization via 

Diels−Alder cycloaddition (Figure 3.8).27 During SPPS, the -StBu protecting group 

on side chain of Cys was removed selectively, followed by hexadiene alkylation. 

The -Mmt protecting group on side chain of Lys was also removed, and the 

maleimide fragment was attached. The Diels−Alder reaction was then carried out 

either on-resin or in post-cleavage solution between these two newly-coupled 

functional groups. 

 

 

Figure 3.9 Potential side reaction of two-component stapling, di-substituted side reaction. 

 

Compared with the one-component stapling, two-component stapling becomes a set 

of more fixable methodologies that have some advantages: 1. The size of 

macrocyclic structure may be adjusted by replacing the additional linker, rather than 

amino acids themselves, which enable the late-stage diversification; 2. The 

functional moieties, like fluorescent dye, targeting molecule or the anchor for further 

conjugation, may be introduced at the same time or stepwise as the additional linkers; 
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3. As the diversity of products can be increased by replacing linker only, two-

components stapling is not much rely on the artificial amino acids. Two-component 

stapling also have some disadvantages, the most important one should be the 

relatively lower yield which result from more possibility of side reaction. For 

example, the additional linker may be reacted with both two reactive functional 

groups on side-chain to give a di-substituted product, rather than a cyclic product 

(Figure 3.9). With more side reactions for competing, the reacting condition of two-

component stapling should be investigated more carefully. 

 

 

Figure 3.10 Two-component stapling via formation of thioester. 

 

Two-component stapling were also conduct on side chain of Cys to form thioether 

with alkyl dihalide (Figure 3.10). With a large variety of commercial sources of 

alkyl dihalide, the size of cyclopeptide can be tuned easily. Although these 

cyclization approaches were disclosed for decades, only recently years, Ng et al. had 

reported to use azide-containing or diene-containing alkyl dihalide to form thioester, 

then the SPAAC or Diels−Alder reaction.28,29 Interestingly, the hexafluorobenzene 

can be reacted with two -SH on the side chain of Cys to give a pare-disubstituted 

stapled linker.30 
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Figure 3.11 Examples of two-component stapling with the introduction of functional moieties. 

 

The other methods for introducing additional part with -NH2/-COOH/-SH side chain 

(Figure 3.11). Rivera et al. reported a peptide stapling methodology by 

multicomponent reactions (MCRs). The resin-bound peptide with an unprotected 

amine and an unprotected carbolic acid was treated with paraformaldehyde and 

pyrrolidine, follow by isocyanides, the -NH2 and -COOH can be linked together to 

form an amide with additional N-substituent that is come from isocyanide. By using 

different isocyanides, they introduced various functional moieties, such as sugar, 

lipid, PEG chain, even fluorescent dye, on the stapled linker. Perrin et al. used ortho-

phthalaldehyde to incorporate two -SH on the side chain of Cys into an isoindole 

that have fluorescence.31  

 

 

Figure 3.12 Two-component stapling between lysine, tyrosine/arginine and formaldehyde. 
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Recently, Chen et al. reported a cooperative stapling method between lysine and 

tyrosine or lysine and arginine with formaldehyde (Figure 3.12).32 This work 

significantly expanded the usage of natural amino acids for macrocyclization and 

modification. 

 

 

Figure 3.13 Two-component stapling via lactonization. 

 

Two-component stapling can be also carried out by lactonization when there are two 

unprotected -NH2 or two unprotected -COOH on the side chain of peptide (Figure 

3.13). The two -NH2/-COOH can be reacted with a two -COOH/-NH2 containing 

linker. Similarly, there are lot of commercially available diamines and dicarboxylic 

acids, which give huge diversity for the products without replacing amino acids in 

peptides. 

Similarly, CuAAC was also reported for two-component stapling that two 

azides/alkynes on the side chain of peptide can be reacted with a two alkynes/azides-

containing linker (Figure 3.14). 
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Figure 3.14 Two-component stapling via CuAAC. 

 

 

Although lots of chemistry have been developed for synthesizing stapled peptide, 

design of stapled peptide is still challenge. The size and location of stapled linkers 

is essential for the bioactivity of designed molecules. On one hand, the conformation 

of stapled peptides has to be restricted within a proper α-helix conformation by 

stapled linkers. On the other hand, the staple linkers should not interfere the binding 

between stapled peptide and targeting protein. Therefore, the computation 

techniques, such as MD situation, is necessary for designing stapled peptide.24,33 For 

example, RCM-based stapled p53 peptides were discovered by a series of 

computational studies, which predict the conformation of stapled peptide by MD 

simulation, for the PPI between p53-hDM2 interaction.34 
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Figure 3.15 The design of β-hairpin for mimicking the β-sheet conformation. The examples of 

turn templates were highlight in green. 

 

As some PPIs was induced by β-sheet conformation, design of β-mimetic is also a 

useful strategy. β-mimetics are usually realized by β-hairpins, which contain a turn 

templates to form an antiparallel β-sheet sequence.35–39 Turn templates can consist 

of two amino acid sequence L-Pro-L-Gly or L-Pro-D-Pro, as well as other non-

peptide templates (Figure 3.15). Recently, Daniel et al. also developed a SPPS 

approach for parallel β-sheet.40 Additional cyclization was usually carried for further 

stabilizing the β-sheet conformation. 

 

3.1.3 Integrin αvβ3. 

Integrins are a series of transmembrane receptors that are vital for cell-cell and cell- 

extracellular matrix (ECM) adhesion.41 The growth and division of cells depend on 

the ECM that consist of collagens which serve as skeleton and various glycoproteins, 

such as proteoglycans, laminins, vitronectins and fibronectin. The glycoproteins are 

tightly attached with ECM and serve as ligands for integrins. For example, 

fibronectin, a high-molecular weight (~ 500 kDa) glycoprotein, which binds to play 

important role in cell adhesion, growth, migration, differentiation and carcinoma 

development. When ligands binding to integrin, the change of conformation lead to 
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signal transduction pathways that result in intracellular event, such as regulation of 

the cell cycle, reorganization of the cytoskeleton, and deployment of receptors on 

the cell membrane (Figure 3.16).42 Integrins are found in all animals while integrin-

like receptors are also found in plant cells.41 There are several types of integrins, and 

a single cell generally has multiple different types on its surface at same times.  

 

 

Figure 3.16 The role of integrin in cell-ECM adhesion. The ECM-embed glycoproteins activate 

the integrin by binding, and active integrins are then able to bind with downstream protein in cell. 

 

 

Figure 3.17 The integrins with different α and β subunits and their functions. 
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Integrins are heterodimers that consist of α and β subunits. There are 18 α subunits 

and 8 β subunits to form integrins in human (Figure 3.17). There are 24 human 

integrins are in total by different combinations of the α and β subunits. 9 of 24 

integrins contain a I-domain that can bind to either ECM or same domain of another 

cell. Another 8 of 24 integrins can bind to short amino acid sequence Arg-Gly-Asp 

(RGD motil) of some ECM glycoprotein. Remining 7 integrins are all β1, which may 

serve as receptors for non-protein ligands. 

 

 

Figure 3.18 The RGD motif plays vital role on the PPI between fibronectin and αvβ3.  

 

Integrin αvβ3, consisting of two components, integrin alpha-V and integrin beta-3, is 

a specific receptor for glycoprotein vitronectin that binds via it RGD motif.43 αvβ3 is 

expressed by platelets and is also a receptor for phagocytosis on macrophages or 

dendritic cells.44 Integrin αvβ3 is potential drug target because abnormal expression 

of αvβ3 is linked to the development and progression of various diseases. The roles 

of αvβ3 in angiogenesis, cancer and other diseases, are linked to the blood supply for 

problematic overgrowths. The monoclonal antibody etaracizumab that targeting αvβ3 

specifically has been used for patients who treated by dabigatran (Pradaxa) for 
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reversal of the anticoagulant effects.45 The PPI between αvβ3 and ECM glycoproteins 

was revealed by a series of co-crystal structure between αvβ3 and ECM glycoproteins, 

such as fibronectin (PDB code: 4MMX)46. (Figure 3.18). Therefore, RGD peptide 

was thought as promising ligand for αvβ3, as well as other RGD-binding integrins. 

Although linear RGD peptides are able to bind to αvβ3, they showed poor selectivity 

between different RGD-binding integrins as its flexible conformation. 

 

 

Figure 3.19 The examples of αVβ3-targeting cRGD peptides. 

 

The RGD cyclopeptides (cRGD) were designed as specific ligand for αvβ3 by 

constrain the RGD motif within a suitable conformation (Figure 3.19). Most 

successful example of cRGD is Cilengitide47 which is a drug candidate undergoing 

phase III clinical trials. The cyclo(-RGDfK-) and cyclo(-RGDyK-), are lysing-

containing cRGD peptide, showed similar bioactivity as Cilengitide, are frequently 

used in lots of research as it can be used further conjugated via its lysing’s side 

chain.48 The synthesis of cyclo(-RGDfK-) or cyclo(-RGDyK-) and their conjugates 

can be regarded as exemplars for both on-resin head-to-tail cyclization and 

orthogonal protecting group strategy (Figure 3.20).49 Commerce with attaching 

Fmoc-Asp-OAll onto acid resin via the -COOH on side chain rather than C-terminal, 

the SPPS was continued by coupled Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-

Phe-OH and Fmoc-Lys(Mtt)-OH. The -Fmoc on the N-terminal and the -OAll on C-
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terminal were removed selectivity, then intramolecular cyclization was carried out 

to form the cyclopeptide on resin. The -Mtt protecting group on lysine can be 

removed, and another -COOH-containing functional part, such as fluorescent dyes, 

targeting moieties, can be further attached before global cleavage to give the αvβ3 

ligand with specific function. Also, the cyclo(-RGDfK-) and cyclo(-RGDyK-) 

became commercially available as they were used frequently in lots of previous 

studies. Therefore, solution phase conjugation on side chain of lysine were also 

reported although they risk the side reactions. For example, as mentioned in Section 

2.1, Conti et al conjugated a BODIPY onto αvβ3-targeting c(RGDyK) peptide by 

solution phase amidation directly, which was used as PET and fluorescence dual 

modality agents for tumor imaging.50 

 

 

 

Figure 3.20 Synthetic route of cyclo(-RGDfK-) conjugates by SPPS. 
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3.2 Result and discussion 

3.2.1 General design 

As mentioned in section 3.1.2, lots of synthetic methodologies have been developed 

for the production of cyclopeptides. The “one-component stapling” can be used for 

constructing cyclopeptides with milder reaction conditions and higher yield, but 

cannot provide additional function on the stapled linker. Although the “two-

component stapling” showed the potential to provide the additional functions as the 

stapled linker can be further diversified, the introduction of additional parts still 

required additional reactions. Although some works also provided additional 

function by the stapled linker itself, their application still very limited. 

Based on the methodology describe in Chapter Two that constructed dipyrrin during 

SPPS, we assumed that these reactions can be conducted intramolecularly to give 

the cyclopeptide with a dipyrrin-based stapled linker which can be used as metal 

sensors and fluorescent dyes after boron complexation. 

The commercial source of a suitable pyrrole building block for intramolecular trial 

is hard to find. At the beginning, we tried the reaction between two 5-formyl-2,4-

dimethyl-3-pyrrolecarboxylic acid or 2,4-dimethyl-3-pyrrolecarboxylic acid on 

resin. But all reactions were failed, which may be ascribed to the reactivity of pyrrole 

which was undermined by the -COOH on the -position of pyrrole. Finally, the 

commercial available 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid was used, and 

the desired reactions was tried successfully. 

 

3.2.2 Synthesis of dipyrrin cyclopeptide 
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Figure 3.21 Formation of dipyrrin-based cyclopeptide. Percent conversion was determined by 

HPLC. The meso-position (red part in structure) was introduced by different condition: a 

Orthoester, POCl3, DCM, 12 h; b Acyl chloride, DCM, 12 h; c 1) aldehyde, BF3·OEt2, DMF, 12 h; 

2) DDQ, DCM, 1 h; * Further reactions were carried out after formation of dipyrrin to yield 

corresponding products. 

 

Figure 3.22 The synthetic route of dipyrrin cyclopeptide synthesis on GHK peptide. 



90 
 

All products obtained by on-resin dipyrrin construction were list on Figure 3.21 with 

their precent conversion. At first beginning, The GHK peptide were used for trial. 

As mention in Chapter Two, GHK peptide based on FDA approved drug prezatide 

(Pep11) that server as a copper chelator was used for treating different diseases. As 

shown in Figure 3.22, with a removable protection group (-Mtt was used here) on 

side chain of lysine, resin-bound GHK peptide with two amine groups can be 

obtained during SPPS after Fmoc deprotection and Mtt deprotection. The -COOH 

containing pyrrole building block, 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid, 

was coupled onto amine groups on both N-terminal and side chain of lysine. Then, 

different reactions were tried for constructing the dipyrrin moieties between two 

newly coupled pyrrole building block. The commercially available orthoesters were 

used for constructing dipyrrin with hydrogen, methyl or ethyl on meso-position 

(cDP1-Pep11, cDP2-Pep11 and cDP3-Pep11) under the aid of POCl3 in DCM. The 

acetyl chloride was also tried to form cDP2-Pep11 in DCM, but the precent 

conversion and yield decreased dramatically. Interestingly, the pyrrole on-resin can 

be condensed with the aldehyde in solution under the catalysis of BF3·OEt2 in DMF 

as previous project describe in Chapter Two, and dipyrrin cyclopeptide can be 

obtained with high precent conversion after DDQ oxidation and global cleavage. 

When 4-formylbenzoic acid, which is also called 4-carboxybenzaldehyde when it is 

regarded as an aldehyde building block, was used, a -COOH containing dipyrrin-

based cyclopeptide can be obtained (cDP8-Pep11), the SPPS even can be continue 

via the -COOH on resin to give cDP9-Pep11 with addition peptide chain on the meso 

position of dipyrrin. 
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Figure 3.23 The synthetic route of synthesis of dipyrrin-based bicyclic peptide cDP1-Pep12 and 

cDP1-Pep13-16. 

 

 

 

Figure 3.24 The synthetic route of synthesis of dipyrrin-based bicyclic peptide bcDP-Pep17. 

 

Similarly, with the orthogonal protecting group strategy, cDP1-Pep12 (dipyrrin-

based GAK cyclopeptide) and cDP1-Pep13-16, (the dipyrrin-based cRGD peptide 
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with different ring size) were also synthesized from their two amines containing 

peptide on resin (Figure 3.23). The same reaction for synthesizing cDP1-Pep11 were 

applied to the side chain amine deprotected XRGDX, where X here are amino acid 

residue with amine group on side chain. For investigating the influence of size of 

cyclopeptide to the binding affinity with αvβ3, amino acid X here can be Lys, Orn, 

Dab and Dap, which have 4 to 1 -(CH2)- between α-C and side chain -NH2. 

 

 

Figure 3.25 The synthetic route of synthesis of dipyrrin-bis-peptide conjugate DP18-bis(Pep18). 

 

The orthogonal protecting group strategy were used to synthesize bicyclic peptide 

example bcDP-Pep17. As shown on Figure 3.24, the peptide chain with five amino 

acid residues and three different amine protection group was assembly. Then, the 

protecting group on the side chain of the 1st and the 5th residues, the Fmoc and Mtt, 

were removed selectively, and the 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid 

was coupled. Different route was tried to get desired bicyclic peptide. Route A, the 

protecting group on side chain of the 3rd residues was removed, and a benzaldehyde 

moiety was coupled, the condensation between on-resin pyrrole and on-resin 

aldehyde was tried, but no product was obtained as the “total-solid” condensation 
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failed. Therefore, route B was conducted that construct a -COOH containing dipyrrin 

as previous method at first, then the protecting group on the 3rd residue was removed 

and the intramolecular amidation was carried to give the desired product. 

Interestingly, the reaction was also tried on peptide chain with only one unprotected 

amine group, the “inter-branch” condensation happened between two peptide chain 

which give the dipyrrin-bis-peptide conjugate DP18-bis(Pep18) (Figure 3.25). 

 

 

Figure 3.26 The synthetic route of synthesis of liner dipyrrin-GHK peptide conjugate DP19-

Pep11. 

 

The linear dipyrrin-GHK peptide conjugate DP18-Pep11 was also synthesized with 

routine SPPS as a control for investigating the fluorescent responsivity of DP18-

Pep11 toward zinc ion. (Figure 3.26) 

 

3.2.3 Dipyrrin/BODIPY-based cRGD peptide as αvβ3 probe 

To prove the protease resistance of dipyrrin-based cyclopeptides are improved 

compare with its corresponding linear peptide, the protease stability assay was 
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conducted for both Pep13 (linear KRGDK peptide) and cDP1-Pep13 (dipyrrin-

appended KRGDK cyclopeptide). The result showed that linear peptide Pep13 was 

decomposed completely within 30 min, while around 60 % of cDP1-Pep13 still 

remained after 4 h. This result proved that the protease stability of cyclopeptide 

cDP1-Pep13 is far higher than corresponding liner peptide Pep13 (Figure 3.27).  

 

 

Figure 3.27 In vitro trypsin resistance assays for cyclic cDP1-Pep13 versus linear Pep13 at 37 ℃. 

 

The Circular dichroism (CD) measurement was performed, at 25 °C, to analyze if 

there are any conformational differences between linear XRGDX peptides (Pep13-16) 

and dipyrrin-base cyclopeptides (cDP1-Pep13-16) (Figure 3.28). As results, all 

peptides showed no typical secondary structure, neither α-helix nor β-sheet. But the 

shape of peak signals of the cyclic samples were more obvious, which indicated the 

restriction of cyclopeptide for their conformation. 
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Figure 3.28 The CD spectrum of 50 µM linear peptides Pep13-16 and dipyrrin cyclopeptides cDP1-

Pep13-16 in PBS 7.4. 

 

The αvβ3 competitive displacement assay48,51 was carried to evaluate the binding 

affinity of cDP1-Pep13-16 toward αvβ3 protein. As Figure 3.29, the y-axis represents 

the precent replacement of vitronectin that is the endogenous ligand for αvβ3 protein. 

Among cDP1-Pep13-16, cDP1-Pep14 showed evident dose-dependent increase in 

precent replacement as the positive control Cilengitide, which indicated the 

relatively high binding affinity between cDP1-Pep14 and αvβ3. Moreover, the binding 

affinity of cDP1-Pep14 higher than its linear counterpart Pep14, which prove the 

significance of dipyrrin-based staple linker for the bioactivity of cDP1-Pep14. The 

result of competitive displacement assay also accorded well with molecular docking 

with the estimated binding energies in the order of cDP1-Pep14 > cDP1-Pep13/15 > 

cDP1-Pep16 > Pep13-16 (Table 3.1 and Figure 3.30). 
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Figure 3.29 αvβ3 binding assay of dipyrrin cyclopeptides cDP1-Pep13-16, linear peptide Pep14, and 

the positive control cilengtide. 

 

 

 

 

Table 3.1 The estimated docking energies of Pep13-16 and cDP1-Pep13-16 with αvβ3 protein (PDB: 

4MMY) with the residues that exist H-bond interactions with the docked position of respective 

compound. 

Compound ΔG (kcal/mol) H-bond interaction residues 

Pep13 −6.1 − 

Pep14 −5.5 Asp 148, Tyr 1090  

Pep15 −5.2 Glu 1144 

Pep16 −5.2 Ala 1142 

cDP1-Pep13 −8.0 Tyr 178, Ser 1047 

cDP1-Pep14 −8.8 Asp 218, Tyr 1090 

cDP1-Pep15 −8.0 Ala 215 

cDP1-Pep16 −7.2 Ala 215 
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Figure 3.30 The docked structure of cDP1-Pep14 with αvβ3 (PDB: 4MMY) with ΔG = −8.8 

kcal/mol. The dipyrrin connector are shown in magenta while the peptide is shown in green. 

Fibronectin were overlayed in yellowish white with transparency as a comparison. 

 

 

Next, we tried boron complexation on dipyrrin cRGD peptides. cDP1-Pep13 and 

cDP1-Pep14 were converted into corresponding fluorescent BODIPY counterparts 

cBODIPY1-Pep13 and cBODIPY1-Pep14 in acceptable yield (Figure 3.31). These 

two BODIPY cRGD peptide are highly water-soluble as they can be completely 

dissolved in HEPES buffer to form a 1 mM solution. The fluorescent property of 

cBODIPY1-Pep13 and cBODIPY1-Pep14 were measured, the maxima excitation and 

emission wavelength are 522 nm and 533 nm, respectively. And the quantum yield 

(Φ) is over 0.9 and the lifetime (τ) is over 7 ns (Table 3.2 and Figure 3.32). 
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Figure 3.31 Boron complexation of cDP1-Pep13 and cDP1-Pep14. 

 

 

Table 3.2 The photophysical property of cBODIPY1-Pep13 and cBODIPY1-Pep14 in HEPES 

buffer.  

 λabs (nm) ε (× 10
4
 M

-1
 cm

-1
) λexc (nm) λem (nm) τ (ns) Φa 

cBODIPY1-Pep13 525 2.80 522 533 7.2 0.92 

cBODIPY1-Pep14 525 2.76 522 533 7.1 0.93 
a. the quantum yields are measured by comparative method with reference rhodamine 6G in water (Φ = 
95%). 

 

 

Figure 3.32 The normalized excitation and emission spectrum of cBODIPY1-Pep14. 

 

The in vitro confocal imaging for cBODIPY1-Pep14 was conducted (Figure 3.33). 

Different cell lines, include αvβ3-overexpressed bladder cancer T24 cell lines, as well 

as the negative control normal MRC5 and cervical cancer HeLa cell lines were used. 

Both cBODIPY1-Pep14 (green) and the fluorescent αvβ3-targeting antibody (red) 
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showed good preferential cellular uptake and excellent signal overlapping in T24 

cell lines, but not in the others cell lines. This result indicated the great potential of 

cBODIPY1-Pep14 as a fluorescent cyclopeptide-based targeted αvβ3 probe whose 

fluorescence come from the BODIPY staple linker. 

 

 

Figure 3.33 Confocal imaging of cBODIPY1-Pep14 (green) and fluorescent αvβ3-specific antibody 

(red) in T24, MRC5, and HeLa cell lines. 

 

3.2.4 Dipyrrin-based cGHK peptide as selective zinc sensor 

The fluorescent titration was carried out for cDP1-Pep11 with zinc ion (Figure 3.34). 

Surprisingly, the fluorescent intensity increased over 130 folds during titration. The 

detection limit of 1 µM cDP1-Pep11 toward zinc ion was calculated as 4.37 nM. The 

quantum yield of cDP1-Pep11 with statured zinc ion is around 0.31. And the binding 
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constant of 1a with zinc ion in aqueous medium is around 1.418 × 106 M-1, which is 

not a strong binding. Therefore, the fluorescent titration can be reserved by addition 

of DTPA, a strong metal chelator. The stoichiometry between cDP1-Pep11 and zinc 

ion was determined as 1:1 by Job’s plot52 (Figure 3.35). 

 

 

Figure 3.34 The fluorescent titration of cDP1-Pep11 with zinc(II) ion. 

 

 

Figure 3.35 Determination of stoichiometry between cDP1-Pep11 and zinc ion via Jobs’ plot. The 

total concentration of cDP1-Pep11 and ZnCl2 is 1 μM. 
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To prove the selectivity of cDP1-Pep11 toward zinc ion, fluorescent titrations were 

conducted with various metal ions (Figure 3.36). The result showed that only zinc 

led to significantly enhancement on fluorescence (blue bars on Figure 3.36), which 

may due to the dipyrrin can be complexed with zinc in room temperature quickly. 

Also, the existence of other metals showed less effect on the responsibility of 1a 

toward zinc ion (red bars on Figure 3.36). 

 

 

Figure 3.36 The fluorescent responses of cDP1-Pep11 toward various metal ions. 

 

The fluorescent titrations were also conducted for cDP2-Pep11, cDP4-Pep11, cDP1-

Pep12 and DP18-Pep11 (Figure 3.37 and Table 3.3). But none of them showed as 

good result as cDP1-Pep11. For cDP2-Pep11 and cDP4-Pep11 whose meso position 

are substituted by methyl and phenyl, although similar binding constant were 

calculated, only very slight enhancement in fluorescence were observed, the 

fluorescence was still too faint to use as a zinc sensor. The failure of cDP2-Pep11 and 

cDP4-Pep11 may be ascribe as the property of corresponding dipyrrins themselves. 

For cDP1-Pep12, a GAK peptide-based product which removed the imidazole of 

GHK peptide of cDP1-Pep11, also showed over 100 folds enhancement as the 

addition of excess zinc ion. However, its sensitivity is far lower the cDP1-Pep11, the 
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binding constant of cDP1-Pep12 is around 1/50 of binding constant of cDP1-Pep11, 

and the quantum yield of cDP1-Pep12 with statured zinc ion is around 0.22. The 

lower binding constant of cDP1-Pep12 showed the importance of imidazole in cDP1-

Pep11 for stabilizing the zinc complex. The linear dipyrrin-GHK peptide conjugate 

DP18-Pep12 show less binding constant and less brightness compare with 

cyclopeptide cDP1-Pep11. The quantum yield of 8 with saturated zinc ion is only 

0.13. The comparison between cDP1-Pep12 and DP18-Pep11 showed the importance 

of cyclopeptide backbone that may decrease the vibration of complex. The lifetime 

of cDP1-Pep11, cDP1-Pep12 and DP18-Pep12 (with statured zinc ion) are 2.90 ns, 2.04 

ns and 1.72 ns, respectively, which also reveal the relatively higher stability of zinc 

complex of cDP1-Pep11. 

 

Table 3.3 The photophysical property of cDP1-Pep11, cDP1-Pep12 and DP18-Pep18 in HEPES 

buffer with saturated zinc ion. 

 λabs (nm) ε (× 10
4
 M

-1
 cm

-1
) λexc (nm) λem (nm) τ (ns) Φa 

cDP1-Pep11 496 2.66 498 503 2.9 0.31 

cDP1-Pep12 497 2.79 498 503 2.0 0.22 

DP18-Pep18 496 2.33 498 503 1.7 0.13 
a. the quantum yields are measured by comparative method with reference rhodamine 6G in water (Φ = 
95%). 

 

 

 

Figure 3.37 The zinc fluorescent titration for cDP2-Pep11, cDP4-Pep11, cDP1-Pep12, DP18-Pep18. 
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The binding between cDP1-Pep11 and zinc ion was also investigated by NMR 

titration (Figure 3.39). As the addition of zinc salt, the signal of imidazole-NH and 

dipyrrin-NH were decreasing simultaneously, which indicated the zinc atom may 

binding with imidazole-NH and dipyrrin-NH at the same time. The two imidazole-

CH were also keep shifting during titration, while other signals remain unchanged. 

 

 

Figure 3.38 MTT assay of cDP1-Pep11 toward (A) HeLa and (B) MRC5 cell lines. 

 

We further investigated the application of cDP1-Pep11 for cell lines as a selective 

zinc sensor. The MTT assay showed no cytotoxicity of cDP1-Pep11 and cDP1-Pep12 

toward HeLa and MRC5 cell lines (Figure 3.38). The concentration of HeLa cell 

line in our experiment is around 500 nM, which can be detected by cDP1-Pep11 

successfully. And the fluorescent signal can be quenched completion by addition of 

zinc chelator TPEN. Interestingly, the cDP1-Pep11 showed selective uptake in HeLa 

and MRC5 (Figure 3.40). 
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Figure 3.39 The changes in NMR spectrum of cDP1-Pep11 upon the addition of Zn(OAc)2. 

 

 

 

Figure 3.40 Confocal imaging of cDP1-Pep11 in HeLa and MRC5 cell line, as well as in HeLa cell 

line with zinc chelator TPEN. 
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3.3 Conclusion 

In summary, we developed a new and highly efficient synthetic protocol towards 

multifunctional fluorescent cyclopeptides via solid-phase dipyrrin coupling-driven 

peptide macrocyclization, where the embedded dipyrrin serves as a new 

multifunctional staple linker. In two of our models, with the cyclic RGD and GHK 

peptide backbones, the embedded dipyrrin can be, respectively, either transformed 

to fluorescent BODIPY (cBODIPY1-Pep14) and then utilized as a bladder cancer 

cell (T24)-selective targeted αvβ3 integrin probe in vitro, or directly employed as a 

selective zinc sensor (cDP1-Pep11) in aqueous media and live cells with preferential 

accumulation in the cervical cancer (HeLa) over the normal (MRC5) cell lines. From 

these first-generation multifunctional fluorescent cyclopeptides (cBODIPY1-Pep14 

and cDP1-Pep11), insights have been gained for the importance of the linker length 

of the cyclic peptide scaffold and the presence of donor sidechain as multidentate 

ligand. This work blueprints the development of multifunctional staple linkers in 

fluorescent cyclopeptides for a wide range of future potential biological applications. 
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4.1 Chemistry 

Reagents. Most amino acid building blocks for Fmoc-strategy SPPS were purchased 

from Bidepharm. Fmoc-Orn(Mtt)-OH and Fmoc-Dap(Mtt)-OH were purchased 

from ChemPep. The structure of building blocks for unnatural amino acids Fmoc-6-

Ahx-OH, Fmoc-2-Nal-OH, Fmoc-4-Cpa-OH, Fmoc-3-Pal-OH and Fmoc-Cit-OH 

were listed on Figure 4.1. The Rink Amide resin (100-200 mesh) and Wang resin 

(100-200 mesh) were purchased from Sigma-Aldrich for synthesizing peptides with 

amide and acid C-terminal respectively. All aldehyde and pyrrole building blocks 

are commercially available except the pyrrole for synthesizing DP8 and DP11 are 

synthesized according literature.1 The pyrrole building block in chapter three, 3-(2,4-

dimethyl-1H-pyrrol-3-yl)propanoic acid, was purchased from Bidepharm. Solvents 

and other reagent were purchased and used without further purification. 

 

 

Figure 4.1 The building blocks for unnatural amino acids used in projects. 

 

Analytical HPLC. Analytical HPLC was performed on an Agilent 1100 series 

HPLC system (Agilent Technologies, Stockport, UK) equipped with a diode-array 

detection (DAD) detector and Agilent C18 column (250 mm x 4.6 mm) at the 

following gradients: 
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Table 4.1 Gradient A for analytical HPLC 

Time 

(min) 

A % 

(H2O + 0.1 % TFA) 

B % 

(MeCN + 0.1 % TFA) 

Flow 

(mL/min) 

0 95 5 0.5 

40 50 50 0.5 

41 0 100 0.5 

55 0 100 0.5 

 

Table 4.2 Gradient B for analytical HPLC 

Time 

(min) 

A % 

(H2O + 0.1 % TFA) 

B % 

(MeCN + 0.1 % TFA) 

Flow 

(mL/min) 

0 80 20 0.5 

40 20 80 0.5 

41 0 100 0.5 

55 0 100 0.5 

 

Table 4.3 Gradient C for analytical HPLC 

Time 

(min) 

A % 

(H2O + 0.1 % TFA) 

B % 

(MeCN + 0.1 % TFA) 

Flow 

(mL/min) 

0 80 20 0.5 

60 0 100 0.5 

70 0 100 0.5 

 

Preparative HPLC. The purifications of products were carried out on Waters semi-

preparative system with Waters 2707 Autosampler, Water 1525 Binary HPLC Pump, 

Waters 2998 Photodiode Array Detector and Waters Fraction Collector III and 

Atlantis®  T3 Prep OBDTM column (C18, 5 μm, 19×250 mm). The Gradient usually 

refer to the analytical HPLC but flow rate is 5 mL/min. The fractions were collected 

and verified by ESI-MS. 

Mass spectrometry. High-resolution mass spectra, reported as m/z, were obtained 

from Bruker Autoflex MALDI-TOF mass spectrometer. Low-resolution mass 
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spectra were conducted by SCIEX 3200Q ESI mass spectrometer was also used for 

monitoring reaction and determining correct fraction during purification of product. 

Nuclear magnetic resonance. NMR spectra were recorded on a Bruker Ultrashield 

400 Plus NMR spectrometer (1H NMR on 400 MHz, 13C NMR on 101 MHz. The 1H 

NMR chemical shifts were referenced to corresponding solvent peak (2.50 for 

DMSO-d6 and 3.31 for methanol-d4). The following abbreviations were used to 

explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet 

of doublets, m = multiplet, br = broad. 

General procedure of solid phase peptide synthesis. Standard Fmoc-based SPPS 

procedure was carried out manually. The SPE filtration tube with frits were used for 

most procedures except Alloc deprotection. To load first amino acid onto Rink 

Amide resin, Fmoc-deprotected resin was shaken with amino acid building block (4 

eq.), PyBOP (4 eq.) and DIPEA (8 eq.) in DMF (4 mL/ 0.1 mmol) overnight. After 

loading first amino acid, the resin was washed with DMF (4 mL ×3) and DCM (4 

mL ×3). Then, the shaken with Ac2O/Pyridine, v/v, 3/2 (4 mL/ 0.1 mmol) for 30 min 

to cap all remining reacting site on resin. However, capping was NOT conducted if 

the side chain protecting group of the first coupled amino acid is Mtt as the Mtt-

protected amine may undergo acetylation. During peptide elongation, the resin was 

shaken with amino acid building block (4 eq.), PyBOP (4 eq.) and DIPEA (8 eq.) in 

DMF (4 mL/ 0.1 mmol) for 2-12 h. To remove Fmoc protecting group during SPPS, 

the resin was shaken with either commonly used formular (20 % piperidine in DMF) 

or Fmoc alternative deprotection cocktail2 (5% w/v pyrazine, 1 % v/v DBU, 1 % v/v 

formic acid in DMF, 4 mL/ 0.1 mmol) for 25 min. For removing Mtt protecting 

group, the resin was mixed with 1 % v/v TFA in DCM (4 mL/ 0.1 mmol) and shaken 

for around 2 min before removing solution phase, repeat this procedure for around 

15 times, the change of color of solution phase (colorless to yellow to colorless) 
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indicated the completion of Mtt deprotection. To remove Alloc protecting group, the 

resin was transferred into a flash chromatography column with frits on its bottom, a 

solution of Pd(PPh3)4 (0.1 eq.) and PhSiH3 (20 eq.) in DCM (8 mL/ 0.1 mmol) was 

mixed with resin, and the N2 was bubbled from the bottom of chromatography 

column to agitate the resin and keep reaction under inert atmosphere. The reaction 

time of Alloc deprotection is around 4 h, to ensure fully deprotection, part of resin 

could be taken, wash, cleaved and then verified by ESI-MS. The resin was fully 

washed with DMF and DCM after each single step, and washed two more times with 

DMF or DCM according the solvent for coming step. Before removing last Fmoc 

protecting group, the substitute value of resin bound peptide was calculated by the 

method from literature3. Global cleavage was carried out with different cocktail (4 

mL/ 0.1 mmol) and reaction time according different amino acid composition of 

each peptide. Cocktail A: TFA/TIPS/H2O, v/v/v, 95/2.5/2.5; Cocktail B: 

TFA/EDT/p-Cresol/H2O, v/v/v/v, 90/5/2.5/2.5. Upon completion, the post-cleavage 

solution phase was collected, and the resin was more times wash with fresh prepared 

cleavage cocktail. The combined post-cleavage solution phase was concentrated by 

nitrogen-blow, then diethyl ester (over 5/1, v/v) was added, and formed precipitate 

was collected by centrifugation (10000rpm, 8min). The precipitate was re-dissolved 

by methanol, then repeat precipitation and centrifugation again. The crude product 

was re-dissolved in water/MeCN, and purified by preparative HPLC. 

H2N-YFMVF-CONH2 (Pep1). The Fmoc-Phe-OH, Fmoc-Val-OH and Fmoc-Met-

OH, Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH were coupled on Rink amide resin 

during SPPS. Global cleavage condition: cocktail A, 2 h. Yield: 60 %. White powder. 

Analytical HPLC: Gradient C, retention time: 23.9 min, purity: 96.6 %. 

HRMS(MALDI-TOF): calc. for C37H49N6O6S
+ [M+H]+ 705.3429, found 705.3489; 

calc. for C37H48N6NaO6S
+ [M+Na]+ 727.3248, found 727.3251; calc. for 
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C37H48KN6O6S
+ [M+K]+ 743.2988, found 743.3027. 1H NMR (400 MHz, Methanol-

d4) δ 7.26 – 7.14 (m, 10H), 7.11 – 7.04 (m, 2H), 6.81 – 6.72 (m, 2H), 4.89 (s, 1H), 

4.70 (tt, J = 8.3, 5.9 Hz, 2H), 4.40 – 4.31 (m, 1H), 4.07 (dd, J = 8.6, 4.8 Hz, 1H), 

3.20 – 3.05 (m, 3H), 2.98 – 2.79 (m, 3H), 2.56 – 2.38 (m, 2H), 2.01 (s, 6H), 0.90 (dd, 

J = 6.8, 5.1 Hz, 6H); 13C NMR (101 MHz, Methanol-d4) δ 129.58, 128.28, 128.22, 

127.43, 127.34, 125.74, 114.80, 53.39, 47.52, 47.31, 47.10, 46.89, 46.67, 46.46, 

46.25, 37.23, 37.05, 35.71, 31.38, 30.27, 28.97, 17.65, 16.99, 13.27; 1H NMR (400 

MHz, DMSO-d6) δ 9.38 (s, 1H), 8.77 (d, J = 8.1 Hz, 1H), 8.44 (d, J = 7.9 Hz, 1H), 

8.02 (d, J = 8.2 Hz, 1H), 7.99 – 7.92 (m, 2H), 7.83 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 

2.2 Hz, 1H), 7.30 – 7.15 (m, 10H), 7.06 (s, 1H), 7.04 (d, J = 8.5 Hz, 2H), 6.72 – 6.67 

(m, 2H), 4.65 (td, J = 8.7, 4.2 Hz, 1H), 4.50 – 4.42 (m, 2H), 4.18 – 4.13 (m, 1H), 

3.89 (s, 1H), 3.08 – 2.93 (m, 3H), 2.82 (ddd, J = 14.0, 9.3, 6.6 Hz, 3H), 2.42 (ddp, J 

= 13.1, 9.3, 6.9, 6.2 Hz, 2H), 2.03 (s, 3H), 1.97 – 1.87 (m, 2H), 1.79 (dtd, J = 14.2, 

9.4, 6.1 Hz, 1H), 0.79 (dd, J = 6.8, 2.2 Hz, 6H); 13C NMR (101 MHz, Methanol-d4) 

δ 129.58, 128.28, 128.22, 127.43, 127.34, 125.74, 114.80, 53.39, 47.52, 47.31, 47.10, 

46.89, 46.67, 46.46, 46.25, 37.23, 37.05, 35.71, 31.38, 30.27, 28.97, 17.65, 16.99, 

13.27; 13C NMR (101 MHz, DMSO-d6) δ 172.61, 170.66, 170.58, 170.40, 156.52, 

137.70, 137.37, 130.53, 129.19, 129.00, 128.06, 127.91, 126.32, 126.14, 124.42, 

115.25, 57.57, 53.96, 53.45, 53.23, 51.93, 37.57, 37.39, 36.08, 31.92, 30.59, 29.47, 

19.08, 17.90, 14.58. 

H2N-YFIVFGGKRPR-COOH (Pep2). The Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH, 

Fmoc-D-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, Fmoc-

Phe-OH, Fmoc-Val-OH, Fmoc-Ile-OH, Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH 

were coupled on wang resin during SPPS. Global cleavage condition: cocktail B, 4 

h. Yield: 54 %. White powder. Analytical HPLC: Gradient B, retention time: 16.8 

min, purity: 98.4 %. HRMS(MALDI-TOF): calc. for 
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C71H110N19O14
+ [M+H]+ 1452.8474, found 1452.8474; calc. for 

C71H109N19NaO14
+ [M+Na]+ 1474.8294, found 1474.8294. 

H2N-C-Ahx-RrRKGGYFMVF-COOH (Pep3). The Fmoc-Phe-OH, Fmoc-Val-

OH and Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Gly-OH, Fmoc-

Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-

Arg(Pbf)-OH, Fmoc-6-Ahx-OH and Fmoc-Cys(Trt)-OH were coupled on wang 

resin during SPPS. Global cleavage condition: cocktail B, 4 h. Yield: 60 %. White 

powder. Analytical HPLC: Gradient B, retention time: 18.9 min, purity: 97.1 %. 

HRMS(MALDI-TOF): calc. for C74H118N23O15S2
+ [M+H]+ 1632.8614, found 

1632.8623; calc. for C74H117N23NaO15S2
+ [M+Na]+ 1654.8433, found 1654.8431. 

H2N-C-Ahx-YFMVFGGRrRK-COOH (Pep4). The Fmoc-Lys(Boc)-OH, 

Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, 

Fmoc-Gly-OH,  Fmoc-Phe-OH, Fmoc-Val-OH and Fmoc-Met-OH, Fmoc-Phe-OH, 

Fmoc-Tyr(tBu)-OH, Fmoc-6-Ahx-OH and Fmoc-Cys(Trt)-OH were coupled on 

wang resin during SPPS. Global cleavage condition: cocktail B, 4 h. Yield: 53 %. 

White powder. Analytical HPLC: Gradient B, retention time: 17.6 min, purity: 

95.9 %. HRMS(MALDI-TOF): calc. for C74H118N23O15S2
+ [M+H]+ 1632.8614, 

found 1632.8604; calc. for C74H117N23NaO15S2
+ [M+Na]+ 1654.8433, found 

1654.8440. 

H2N-NWYFIVF-COOH (Pep5). The Fmoc-Phe-OH, Fmoc-Val-OH, Fmoc-Ile-

OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Trp(Boc)-OH and Fmoc-Asn(Trt)-

OH were coupled on wang resin during SPPS. Global cleavage condition: cocktail 

A, 2 h. Yield: 57 %. White powder. Analytical HPLC: Gradient C, retention time: 

28.7 min, purity: 94.9 %. HRMS(MALDI-TOF): calc. for 

C58H73N11NaO12
+ [M+Na]+ 1138.5332, found 1138.5323. 
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H2N-DEHYFIVF-COOH (Pep6). The Fmoc-Phe-OH, Fmoc-Val-OH, Fmoc-Ile-

OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Glu(tBu)-OH 

and Fmoc-Asp(tBu)-OH were coupled on wang resin during SPPS. Global cleavage 

condition: cocktail A, 2 h. Yield: 60 %. White powder. Analytical HPLC: Gradient 

C, retention time: 22.8 min, purity: 96.8 %. HRMS(MALDI-TOF): calc. for 

C53H69N10O14
+ [M+H]+ 1069.4989, found 1069.4988; calc. for 

C53H68KN10O14
+ [M+K]+ 1107.4548, found 1107.4424. 

H2N-Ahx-P-(pTyr)-LKTK-COOH (Pep7). The Fmoc-Lys(Boc)-OH, Fmoc-

Thr(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH and Fmoc-Tyr(PO(NMe₂)₂)-OH, 

Fmoc-Pro-OH and Fmoc-6-Ahx-OH were coupled on wang resin during SPPS. 

Global cleavage condition: cocktail B, 3 h. Yield: 59 %. White powder. Analytical 

HPLC: Gradient B, retention time: 8.4 min, purity: 93.7 %. HRMS(MALDI-TOF): 

calc. for C42H73N9O13P
+ [M+H]+ 942.5060, found 942.5063; calc. for 

C42H72N9NaO13P
+ [M+Na]+ 964.4879, found 964.4882; calc. for 

C42H72KN9O13P
+ [M+K]+ 980.4619, found 980.4627. 

H2N-Ahx-P-(pTyr)-LKTKRrRK-COOH (Pep8). The Fmoc-Lys(Boc)-OH, 

Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-

OH, Fmoc-Thr(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH and Fmoc-

Tyr(PO(NMe₂)₂)-OH, Fmoc-Pro-OH and Fmoc-6-Ahx-OH were coupled on wang 

resin during SPPS. Global cleavage condition: cocktail B, 3 h. Yield: 62 %. White 

powder. Analytical HPLC: Gradient B, retention time: 33.5 min, purity: 98.4 %. 

HRMS(MALDI-TOF): calc. for C66H121N23O17P
+ [M+H]+ 1538.9043, found 

1538.9043; calc. for C66H120N23NaO17P
+ [M+Na]+ 1560.8862, found 1560.8860. 

H2N-Nal-Cpa-Pal-SY-Cit-LRPA-CONH2 (Pep9). The Fmoc-Ala-OH, Fmoc-

Pro-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH, Fmoc-Cit-OH, Fmoc-Tyr(tBu)-OH, 

Fmoc-Ser(tBu)-OH, Fmoc-3-Pal-OH, Fmoc-4-Cap-OH and Fmoc-2-Nal-OH were 
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coupled on Rink amide resin during SPPS. Global cleavage condition: cocktail A, 3 

h. Yield: 64 %. White powder. Analytical HPLC: Gradient B, retention time: 16.3 

min, purity: 99.0 %. HRMS(MALDI-TOF): calc. for 

C68ClH91N17O13
+ [M+H]+ 1388.6665, found 1388.6555; calc. for 

C68ClH90N17NaO13
+ [M+Na]+ 1410.6485, found 1410.6362. 

H2N-DRVYIHPF-CONH2 (Pep10). The Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-

His(Trt)-OH, Fmoc-Ile-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Arg(Pbf)-

OH and Fmoc-Asp(tBu)-OH were coupled on Rink amide resin during SPPS. Global 

cleavage condition: cocktail A, 2 h. Yield: 58 %. White powder. Analytical HPLC: 

Gradient B, retention time: 13.3 min, purity: 96.2 %. HRMS(MALDI-TOF): calc. 

for C50H73N14O11
+ [M+H]+ 1045.5578, found 1045.5859; calc. for 

C50H72N14NaO11
+ [M+Na]+ 1067.5397, found 1067.5725. 

H2N-GHK-CONH2 (Pep11).  The Fmoc-Lys(PG)-OH (PG is Alloc or Mtt in 

chapter two and chapter three respectively), Fmoc-His(Trt)-OH and Fmoc-Gly-OH 

were coupled on Rink amide resin during SPPS. The product was obtained after 

Alloc deprotection (in chapter two), Fmoc deprotection and global cleavage. Global 

cleavage condition: cocktail A, 2 h. Yield: 70 %. White powder. Analytical HPLC: 

Gradient B, retention time: 6.0 min, purity: 92.8 %; Gradient A, retention time: 7.1 

min, purity: 96.8 %. HRMS(MALDI-TOF): calc. for 

C14H26N7O3
+ [M+H]+ 340.2092, found 340.2039; calc. for 

C14H25N7NaO3
+ [M+Na]+ 362.1911, found 362.1856. 1H NMR (400 MHz, DMSO-

d6) δ 14.51 (s, 2H), 8.97 (t, J = 1.1 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.27 (d, J = 7.5 

Hz, 1H), 8.07 (t, J = 6.0 Hz, 3H), 7.82 (s, 3H), 7.55 (s, 1H), 7.37 (s, 1H), 7.19 (s, 

1H), 4.71 (q, J = 6.8 Hz, 1H), 4.14 (td, J = 8.3, 5.0 Hz, 1H), 3.59 (d, J = 5.6 Hz, 2H), 

3.04 (qd, J = 15.3, 6.2 Hz, 2H), 2.75 (q, J = 6.5 Hz, 2H), 1.74 – 1.41 (m, 4H), 1.30 

(q, J = 9.5, 8.1 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 173.65, 169.17, 165.91, 
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133.76, 128.64, 117.10, 52.47, 51.48, 39.97 (read from HSQC), 38.53, 31.09, 27.44, 

26.57, 22.30. 

Synthetic procedure of symmetric dipyrrin peptide conjugates: Resin-bound 

peptide (0.1 mmol) from SPPS was placed in SPE tube, then the aldehyde building 

block was coupled as routine coupling procedure of SPPS. Upon completion, the 

liquid phase was removed, and the resin was washed with DMF (4 mL ×3) and DCM 

(4 mL ×3), little part of resin could be taken and be cleaved as a reference. The resin 

was soared in 4 mL DMF, then pyrrole building block (1.0 mmol) and BF3·OEt2 (0.1 

mmol) was added into SPE tube directly by pipette. The SPE tube was shaken for 3-

12 h (usually overnight) in dark. After that, the liquid phase was removed by 

filtration and resin was washed with DMF (4 mL ×3) and DCM (4 mL ×3). Resin 

was soared in DCM, and DDQ (0.5 mmol) solid was added directly and shaking for 

1 h. The resin was washed thoroughly with DMF and DCM until liquid phase was 

colorless. Finally, 4 mL cleaving cocktail was use for global cleavage. The crude 

product was purified by preparative HPLC, dry crude product may used for boron 

complexation directly. 

DP1-HN-YFMVF-CONH2 (DP1-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 51 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.3 min, 

purity: 96.3 %. HRMS(MALDI-TOF): calc. for C57H67N8O7S
+ [M+H]+ 1007.4848, 

found 1007.4843. 

DP2-HN-YFMVF-CONH2 (DP2-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 41 %. Orange powder. Analytical HPLC: Gradient C, retention time: 31.3 

min, purity: 94.0 %. HRMS(MALDI-TOF): calc. for 

C55H63N8O7S
+ [M+H]+ 979.4535, found 979.4522; calc. for 

C55H62N8NaO7S
+ [M+Na]+ 1001.4354, found 1001.4316. 
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DP3-HN-YFMVF-CONH2 (DP3-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 53 %. Red powder. Analytical HPLC: Gradient C, retention time: 39.3 min, 

purity: 96.6 %. HRMS(MALDI-TOF): calc. for C61H75N8O7S
+ [M+H]+ 1063.5474, 

found 1063.5477; calc. for C61H74N8NaO7S
+ [M+Na]+ 1085.5293, found 1085.5297. 

DP4-HN-YFMVF-CONH2 (DP4-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 10 %. Yellow powder. Analytical HPLC: Gradient C, retention time: 28.9 

min, purity: 96.0 %. HRMS(MALDI-TOF): calc. for 

C53H59N8O7S
+ [M+H]+ 951.4222, found 951.4234; calc. for 

C53H58N8NaO7S
+ [M+Na]+ 973.4041, found 973.4025. 

DP5-HN-YFMVF-CONH2 (DP5-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 51 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.6 min, 

purity: 97.6 %. HRMS(MALDI-TOF): calc. for C61H63N8O7S
+ [M+H]+ 1051.4535, 

found 1051.4539; calc. for C61H62N8NaO7S
+ [M+Na]+ 1073.4354, found 1073.4337. 

DP6-HN-YFMVF-CONH2 (DP6-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 50 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.2 min, 

purity: 94.8 %. HRMS(MALDI-TOF): calc. for C63H67N8O9S
+ [M+H]+ 1111.4746, 

found 1111.4750. 

DP9-HN-YFMVF-CONH2 (DP9-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 35 %. Purple powder. Analytical HPLC: Gradient C, retention time: 40.2 

min, purity: 95.2 %. HRMS(MALDI-TOF): calc. for 

C65H67N8O7S
+ [M+H]+ 1103.4848, found 1103.5282. 

DP10-HN-YFMVF-CONH2 (DP10-Pep1). Global cleavage condition: cocktail A, 

2 h. Yield: 47 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.4 

min, purity: 95.2 %. HRMS(MALDI-TOF): calc. for 
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C57H67N8O7S
+ [M+H]+ 1007.4848, found 1007.4864; calc. for 

C57H66N8NaO7S
+ [M+Na]+ 1029.4667, found 1029.4450. 

DP12-HN-YFMVF-CONH2 (DP12-Pep1). Global cleavage condition: cocktail A, 

2 h. Yield: 40 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.5 

min, purity: 96.0 %. HRMS(MALDI-TOF): calc. for 

C58H69N8O8S
+ [M+H]+ 1037.4954, found 1037.4929. 

DP13-HN-YFMVF-CONH2 (DP13-Pep1). Global cleavage condition: cocktail A, 

2 h. Yield: 40 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.8 

min, purity: 97.6 %. HRMS(MALDI-TOF): calc. for 

C58H69N8O8S
+ [M+H]+ 1037.4954, found 1037.4922; calc. for 

C58H68N8NaO8S
+ [M+Na]+ 1059.4773, found 1059.4777. 

DP14-HN-YFMVF-CONH2 (DP14-Pep1). Global cleavage condition: cocktail A, 

2 h. Yield: 34 %. Orange powder. Analytical HPLC: Gradient C, retention time: 33.1 

min, purity: 96.4 %. HRMS(MALDI-TOF): calc. for 

C57H70N9O7S
+ [M+H]+ 1024.5113, found 1024.5127. 

DP1-HN-C-Ahx-RrRKGGYFMVF-COOH (DP1-Pep2). Global cleavage 

condition: cocktail B, 4 h. Yield: 44 %. Red powder. Analytical HPLC: Gradient B, 

retention time: 23.1 min, purity: 95.8 %. HRMS(MALDI-TOF): calc. for 

C91H128N21O15
+ [M+H]+ 1755.9927, found 1755.9933. 

DP1-HN-C-Ahx-YFMVFGGRrRK-COOH (DP1-Pep3). Global cleavage 

condition: cocktail B, 4 h. Yield: 49 %. Red powder. Analytical HPLC: Gradient B, 

retention time: 21.8 min, purity: 97.0 %. HRMS(MALDI-TOF): calc. for 

C94H136N25O16S2
+ [M+H]+ 1936.0066, found 1936.0118. 

DP1-HN-C-Ahx-YFMVFGGRrRK-COOH (DP1-Pep4). Global cleavage 

condition: cocktail B, 4 h. Yield: 42 %. Red powder. Analytical HPLC: Gradient B, 



126 
 

retention time: 22.2 min, purity: 96.6 %. HRMS(MALDI-TOF): calc. for 

C94H136N25O16S2
+ [M+H]+ 1936.0066, found 1936.0017. 

DP1-HN-NWYFIVF-COOH (DP1-Pep5). Global cleavage condition: cocktail A, 2 

h. Yield: 47 %. Red powder. Analytical HPLC: Gradient C, retention time: 34.2 min, 

purity: 99.0 %. HRMS(MALDI-TOF): calc. for C78H92N13O13
+ [M+H]+ 1418.6932, 

found 1418.6955. 

DP1-HN-DEHYFIVF-COOH (DP1-Pep6). Global cleavage condition: cocktail A, 

2 h. Yield: 50 %. Red powder. Analytical HPLC: Gradient C, retention time: 27.3 

min, purity: 96.7 %. HRMS(MALDI-TOF): calc. for 

C73H87N12O15
+ [M+H]+ 1371.6408, found 1371.6353; calc. for 

C73H86N12NaO15
+ [M+Na]+ 1393.6228, found 1393.6185. 

DP1-HN-Ahx-P-(pTyr)-LKTK-COOH (DP1-Pep7). Global cleavage condition: 

cocktail B, 3 h. Yield: 47 %. Red powder. Analytical HPLC: Gradient B, retention 

time: 17.6 min, purity: 98.2 %. HRMS(MALDI-TOF): calc. for 

C62H91N11O14P
+ [M+H]+ 1244.6479, found 1244.6422. 

DP1-HN-Ahx-P-(pTyr)-LKTKRrRK-COOH (DP1-Pep8). Global cleavage 

condition: cocktail B, 3 h. Yield: 48 %. Red powder. Analytical HPLC: Gradient B, 

retention time: 25.0 min, purity: 96.8 %. HRMS(MALDI-TOF): calc. for 

C86H139N25O18P
+ [M+H]+ 1842.0496, found 1842.0535. 

DP1-HN-DRVYIHPF-CONH2 (DP1-Pep10). Global cleavage condition: 

cocktail A, 2 h. Yield: 53 %. Red powder. Analytical HPLC: Gradient B, retention 

time: 15.8 min, purity: 98.9 %. HRMS(MALDI-TOF): calc. for 

C70H91N16O12
+ [M+H]+ 1347.6997, found 1347.7072. 

DP1-HN-GHK-CONH2 (DP1-Pep11). Before global cleavage, Alloc 

deprotection was required (the procedure described on Pep11). Global cleavage 
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condition: cocktail A, 2 h. Yield: 59 %. Red powder. Analytical HPLC: Gradient B, 

retention time: 12.1 min, purity: 95.9 %. HRMS(MALDI-TOF): calc. for 

C34H44N9O4
+ [M+H]+ 642.3511, found 642.3905; calc. for 

C34H43N9NaO4
+ [M+Na]+ 664.3330, found 664.3734. 1H NMR (400 MHz, DMSO-

d6) δ 14.44 (s, 2H), 12.20 (s, 2H), 9.10 (t, J = 5.8 Hz, 1H), 9.00 (d, J = 1.5 Hz, 1H), 

8.38 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 7.5 Hz, 1H), 8.11 – 8.02 (m, 2H), 7.81 (s, 3H), 

7.53 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 2.0 Hz, 1H), 7.41 (d, J = 1.3 Hz, 1H), 7.22 – 

7.15 (m, 1H), 6.53 (s, 2H), 4.65 (td, J = 7.8, 5.4 Hz, 1H), 4.16 (td, J = 8.5, 4.9 Hz, 

1H), 3.94 (d, J = 5.7 Hz, 2H), 3.20 – 2.98 (m, 2H), 2.78 (h, J = 6.0 Hz, 2H), 2.43 (s, 

6H), 1.83 – 1.38 (m, 10H), 1.33 (q, J = 9.2, 8.3 Hz, 2H); 13C NMR (101 MHz, 

DMSO-d6) δ 173.67, 169.67, 168.94, 165.75, 152.41, 145.34, 142.32, 138.40, 

136.91, 133.69, 129.09, 127.93, 120.48, 116.98, 52.48, 51.49, 42.70, 38.59, 31.07, 

27.07, 26.60, 22.31, 13.79, 13.73. 

H2N-GHK(DP1)-CONH2 (DP1-Pep11)*. Fmoc and Alloc dual-protected peptide on 

resin was used. Alloc deprotection was conducted as procedure described on Pep11. 

Then, the dipyrrin was constructed as general procedure above. Fmoc was 

deprotected before global cleavage. Global cleavage condition: cocktail A, 2 h. Yield: 

51 %. Red powder. Analytical HPLC: Gradient B, retention time: 13.1 min, purity: 

98.9 %. HRMS(MALDI-TOF): calc. for C34H44N9O4
+ [M+H]+ 642.3511, found 

642.3593; calc. for C34H43N9NaO4
+ [M+Na]+ 664.3330, found 664.3391. 1H NMR 

(400 MHz, DMSO-d6) δ 14.38 (s, 2H), 12.16 (s, 2H), 8.99 (s, 1H), 8.78 (t, J = 5.7 

Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.29 (d, J = 7.2 Hz, 1H), 8.04 (s, 3H), 8.02 (s, 2H), 

7.58 (s, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.40 (s, 1H), 7.21 (s, 1H), 6.53 (s, 2H), 4.74 

(q, J = 6.7 Hz, 1H), 4.19 – 4.15 (m, 1H), 3.63 (s, 2H), 3.27 (t, J = 6.8 Hz, 2H), 3.09 

– 3.01 (m, 2H), 2.43 (s, 6H), 1.60 (ddp, J = 37.7, 15.0, 7.7, 6.9 Hz, 10H), 1.39 – 1.30 

(m, 2H). 
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Synthetic procedure of asymmetric dipyrrin peptide conjugates: Resin-bound 

peptide was loaded in SPE tube, then the 5-formyl-2,4-dimethyl-3-pyrrolecarboxylic 

acid was coupled as general coupling procedure of SPPS. Upon completion, the 

liquid phase was removed by filtration, and the resin was washed with DMF (4 mL 

×3) and DCM (4 mL ×3). The resin was soaked in DCM, and the pyrrole building 

block (0.5 mmol) and POCl3 (0.5 mmol) was added by pipette into SPE tube directly. 

The mixture was shaken overnight in dark. Then, the resin was washed thoroughly 

with DMF and DCM until liquid phase was colorless, suitable cleavage cocktail was 

use for global cleavage. The crude product was purified by preparative HPLC. 

DP15-HN-YFMVF-CONH2 (DP15-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 45 %. Yellow powder. Analytical HPLC: Gradient C, retention time: 30.3 

min, purity: 95.2 %. HRMS(MALDI-TOF): calc. for 

C51H62N8NaO7S
+ [M+Na]+ 953.4354, found 953.4309; calc. for 

C51H62KN8O7S
+ [M+K]+ 969.4094, found 969.4078. 

DP16-HN-YFMVF-CONH2 (DP16-Pep1). Global cleavage condition: cocktail A, 2 

h. Yield: 42 %. Red powder. Analytical HPLC: Gradient C, retention time: 31.4 min, 

purity: 95.1 %. HRMS(MALDI-TOF): calc. for C54H63N8O8S
+ [M+H]+ 983.4484, 

found 983.5748; calc. for C54H62N8NaO8S
+ [M+Na]+ 1005.4304, found 1005.5553. 

1H NMR (400 MHz, DMSO-d6) δ 13.78 (s, 1H), 12.55  (s, 1H), 9.03  (s, 1H), 8.48 

(s, 1H), 8.28 (d, J = 7.8 Hz, 2H), 8.21 (dd, J = 8.3, 3.3 Hz, 1H), 8.00 (d, J = 8.3 Hz, 

1H), 7.87 (d, J = 2.4 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.54 (d, J = 8.8 Hz, 1H), 7.36 

(d, J = 2.3 Hz, 1H), 7.25 – 7.18 (m, 10H), 7.08 (d, J = 8.4 Hz, 2H), 7.05 (s, 1H), 7.01 

(dd, J = 8.8, 2.4 Hz, 1H), 6.66 (d, J = 8.4 Hz, 2H), 4.67 – 4.61 (m, 2H), 4.48 (m, 1H), 

4.41 (m, 1H), 4.17 – 4.14 (m, 1H), 3.88 (s, 3H), 3.00 (td, J = 8.5, 7.9, 3.7 Hz, 3H), 

2.81 (d, J = 9.1 Hz, 3H), 2.41 (td, J = 7.3, 6.7, 3.1 Hz, 2H), 2.35 (s, 3H), 2.30 (s, 3H), 

2.02 (s, 3H), 1.94 – 1.88 (m, 2H), 1.80 – 1.76 (m, 1H), 0.79 (dd, J = 6.8, 4.0 Hz, 6H). 
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General procedure of boron complexation of dipyrrin conjugates: To a 

suspension of dipyrrin peptide conjugate (0.02 mmol) in acetonitrile (1.0 mL), 

DIPEA (170 uL) was added by pipette. The mixture was shaken or sonicated for 5 

min. BF3·OEt2 (280 uL) was added by pipette in one portion. The mixture was 

further shaken for 10 min. The crude product was concentrated under vacuum and 

was purified by preparative HPLC.  

BODIPY1-HN-YFMVF-CONH2 (BODIPY1-Pep1). Yield: 73 %. Red powder. 

Analytical HPLC: Gradient C, retention time: 47.5 min, purity: 97.0 %. 

HRMS(MALDI-TOF): calc. for BC57H68N8O9S
+ [M-2F+2OH+H]+ 1051.4987, 

found 1051.4934; calc. for BC57F2H65KN8O7S
+ [M+K]+ 1093.4460, found 

1093.4703. 1H NMR (400 MHz, DMSO-d6) δ 9.20 (s, 1H), 8.74 (d, J = 8.2 Hz, 1H), 

8.27 (dd, J = 28.2, 7.9 Hz, 2H), 8.05 (s, 1H), 8.02 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 

8.7 Hz, 1H), 7.55 (d, J = 8.1 Hz, 2H), 7.47 – 7.37 (m, 1H), 7.35 – 7.19 (m, 10H), 

7.18 – 7.15 (m, 2H), 7.14 – 7.05 (m, 1H), 6.71 – 6.64 (m, 2H), 6.25 (s, 2H), 4.64 

(dtd, J = 24.6, 8.6, 4.1 Hz, 2H), 4.54 (td, J = 8.6, 5.2 Hz, 1H), 4.47 (td, J = 8.3, 4.9 

Hz, 1H), 4.20 (dd, J = 8.7, 6.7 Hz, 1H), 3.18 – 2.97 (m, 3H), 2.95 – 2.85 (m, 3H), 

2.52 (s, 6H), 2.46 (tt, J = 6.6, 2.9 Hz, 2H), 2.07 (s, 3H), 2.01 – 1.92 (m, 2H), 1.84 

(dt, J = 13.3, 4.7 Hz, 1H), 1.39 (s, 6H), 0.84 (dd, J = 6.8, 2.6 Hz, 6H); 13C NMR (101 

MHz, DMSO-d6) δ 172.65, 171.48, 170.88, 170.75, 170.45, 165.61, 155.68, 155.13, 

142.63, 141.07, 137.76, 136.91, 134.52, 130.39, 130.06, 129.26, 129.06, 128.37, 

127.98, 127.91, 126.20, 121.51, 114.83, 57.66, 55.29, 53.90, 53.49, 51.91, 37.61, 

37.23, 35.98, 32.01, 30.60, 29.49, 29.01, 19.13, 17.99, 14.65, 14.22, 14.15; 19F NMR 

(376 MHz, DMSO-d6) δ -145.48 (dd, J = 65.6, 30.6 Hz). 

BODIPY1-HN-YFMVF-CONH2 (BODIPY1-Pep1). Yield: 73 % (from purified 

DP1-Pep1) or 45 % (from dry crude product of DP1-Pep1 from SPPS) Red powder. 

Analytical HPLC: Gradient C, retention time: 47.5 min, purity: 97.0 %. 
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HRMS(MALDI-TOF): calc. for C57H68BN8O9S
+ [M-2F+2OH+H]+ 1051.4987, 

found 1051.4934; calc. for C57H65BF2KN8O7S
+ [M+K]+ 1093.4460, found 

1093.4703. 

BODIPY2-HN-YFMVF-CONH2 (BODIPY2-Pep1). Yield: 76 %. Orange 

powder. Analytical HPLC: Gradient A, retention time: 46.2 min, purity: 95.0 %. 

HRMS(MALDI-TOF): calc. for BC55FH61N8O7S
+ [M-F]+ 1007.4525, found 

1007.4451; calc. for C55H61BF2N8NaO7S
+ [M+Na]+ 1049.4407, found 1049.3821; 

calc. for C55H61BF2KN8O7S
+ [M+K]+ 1065.4147, found 1065.4182. 

BODIPY3-HN-YFMVF-CONH2 (BODIPY3-Pep1). Yield: 70 %. Red powder. 

Analytical HPLC: Gradient C, retention time: 54.7 min, purity: 96.0 %. 

HRMS(MALDI-TOF): calc. for C61H75N8O7S
+ [M-BF2+2H]+ 1063.5474, found 

1063.5389; calc. for C61H73BF2N8NaO7S
+ [M+Na]+ 1133.5346, found 1133.5359; 

calc. for C61H73BF2KN8O7S
+ [M+K]+ 1149.5086, found 1149.5101. 

BODIPY9-HN-YFMVF-CONH2 (BODIPY9-Pep1). Yield: 55 %. Purple 

powder. Analytical HPLC: Gradient C, retention time: 53.0 min, purity: 94.6 %. 

HRMS(MALDI-TOF): calc. for BC65H68N8O9S
+ [M-2F+2OH+H]+ 1147.4987, 

found 1147.5021; calc. for C65H65BF2N8NaO7S
+ [M+Na]+ 1173.4720, found 

1173.4887; calc. for C65H65BF2KN8O7S
+ [M+K]+ 1189.4460, found 1189.4789. 

BODIPY15-HN-YFMVF-CONH2 (BODIPY15-Pep1). Yield: 71 %. Orange 

powder. Analytical HPLC: Gradient C, retention time: 42.8 min, purity: 94.1 %. 

HRMS(MALDI-TOF): calc. for BC51FH61N8O7S
+ [M-F]+ 959.4525, found 

959.5180; calc. for C51H61BF2N8NaO7S
+ [M+Na]+ 1001.4407, found 1001.5133; 

calc. for BC51F2H61KN8O7S
+ [M+K]+ 1017.4147, found 1017.5093. 

BODIPY1-HN-C-Ahx-YFMVFGGRrRK-COOH (BODIPY1-Pep4). Yield: 

49 %. EDT was used as reductant during reaction to prevent the oxidation of Cys. 
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Red powder. Analytical HPLC: Gradient B, retention time: 29.5 min, purity: 98.7 %. 

HRMS(MALDI-TOF): calc. for C94H135BF2N25O16S2
+ [M+H]+ 1984.0119, found 

1983.9865. 

BODIPY1-HN-NWYFIVF-COOH (BODIPY1-Pep5). Yield: 63 %. Red powder. 

Analytical HPLC: Gradient C, retention time: 46.4 min, purity: 97.7 %. 

HRMS(MALDI-TOF): calc. for C78H90BF2N13NaO13
+ [M+Na]+ 1488.6804, found 

1488.6771; calc. for C78H90BF2KN13O13
+ [M+K]+ 1504.6544, found 1504.6543. 

BODIPY1-HN-DEHYFIVF-COOH (BODIPY1-Pep6). Yield: 31 %. Red 

powder. Analytical HPLC: Gradient C, retention time: 35.8 min, purity: 95.2 %. 

HRMS(MALDI-TOF): calc. for C73H85BF2N12NaO15
+ [M+Na]+ 1441.6281, found 

1441.5949; calc. for C73H85BF2KN12O15
+ [M+K]+ 1457.6020, found 1457.5786. 

DP1-HN-Ahx-P-(pTyr)-LKTK-COOH (BODIPY1-Pep7). Yield: 50 %. Red 

powder. Analytical HPLC: Gradient B, retention time: 19.3 min, purity: 95.9 %. 

HRMS(MALDI-TOF): calc. for C62H89BFN11O14P
+ [M-F]+ 1272.6470, found 

1272.7580. 

BODIPY1-HN-DRVYIHPF-CONH2 (BODIPY1-Pep10). Yield: 37 %. Red 

powder. Analytical HPLC: Gradient B, retention time: 19.3 min, purity: 95.9 %. 

HRMS(MALDI-TOF): calc. for C70H91BF2N16O12
+ [M+H]+ 1396.7128, found 

1396.6222. 

Synthesis of GHK dipyrrin-cyclopeptide. The Fmoc-Lys(Mtt)-OH, Fmoc-

His(Trt)-OH and Fmoc-Gly-OH were coupled during SPPS. Then, Fmoc 

deprotection and Mtt deprotection was carried out to give a two-amine-containing 

resin-bound GHK peptide. The resulting resin was shaken with a solution of 3-(2,4-

dimethyl-1H-pyrrol-3-yl)propanoic acid (5 eq.), PyBOP (5 eq.) and DIPEA (10 eq.) 

in DMF (4 mL/ 0.1 mmol) in dark overnight. Then the solution phase was fully 
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washed, and the dipyrrin-cyclopeptide can be formation under following three 

condition. Condition A: shaken with a solution of orthoester (10 eq.) and POCl3 (5 

eq.) in DCM (4 mL/ 0.1 mmol) overnight; Condition B: shaken with a solution of 

acyl chloride (10 eq.) in DCM (4 mL/ 0.1 mmol) overnight; Condition C: shaken 

with a solution of aldehyde (5 eq.) and BF3·OEt2 (1 eq.) in DCM (4 mL/ 0.1 mmol) 

overnight, then fully washed, and shaken with a suspension of DDQ (5 eq.) in DCM 

(4 mL/ 0.1 mmol) for 1 h. After above treatment, the desired products were obtained 

after global cleavage (cocktail A, 2 h), precipitation and purification. For 1i, more 

steps were need after formation of dipyrrin which was describe on following 

paragraph). 

cDP1(HN-GHK-CO NH2) (cDP1-Pep11). Dipyrrin was formed by condition A with 

triethyl orthoformate. Yield: 31 %. Yellow powder. Analytical HPLC: Gradient A, 

retention time: 29.5 min, purity: 97.1 %. HRMS(MALDI-TOF): calc. for 

C33H46N9O5
+ [M+H]+ 648.3616, found 648.3406; calc. for 

C33H45N9NaO5
+ [M+Na]+ 670.3436, found 670.3203. 1H NMR (400 MHz, DMSO-

d6) δ 8.66 (d, J = 7.5 Hz, 1H), 8.35 (t, J = 5.7 Hz, 1H), 8.28 (d, J = 7.6 Hz, 1H), 8.22 

(d, J = 5.3 Hz, 3H), 7.95 – 7.83 (m, 8H), 7.45 – 7.03 (m, 6H), 4.56 (td, J = 7.5, 5.7 

Hz, 1H), 4.33 (q, J = 7.2 Hz, 1H), 4.11 (td, J = 8.6, 4.8 Hz, 1H), 3.83 (q, J = 5.8 Hz, 

1H), 3.76 (d, J = 5.5 Hz, 2H), 3.11 (q, J = 6.5 Hz, 2H), 2.76 (q, J = 6.1, 5.6 Hz, 4H), 

2.72 – 2.53 (m, 2H), 1.74 – 1.66 (m, 4H), 1.59 – 1.48 (m, 8H), 1.39 – 1.27 (m, 4H); 

13C NMR (101 MHz, DMSO-d6) δ 173.56, 172.03, 170.80, 169.52, 169.20, 153.90, 

153.23, 143.76, 143.51, 133.74, 129.15, 127.40, 126.86, 126.38, 126.20, 119.89, 

116.87, 52.21, 51.72, 42.33, 37.92, 34.66, 33.85, 31.05, 28.21, 26.72, 22.35, 19.56, 

19.31, 12.62, 12.50, 9.91, 9.83. 

cDP2(HN-GHK-CONH2) (cDP2-Pep11). Dipyrrin was formed by either 

condition A with triethyl orthoacetate (Yield: 24 %) or condition B with acetyl 
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chloride (Yield: 10 %). Orange powder. Analytical HPLC: Gradient A, retention 

time: 25.9 min, purity: 97.0 %. HRMS(MALDI-TOF): calc. for 

C34H48N9O5
+ [M+H]+ 662.3773, found 662.4363; calc. for 

C34H47N9NaO5
+ [M+Na]+ 684.3592, found 684.4176. 

cDP3(HN-GHK-CONH2) (cDP3-Pep11). Dipyrrin was formed by condition A 

with triethyl orthopropionate. Yield: 21 %. Orange powder. Analytical HPLC: 

Gradient A, retention time: 27.2 min, purity: 97.8 %. HRMS(MALDI-TOF): calc. 

for C35H50N9O5
+ [M+H]+ 676.3929, found 676.3767; calc. for 

C35H49N9NaO5
+ [M+Na]+ 698.3749, found 698.3571. 

cDP4(HN-GHK-CONH2) (cDP4-Pep11). Dipyrrin was formed by condition C 

with triethyl benzaldehyde. Yield: 34 %. Red powder. Analytical HPLC: Gradient 

A, retention time: 36.9 min, purity: 96.3 %. HRMS(MALDI-TOF): calc. for 

C39H50N9O5
+ [M+H]+ 724.3929, found 724.3917. 

cDP5(HN-GHK-CONH2) (cDP5-Pep11). Dipyrrin was formed by condition C 

with 1H-imidazole-2-carbaldehyde. Yield: 45 %. Red powder. Analytical HPLC: 

Gradient A, retention time: 19.4 min, purity: 96.1 %. HRMS(MALDI-TOF): calc. 

for C36H48N11O5
+ [M+H]+ 714.3834, found 714.4103; calc. for 

C36H47N11NaO5
+ [M+Na]+ 736.3654, found 736.3939. 

cDP6(HN-GHK-CONH2) (cDP6-Pep11). Dipyrrin was formed by condition C with 

pyrene-1-carbaldehyde. Yield: 42 %. Red powder. Analytical HPLC: Gradient B, 

retention time: 26.2 min, purity: 97.2 %. HRMS(MALDI-TOF): calc. for 

C49H54N9O5
+ [M+H]+ 848.4242, found 848.4385; calc. for 

C49H53N9NaO5
+ [M+Na]+ 870.4062, found 870.4309. 1H NMR (400 MHz, DMSO-

d6) δ 14.26 (s, 2H), 11.58 (s, 2H), 8.99 (m, 1H), 8.53 – 8.29 (m, 7H), 8.26 – 8.02 (m, 

3H), 7.87 (m, 3H), 7.38 (s, 1H), 7.15 (s, 2H), 4.57 (m, 1H), 4.11 (m, 1H), 3.71 (m, 
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2H), 3.19 (m, 2H), 2.99 (m, 2H), 2.72 (m, 4H), 2.43 – 2.20 (m, 10H), 2.04 – 1.93 

(m, 2H), 1.74 – 1.24 (m, 10H). 

cDP7(HN-GHK-CONH2) (cDP7-Pep11). Dipyrrin was formed by condition C 

with 4-(1,2,2-triphenylvinyl)benzaldehyde. Yield: 39 %. Red powder. Analytical 

HPLC: Gradient B, retention time: 31.4 min, purity: 97.7 %. HRMS(MALDI-TOF): 

calc. for C59H64N9O5
+ [M+H]+ 978.5025, found 978.6518. 

cDP8(HN-GHK-CONH2) (cDP8-Pep11). Dipyrrin was formed by condition C with 

4-formylbenzoic acid. Yield: 36 %. Red powder. Analytical HPLC: Gradient A, 

retention time: 32.0 min, purity: 97.5 %. HRMS(MALDI-TOF): calc. for 

C40H50N9O7
+ [M+H]+ 768.3828, found 768.4274. 1H NMR (400 MHz, DMSO-d6) δ 

14.24 (d, J = 21.2 Hz, 2H), 11.92 (s, 2H), 8.98 (s, 1H), 8.40 (m, 2H), 8.12 (d, J = 8.5 

Hz, 2H), 7.82 (m, 2H), 7.44 (s, 2H), 7.38 – 7.34 (m, 1H), 7.17 (m, 2H), 4.52 (dd, J 

= 9.3, 3.4 Hz, 1H), 4.08 (td, J = 9.0, 5.2 Hz, 1H), 3.63 (s, 2H), 3.21 – 2.98 (m, 2H), 

2.95 (m, 2H), 2.69 (dt, J = 12.9, 7.6 Hz, 4H), 2.37 (d, J = 4.8 Hz, 6H), 2.35 – 2.15 

(m, 4H), 1.99 (m, 2H), 1.68 (m, 6H), 1.59 – 1.31 (m, 4H). 

cDP9(HN-GHK-CONH2) (cDP9-Pep11). The formation of dipyrrin was same as 

cDP8-Pep11. After formation of dipyrrin (sample was taken, cleaved, precipitated 

and analyzed by the HPLC and ESI-MS, sample 1 in Figure 4.2), the resin was 

mixed with PyBOP (4 eq.), DIPEA (8 eq.) in DMF (4 mL/0.1mmol) for 5 min, 

then (9H-fluoren-9-yl)methyl (2-aminoethyl)carbamate (FmocHNCH2CH2NH2, 4 

eq.) was added. The reaction was shaken for 3 h (sample 2 in Figure 4.2), then 

Fmoc deprotection was carried out after fully washing. The amino building block 

Fmoc-Ala-OH and Fmoc-Pra-OH were used to continue SPPS. The desired 

product was obtained after Fmoc deprotection, global cleavage (cocktail A, 12 h), 

precipitated (Sample 3 in Figure 4.2) and purification. Yield: 21 %. Red powder. 

Analytical HPLC: Gradient A, retention time: 24.8 min, purity: 98.9 %. 
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HRMS(MALDI-TOF): calc. for C50H66N13O8
+ [M+H]+ 976.5152, found 976.5419; 

calc. for C50H65N13NaO8
+ [M+Na]+ 998.4971, found 998.5286.  

 

 

Figure 4.2 The crude products of intermediate steps for synthesizing cDP9-Pep11 were cleaved, 

precipitated and analyzed by HPLC (gradient A) and ESI-MS. 

 

Synthesis of GAK dipyrrin-cyclopeptide cDP1(HN-GAK-CONH2) (cDP1-

Pep12). The Fmoc-Lys(Mtt)-OH, Fmoc-Ala-OH and Fmoc-Gly-OH were coupled 

during SPPS. The desired product was obtained after Mtt deprotection, dipyrrin 

formation (condition A with triethyl orthoformate), global cleavage (cocktail A, 2 

h), precipitation and purification. Yield: 23 %. Yellow powder. Analytical HPLC: 

Gradient A, retention time: 30.0 min, purity: 95.7 %. HRMS(MALDI-TOF): calc. 

for C30H44N7O5
+ [M+H]+ 582.3398, found 582.3429; calc. for 

C30H43N7NaO5
+ [M+Na]+ 604.3218, found 604.3245. 1H NMR (400 MHz, DMSO-

d6) δ 11.97 (S, 2H), 8.30 – 8.19 (m, 2H), 7.81 (t, J = 5.8 Hz, 1H), 7.76 (d, J = 8.5 

Hz, 1H), 7.20 (s, 1H), 7.10 (m, 1H), 4.26 – 4.19 (m, 1H), 4.11 – 4.05 (m, 1H), 3.74 
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– 3.62 (m, 2H), 3.01 – 2.94 (m, 2H), 2.54 (t, J = 5.6 Hz, 4H), 2.40 (s, 6H), 2.32 – 

2.13 (m, 10H), 1.99 (d, J = 7.5 Hz, 2H), 1.58 – 1.40 (m, 4H), 1.20 (d, J = 7.1 Hz, 

3H). 

Synthesis of XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)-OH 

(X = Lys, Orn, Dap). The Fmoc-X(Mtt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH, 

Fmoc-Arg(Pbf)-OH and Fmoc-X(Mtt)-OH were coupled during SPPS. The linear 

peptides (Pep13, Pep14 and Pep16) were obtained after Fmoc deprotection and global 

cleavage (cocktail A, 2 h), precipitation and purification. And the corresponding 

dipyrrin-cyclopeptide (cDP1-Pep13, cDP1-Pep14 and cDP1-Pep16) were obtained 

after Mtt deprotection, dipyrrin formation (condition A with triethyl orthoformate), 

Fmoc deprotection, global cleavage (cocktail A, 2 h), precipitated and purification.   

 

 

Figure 4.3 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)-

OH (X = Lys, Orn, Dap). 
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H2N-KRGDK-CONH2 (Pep13). Yield: 68 %. White powder. Analytical HPLC: 

Gradient A, retention time: 12.6 min, purity: 98.5 %. HRMS(MALDI-TOF): calc. 

for C24H48N11O7
+ [M+H]+ 602.3733, found 602.3129; calc. for 

C24H47N11NaO7
+ [M+Na]+ 624.3552, found 624.2903. 1H NMR (400 MHz, DMSO-

d6) δ 8.66 (d, J = 7.5 Hz, 1H), 8.35 (t, J = 5.7 Hz, 1H), 8.28 (d, J = 7.6 Hz, 1H), 8.22 

(d, J = 5.3 Hz, 3H), 7.95 – 7.83 (m, 8H), 7.45 – 7.03 (m, 6H), 4.56 (td, J = 7.5, 5.7 

Hz, 1H), 4.33 (q, J = 7.4, 6.9 Hz, 1H), 4.11 (td, J = 8.6, 4.8 Hz, 1H), 3.83 (q, J = 5.8 

Hz, 1H), 3.76 (d, J = 5.5 Hz, 2H), 3.11 (q, J = 6.5 Hz, 2H), 2.76 (q, J = 6.1, 5.6 Hz, 

4H), 2.72 – 2.53 (m, 2H), 1.74 – 1.66 (m, 4H), 1.59 – 1.48 (m, 8H), 1.39 – 1.27 (m, 

4H); 13C NMR (101 MHz, DMSO-d6) δ 173.40, 171.84, 171.26, 170.35, 168.71, 

168.47, 156.89, 52.43, 52.31, 51.76, 49.54, 41.72, 40.26, 38.57, 38.41, 36.09, 30.89, 

30.35, 29.02, 26.49, 26.33, 24.89, 22.12, 20.94. 

H2N-Orn-RGD-Orn-CONH2 (Pep14). Yield: 66 %. White powder. Analytical 

HPLC: Gradient A, retention time: 8.0 min, purity: 95.0 %. HRMS(MALDI-TOF): 

calc. for C22H44N11O7
+ [M+H]+ 574.3420, found 574.3241; calc. for 

C22H43N11NaO7
+ [M+Na]+ 596.3239, found 596.3008. 1H NMR (400 MHz, DMSO-

d6) δ 8.68 (d, J = 7.7 Hz, 1H), 8.34 (t, J = 6.1 Hz, 2H), 8.26 (d, J = 5.5 Hz, 3H), 7.97 

(d, J = 8.1 Hz, 1H), 7.83 (dt, J = 18.7, 6.4 Hz, 7H), 7.50 – 7.03 (m, 6H), 4.57 (td, J 

= 7.8, 5.5 Hz, 1H), 4.36 (q, J = 7.4, 6.9 Hz, 1H), 4.15 (td, J = 8.0, 4.9 Hz, 1H), 3.88 

(d, J = 5.1 Hz, 1H), 3.77 (d, J = 5.9 Hz, 2H), 3.11 (m, 2H), 2.79 (m, 4H), 2.73 – 2.51 

(m, 2H), 1.77 – 1.49 (m, 12H). 

H2N-Dap-RGD-Dap-CONH2 (Pep16). Yield: 66 %. White powder. Analytical 

HPLC: Gradient A, retention time: 8.5 min, purity: 97.4 %. HRMS(MALDI-TOF): 

calc. for C18H36N11O7
+ [M+H]+ 518.2794, found 518.3320; calc. for 

C18H35N11NaO7
+ [M+Na]+ 540.2613, found 540.2977. 1H NMR (400 MHz, DMSO-
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d6) δ 8.86 (d, J = 7.3 Hz, 1H), 8.58 – 8.23 (m, 9H), 7.91 (s, 3H), 7.80 (s, 1H), 7.40 

(m, 6H), 4.55 (d, J = 5.9 Hz, 1H), 4.46 (d, J = 6.0 Hz, 1H), 4.36 (m, 1H), 4.24 (m, 

1H), 3.83 (m, 2H), 3.27 (m, 3H), 3.10 (m, 2H), 2.96 (m, 1H), 2.79 – 2.58 (m, 2H), 

1.65 (m, 4H). 

cDP1(H2N-KRGDK-CONH2) cDP1-Pep13. Yield: 24 %. Yellow powder. 

Analytical HPLC: Gradient A, retention time: 27.2 min, purity: 95.6 %. 

HRMS(MALDI-TOF): calc. for C43H68N13O9
+ [M+H]+ 910.5258, found 910.4834. 

1H NMR (400 MHz, DMSO-d6) δ 12.21 (s, 2H), 8.57 (d, J = 8.0 Hz, 1H), 8.30 (t, J 

= 5.6 Hz, 1H), 8.25 (d, J = 7.7 Hz, 1H), 8.13 (d, J = 5.4 Hz, 3H), 7.81 – 7.65 (m, 

4H), 7.36 – 7.00 (m, 7H), 4.54 (q, J = 7.0 Hz, 1H), 4.38 (q, J = 7.5, 7.0 Hz, 1H), 4.04 

(td, J = 8.7, 4.5 Hz, 1H), 3.79 (s, 1H), 3.73 (m, 2H), 3.09 (q, J = 6.4 Hz, 2H), 2.90 

(dh, J = 12.9, 6.6 Hz, 4H), 2.69 (dt, J = 10.1, 6.1 Hz, 4H), 2.53 (s, 2H), 2.44 (d, J = 

4.5 Hz, 6H), 2.27 (m, 10H), 1.73 – 1.23 (m, 16H); 13C NMR (101 MHz, DMSO-d6) 

δ 173.52, 171.87, 171.07, 170.98, 170.11, 168.58, 168.32, 156.75, 153.48, 143.49, 

127.53, 127.37, 126.41, 126.38, 120.09, 52.29, 52.08, 51.85, 49.40, 41.70, 40.27, 

38.24, 38.15, 36.00, 35.03, 34.93, 34.81, 31.20, 31.09, 30.67, 29.32, 28.99, 28.93, 

28.88, 28.77, 28.74, 28.65, 28.60, 28.49, 26.46, 25.03, 24.84, 22.45, 22.00, 21.33, 

19.53, 13.85, 12.49, 12.45, 9.77. 

cDP1(H2N-Orn-RGD-Orn-CONH2) cDP1-Pep14. Yield: 27 %. Yellow powder. 

Analytical HPLC: Gradient A, retention time: 29.2 min, purity: 97.4 %. 

HRMS(MALDI-TOF): calc. for C41H64N13O9
+ [M+H]+ 882.4945, found 882.5381. 

1H NMR (400 MHz, DMSO-d6) δ 12.11 (d, J = 7.7 Hz, 2H), 8.56 (d, J = 8.1 Hz, 1H), 

8.27 (dd, J = 9.5, 6.3 Hz, 2H), 8.13 (d, J = 5.3 Hz, 3H), 7.83 (d, J = 7.9 Hz, 1H), 

7.77 (t, J = 5.8 Hz, 1H), 7.70 (dt, J = 12.2, 5.6 Hz, 2H), 7.34 – 6.98 (m, 7H), 4.51 

(td, J = 7.7, 5.4 Hz, 1H), 4.42 – 4.36 (m, 1H), 4.04 – 3.95 (m, 1H), 3.87 – 3.65 (m, 

3H), 3.07 (d, J = 6.4 Hz, 2H), 2.96 (t, J = 6.6 Hz, 2H), 2.91 – 2.83 (m, 2H), 2.71 – 
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2.64 (m, 4H), 2.57 (m, 2H), 2.43 (d, J = 2.4 Hz, 6H), 2.30 – 2.22 (m, 10H), 1.62 (m, 

4H), 1.52 – 1.33 (m, 8H). 

cDP1(H2N-Dap-RGD-Dap-CONH2) cDP1-Pep16. Yield: 27 %. Yellow powder. 

Analytical HPLC: Gradient A, retention time: 30.1 min, purity: 96.7 %. 

HRMS(MALDI-TOF): calc. for C37H56N13O9
+ [M+H]+ 826.4319, found 826.4820. 

1H NMR (400 MHz, DMSO-d6) δ 12.15 (s, 2H), 8.74 (d, J = 7.7 Hz, 1H), 8.31 (t, J 

= 5.6 Hz, 1H), 8.29 – 8.10 (m, 3H), 8.02 (d, J = 7.8 Hz, 1H), 7.93 (t, J = 6.0 Hz, 1H), 

7.81 (d, J = 7.9 Hz, 1H), 7.72 (td, J = 5.9, 2.3 Hz, 2H), 7.52 – 6.87 (m, 7H), 4.36 

(dq, J = 10.1, 7.1 Hz, 2H), 4.06 (q, J = 6.7 Hz, 1H), 3.89 (s, 1H), 3.69 (ddd, J = 59.7, 

16.9, 5.4 Hz, 2H), 3.46 – 3.27 (m, 2H), 3.24 – 3.12 (m, 2H), 3.08 (q, J = 6.5 Hz, 2H), 

2.75 – 2.51 (m, 6H), 2.43 (d, J = 3.6 Hz, 6H), 2.38 – 2.26 (m, 10H), 1.70 – 1.42 (m, 

4H). 

Synthesis of XRGDX dipyrrin-cyclopeptide with alternative strategy (X = Dab). 

As the Fmoc-Dab(Mtt)-OH failed to couple during SPPS, alternative strategy was 

applied. Fmoc-Dab(Alloc)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH, Fmoc-

Arg(Pbf)-OH and Boc-Dab(Fmoc)-OH were coupled during SPPS. The linear 

peptides (Pep15) were obtained after Alloc deprotection, Fmoc deprotection and 

global cleavage (cocktail A, 2 h). And the corresponding dipyrrin-cyclopeptide 

(cDP1-Pep15) was obtained after Fmoc deprotection, Alloc deprotection, dipyrrin 

formation (condition A with triethyl orthoformate) and global cleavage. The linear 

peptide (Pep15) was obtained after Fmoc deprotection, Alloc deprotection, global 

cleavage, precipitation and purification. And the corresponding dipyrrin-

cyclopeptide (cDP1-Pep15) was obtained after Fmoc deprotection, Alloc 

deprotection, dipyrrin formation (condition A with triethyl orthoformate), global 

cleavage (cocktail A, 2 h), precipitated and purification.   
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Figure 4.4 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)-

OH (X = Dab). 

 

H2N-Dab-RGD-Dab-CONH2 (Pep15). Yield: 65 %. White powder. Analytical 

HPLC: Gradient A, retention time: 8.2 min, purity: 96.0 %. HRMS(MALDI-TOF): 

calc. for C20H40N11O7
+ [M+H]+ 546.3107, found 546.3308; calc. for 

C20H39N11NaO7
+ [M+Na]+ 568.2926, found 568.3089. 1H NMR (400 MHz, DMSO-

d6) δ 8.72 (d, J = 7.0 Hz, 1H), 8.35 (m, 5H), 8.17 (d, J = 7.8 Hz, 1H), 8.05 – 7.76 (m, 

7H), 7.31 (m, 6H), 4.56 (q, J = 7.0 Hz, 1H), 4.34 (q, J = 7.1, 6.6 Hz, 1H), 4.23 (td, J 

= 8.0, 5.3 Hz, 1H), 3.94 (s, 1H), 3.77 (qd, J = 16.8, 5.7 Hz, 2H), 3.11 (m, 2H), 2.94 

(s, 2H), 2.80 (q, J = 7.3, 6.7 Hz, 2H), 2.74 – 2.53 (m, 2H), 2.05 – 1.50 (m, 8H); 13C 

NMR (101 MHz, DMSO-d6) δ 172.38, 171.85, 171.19, 170.59, 168.61, 167.53, 

156.83, 52.47, 50.27, 49.67, 49.50, 41.61, 40.27, 36.10, 34.84, 29.53, 29.07, 28.89, 

24.87. 
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cDP1(H2N-Dab-RGD-Dab-CONH2) (cDP1-Pep15). Yield: 25 %. Yellow powder. 

Analytical HPLC: Gradient A, retention time: 26.4 min, purity: 97.0 %. 

HRMS(MALDI-TOF): calc. for C39H60N13O9
+ [M+H]+ 854.4632, found 854.5409. 

1H NMR (400 MHz, DMSO-d6) δ 12.18 (d, J = 9.7 Hz, 2H), 8.68 (d, J = 7.8 Hz, 1H), 

8.32 (t, J = 5.5 Hz, 1H), 8.19 (dd, J = 12.0, 6.5 Hz, 4H), 8.01 (d, J = 8.1 Hz, 1H), 

7.91 (t, J = 5.8 Hz, 1H), 7.69 (dt, J = 10.4, 5.6 Hz, 2H), 7.48 – 6.92 (m, 7H), 4.53 (q, 

J = 6.9 Hz, 1H), 4.38 (q, J = 7.8, 7.2 Hz, 1H), 4.04 (td, J = 8.5, 5.2 Hz, 1H), 3.77 (d, 

J = 6.3 Hz, 1H), 3.72 (d, J = 5.3 Hz, 2H), 3.22 – 2.83 (m, 6H), 2.67 (dt, J = 16.5, 8.8 

Hz, 4H), 2.57 (m, 2H), 2.45 (s, 6H), 2.28 (m, 10H), 1.77 – 1.40 (m, 8H); 13C NMR 

(101 MHz, DMSO-d6) δ 172.84, 171.90, 171.60, 171.18, 171.06, 170.00, 168.51, 

167.87, 156.68, 153.74, 153.20, 143.62, 143.28, 127.46, 127.40, 126.46, 126.31, 

120.23, 52.01, 50.58, 50.32, 49.35, 41.78, 40.26, 36.08, 35.65, 35.62, 35.03, 34.82, 

34.67, 34.59, 31.35, 31.20, 29.41, 26.47, 24.83, 19.47, 19.12, 12.57, 12.49, 9.82, 

9.76. 

Synthesis of XRGDX BODIPY-cyclopeptide (cDP1-Pep13 and cDP1-Pep14). To a 

suspension of dipyrrin cyclopeptide (cDP1-Pep13/cDP1-Pep14, around 3 mg) in 500 

µL MeCN, the DIPEA (85 µL) was added. The resulting mixture was sonicated for 

5 min, and the BF3·OEt2 (140 µL) was added in one portion. The resulting mixture 

was further sonicated for 5 min, then around 500 µL H2O was added for quenching 

the excess BF3·OEt2 (the resulting mixture showed bright yellow-to-green 

fluorescence). The crude product was purified by preparative HPLC immediately. 

cDP1-Pep13. Yield: 47 %. Orange powder. Analytical HPLC: Gradient A, 

retention time: 31.0 min, purity: 97.8 %. HRMS(MALDI-TOF): calc. for 

C43H67BF2N13O9
+ [M+H]+ 958.5240, found 958.6489; calc. for 

C43H68BFN13O9
+ [M-F+2H]+ 940.5335, found 940.5219. 
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cDP1-Pep14. Yield: 52 %. Orange powder. Analytical HPLC: Gradient A, 

retention time: 30.5 min, purity: 95.7 %. HRMS(MALDI-TOF): calc. for 

C41H63BF2N13O9
+ [M+H]+ 930.4927, found 930.6394; calc. for 

C41H64BFN13O9
+ [M-F+2H]+ 912.5022, found 912.5293. 

Synthesis of dipyrrin-bicyclopeptide, bcDP(H2N-KA-Dab*-HK-CONH2) 

(bcDP-Pep17). Fmoc-Lys(Mtt)-OH, Fmoc-His(Trt)-OH, Fmoc-Dab(Alloc)-OH, 

Fmoc-Ala-OH and Boc-Lys(Fmoc)-OH was coupled during SPPS (sample was 

taken, cleaved, precipitated and analyzed by the HPLC and ESI-MS, sample 1 in 

Figure 4.5). The Fmoc and Mtt protecting groups were removed (sample 2 in Figure 

4.5), and 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid was coupled onto two 

unprotected amine groups. We tried two different way to desired product here: 1. 

Removing Alloc protecting groups and coupling 4-formylbenzoic acid on the side 

chain of Dab, then tried intramolecular dipyrrin formation between two pyrroles and 

one aldehyde on resin; 2. To form dipyrrin with two coupled pyrroles on resin and 

4-formylbenzoic acid in solution, then removing Alloc protecting groups and doing 

intramolecular amidation between -COOH on dipyrrin and -NH2 on the side chain 

of Dab. We fail to obtain desired product by first way, so second way was used. 

Dipyrrin formation was conducted by condition C with 4-formylbenzoic acid 

(sample 3 in Figure 4.5), then the Alloc protecting groups was removed (sample 4 

in Figure 4.5). After fully washed, the resin was mixed with PyBOP (4 eq.) and 

DIPEA (8 eq.) in DMF (4 mL/0.1 mmol) for 12 h. The desired product was obtained 

after global cleavage (cocktail A, 12 h), precipitation (sample 5 in Figure 4.5) and 

purification. Yield: 19 %. Red powder. Analytical HPLC: Gradient A, retention time: 

22.6 min, purity: 95.3 %. HRMS(MALDI-TOF): calc. for 

C51H70N13O8
+ [M+H]+ 992.5465, found 992.5787; calc. for 

C51H69N13NaO8
+ [M+Na]+ 1014.5284, found 1014.5633. 
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Figure 4.5 The crude products of intermediate steps for synthesizing bcDP-Pep17 were cleaved, 

precipitated and analyzed by HPLC (gradient A) and ESI-MS. 

 

 

Synthesis of RGD peptide (Pep18) and Bis-RGD dipyrrin-peptide (DP18-bis-

Pep18). Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH and Fmoc-Arg(Pbf)-OH were coupled 

onto resin. After removing N-terminal Fmoc, 3-(2,4-dimethyl-1H-pyrrol-3-

yl)propanoic acid was coupled, and dipyrrin was formed between two peptide chains 

by condition A with triethyl orthoformate. 
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N2H-RGD-CONH2 (RGD peptide, Pep18). Yield: 68 %. White powder. 

Analytical HPLC: Gradient A, retention time: 4.9 min, purity: 95.6 %. 

HRMS(MALDI-TOF): calc. for C12H24N7O5
+ [M+H]+ 346.1833, found 346.1748; 

calc. for C12H23N7NaO5
+ [M+Na]+ 368.1653, found 368.1553. 1H NMR (400 MHz, 

DMSO-d6) δ 8.73 (t, J = 5.5 Hz, 1H), 8.29 (d, J = 8.2 Hz, 1H), 8.22 (s, 3H), 7.86 (s, 

1H), 7.23 (m, 6H), 4.50 (td, J = 7.8, 5.6 Hz, 1H), 3.92 – 3.77 (m, 3H), 3.11 (q, J = 

6.7 Hz, 2H), 2.67 – 2.48 (m, 2H), 1.72 m, 2H), 1.55 (m, 2H); 13C NMR (101 MHz, 

DMSO-d6) δ 172.42, 171.73, 168.70, 167.98, 156.86, 51.74, 49.35, 41.78, 40.08, 

36.23, 28.30, 23.96. 

DP18(NH-RGD-CONH2)2 (DP18-bis-Pep18). Yield: 39 %. Yellow powder. 

Analytical HPLC: Gradient A, retention time: 25.6 min, purity: 97.0 %. 

HRMS(MALDI-TOF): calc. for C43H67N16O12
+ [M+H]+ 999.5119, found 999.4611. 

1H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 2H), 8.30 (t, J = 5.7 Hz, 2H), 8.21 (d, J 

= 7.2 Hz, 2H), 8.08 (d, J = 8.1 Hz, 2H), 7.74 (t, J = 5.6 Hz, 2H), 7.53 – 6.94 (m, 

13H), 4.49 (td, J = 8.0, 5.3 Hz, 2H), 4.20 (q, J = 7.0 Hz, 2H), 3.82 – 3.62 (m, 4H), 

3.06 (q, J = 6.5 Hz, 4H), 2.74 – 2.51 (m, 8H), 2.45 (s, 6H), 2.31 (m, 10H), 1.71 – 

1.60 (m, 2H), 1.55 – 1.39 (m, 6H); 13C NMR (101 MHz, DMSO-d6) δ 172.54, 171.95, 

171.76, 171.67, 168.57, 156.76, 153.30, 143.20, 127.63, 126.51, 120.41, 52.52, 

49.31, 41.99, 40.28, 36.04, 34.75, 28.77, 24.82, 19.51, 12.39, 9.73. 

3,3'-(1,3,7,9-tetramethyl-2,8-dipyrrin)dipropionic acid (DP18). To a solution of 

3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid (2 mmol) in DCM (15 ml) , triethyl 

orthoformate (1.1 mmol) and POCl3 (1.2 mmol) were added at 0 ℃. The reaction 

was stirred at r.t. for 3 h before it quenched by water. The solvent was evaporated 

and the resulting residue was purified by column chromatography (mobile phase: 

DCM/MeOH, v/v, 100/0 to 90/10). Yield: 56 %. Yellow powder. Analytical HPLC: 

Gradient A, retention time: 18.5 min, purity: 96.6 %. HRMS(MALDI-TOF): calc. 
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for C19H25N2O4
+ [M+H]+ 345.1809, found 345.1154. 1H NMR (400 MHz, DMSO-

d6) δ 12.78 (s, 2H), 7.34 (s, 1H), 2.65 (t, J = 7.5 Hz, 4H), 2.49 (s, 7H), 2.40 (t, J = 

7.5 Hz, 4H), 2.32 (s, 6H); 13C NMR (101 MHz, DMSO-d6) δ 173.60, 153.39, 143.08, 

127.23, 126.26, 120.48, 33.45, 18.83, 12.41, 9.75. 

2-(2-(3-(dimethylamino)-3-oxopropyl)-1,3,7,9-tetramethyldipyrrin)dipropionic 

acid (DP19). The solution of DP18 (1 mmol), HATU (1 mmol), diethylamine (1 mmol) 

and DIPEA (2 mmol) in DMF (2 mL) was stirred at r.t. overnight. The reaction 

mixture was monitored by analytical HPLC, both mono-amidated and di-amidated, 

as well as unreacted DP18, were detected. The mono-amidated product was separated 

selectively by preparative HPLC. Yield: 38 %. Yellow powder. Analytical HPLC: 

Gradient A, retention time: 22.1 min, purity: 96.2 %. HRMS(MALDI-TOF): calc. 

for C23H34N3O3
+ [M+H]+ 400.2595, found 400.2149. 1H NMR (400 MHz, DMSO-

d6) δ 12.12 (d, J = 2.9 Hz, 2H), 7.40 (s, 1H), 3.25 (q, J = 7.0 Hz, 4H), 2.67 (t, J = 7.5 

Hz, 4H), 2.50 (s, 6H), 2.42 (dt, J = 15.0, 7.5 Hz, 7H), 2.33 (d, J = 2.5 Hz, 6H), 1.02 

(dt, J = 18.3, 7.1 Hz, 6H); 13C NMR (101 MHz, DMSO-d6) δ 173.63, 169.98, 153.78, 

152.97, 143.29, 143.05, 128.19, 127.29, 126.80, 126.57, 120.76, 41.22, 33.53, 31.80, 

19.27, 18.89, 14.17, 13.07, 12.79, 12.65, 9.89, 9.84. 

DP19-NH-GHK-CONH2 (DP19-Pep11). DP19 was coupled on resin-bound GHK 

peptide as routine SPPS procedure. The product was obtained after global cleavage 

(cocktail A, 2 h) and purification. Yield: 48 %. Yellow powder. Analytical HPLC: 

Gradient A, retention time: 29.7 min, purity: 98.9 %. HRMS(MALDI-TOF): calc. 

for C37H57N10O5
+ [M+H]+ 721.4508, found 721.5026; calc. for 

C37H56N10NaO5
+ [M+Na]+ 743.4327, found 743.4814. 
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Table 4.4 The chemical shift of αH/NH and corresponding coupling constant of RGD motif of 

Pep13-16, cDP1-Pep13-16 

 J3 (αH-NH) Chemical shift (αH, ppm) Chemical shift (NH, ppm) 

 

Arg 

(R) 

Gly 

(G) 

Asp 

(D) 

Arg 

(R) 

Gly 

(G) 

Asp 

(D) 

Arg 

(R) 

Gly 

(G) 

Asp 

(D) 

Pep13 7.5 5.7 7.6 4.11 3.76 4.56 7.89 8.35 8.28 

Pep14 7.7 5.3 6.9 4.36 3.77 4.57 8.69 8.34 8.34 

Pep15 7 5.5 7.4 4.34 3.77 4.56 8.72 8.35 8.35 

Pep16 7.3 5.6 7.2 4.36 3.83 4.55 8.86 8.55 8.46 

cDP1-Pep13 8 5.6 7.7 4.38 3.73 4.55 8.57 8.3 8.25 

cDP1-Pep14 8.1 5.1 7.6 4.39 3.78 4.52 8.56 8.27 8.27 

cDP1-Pep15 7.8 5.5 7.6 4.38 3.72 4.53 8.68 8.32 8.21 

cDP1-Pep16 7.7 5.6 7.8 4.36 3.69 4.37 8.74 8.31 8.02 
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4.2 Biological experiments 

Cell Culture Conditions. Nasopharyngeal carcinoma (NPC) cell line C666, 

Cervical carcinoma cell line HeLa and human urinary bladder cancer cell line T24 

were used in these studies. All cells were cultivated in Roswell Park Memorial 

Institute Medium (RPMI 1640) and Dulbecco's Modified Eagle Medium (DMEM) 

containing 10% v/v Fetal Bovine Serum (FBS) and 1% v/v Penicillin Streptomycin 

respectively. All media are supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin antibiotics. All the cells are cultivated in a humidified 

incubator with 5% CO2 at 37oC. 

MTT cell viability assay. To prove the peptide-based zinc sensor cDP1-Pep11 is non-

toxic, the MTT assay was conducted. Two cell lines (HeLa and MRC-5) (1 x 104 

cells/mL) were seeded on a 96-well plate overnight and different concentrations of 

cDP1-Pep11 was added into the cells on the next day. After 24 hours incubation, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) (conc. = 0.5 mg/mL) 

was added and they were incubated at 37 ℃ for 3 hours. The formazan formed were 

dissolved in dimethyl sulfoxide (DMSO) and the absorbance of the solution was 

measured in a microplate reader at 540 nm wavelength (reference wavelength = 690 

nm). Quadruplicates were performed to obtain the data. 

PDT cytotoxicity Assay. The dark cytotoxicity and light cytotoxicity were assessed 

by MTT viability assay. Cells (6 x 103 per well) were seeded onto 96-well plates and 

then incubated at 37 o C with 5% CO2 in dark for 24 h prior to the addition of samples. 

The cells were then incubated with different concentrations of BODIPY1-Pep4 for 

another 24 h. During incubation, cells were irradiated with (light toxicity) or without 

(dark toxicity) optical dose of 5J/cm2 after 24 h incubation with sample and the 

medium were replaced with fresh medium prior to irradiation. Medium were then 

removed, and the cell monolayers were washed with 1X PBS and then incubated 
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with 100 mL medium with 5% v/v MTT solution (5 mg/mL) at 37 o C for 2.5 h. 80 

mL of solution were removed and 100 mL Dimethyl sulfoxide (DMSO) were added 

to dissolve the formazan crystals. The absorbance of the formazan crystal was 

measured at 540 nm and 650 nm by dual-wavelength Azure microplate reader after 

1 h of shaking.  

Expression and purification of EBNA1 (a.a. 468-607). The gene construct for N-

terminally hexahistidine tagged SMT3-EBNA1 DNA binding domain (residues 468-

607) fusion protein was chemically synthesized and cloned into pET28a (+) vector 

(Genscript). The plasmid was transformed into Escherichia coli BL21 (DE3) 

competent cells and grown in 2YT media supplemented with 50 µg/ml kanamycin 

at 37 ˚C. When the OD600 of the cells reached 0.8, expression was induced with 0.5 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cells were grown at 25 

˚C overnight. The cells were harvested by centrifugation at 5000 rpm (6,238 x g) for 

10 mins at 4 ˚C. The following protein purification protocol was adapted from a 

previously published report4. The cell pellet was resuspended in lysis buffer (20 mM 

Tris, pH 8.0, 500 mM NaCl, 10 mM imidazole, 5% (v/v) glycerol, 5 mM β-

mercaptoethanol (BME), 17.4 µg/ml phenylmethylsulfonyl fluoride (PMSF) and 1 

mM MgCl2). The resuspended cells were lysed by sonication and the lysate was 

separated from the insoluble fractions by centrifugation at 24,000 rpm (69,673 x g) 

for 30 min at 4 ˚C. The protein was purified by nickel affinity using a His-trap 

column (GE Healthcare) equilibrated with lysis buffer. The lysate was first loaded 

onto the His-trap column, then washed with 10 column volumes of wash buffer (20 

mM Tris pH 8.0, 500 mM NaCl ,30 mM imidazole, 5% glycerol and 5 mM BME) 

and the protein was eluted with 3 - 4 column volumes of elution buffer (20 mM Tris 

pH 8.0, 500 mM NaCl, 300 mM imidazole, 5% glycerol and 5 mM BME). The eluted 

protein was treated with ULP1 to cleave the hexahistidine-SMT3 protein tag. Any 
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residual uncleaved fusion protein and the histidine-tagged ULP1 protease were 

removed by nickel affinity while the tag-free EBNA1 (468-607) protein was 

recovered by flowing wash buffer through the His-trap column (GE Healthcare). The 

fractions were pooled, concentrated and further purified by size exclusion 

chromatography using a Superdex 200 Increase 10/300 column (GE Healthcare), 

equilibrated with a buffer containing 1 mM HEPES, pH 7.2, 500 mM NaCl and 10 

mM dithiothreitol (DTT). The relevant protein fractions were analysed using SDS-

PAGE, pooled, concentrated to 6 mg/ml and stored at -80 ˚C. 

Fluorescent titration. The EBNA1 protein was prepared as the procedure above, 

while Bovine serum albumin (BSA) protein was purchased from Thermo Fisher 

Scientific. Both BSA and EBNA1 were further prepared as solution (120 µM) in 

buffer (1 mM HEPES, pH 7.2, 500 mM NaCl and 10 mM dithiothreitol). The protein 

solution was gradually added into BODIPY1-Pep4 (2000 µL 1.2 µM in same buffer) 

by pipette. Each time after addition of protein, the resulting solution was shaken 

slowly for around 2 min, then the fluorescent spectrum was recorded. The 

experiment was stopped when the influence on fluorescence was saturated. The 

increased of volume is less than 4% in total. 

Protease stability assays. Peptide protease degradation kinetics was determined 

with Thermo PierceTM MS-Grade Trypsin Protease. The solution of trypsin (10 

µg/mL) in PBS with 5 mM DTT and 2 mM CaCl2 was prepared and divided into 10 

identical parts (200 µL for each part). The peptides (2000 eq. compare with trypsin 

in 200 µL above buffer) were added to form 5 identical reaction mixtures for both 

Pep13 and cDP1-Pep13. Samples were then incubated at 37°C, 500 rpm. At 5 min, 15 

min, 30 min, 120 min, and 240 min, a sample for both Pep13 and cDP1-Pep13 were 

taken out and quenched in a 600 µL of 2% TFA/H2O on ice. The samples were 
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centrifuged for 3 min at 10,000 rpm to precipitate quenched trypsin. Supernatant 

solutions were then analyzed and intact peptide quantified by analytical HPLC. 

Integrin binding affinity assay. 0.4 μg/mL of purified recombinant human αvβ3 

integrin (derived from CHO cells, R&D Systems) was adsorbed onto a 96-well 

ELISA plate (Nunc, Roskilde, Denmark) at 4 ℃ overnight. After blocking the 

integrin-coated wells, Pep13, cDP1-Pep13-16 and Cilengitide of different 

concentrations (from 2.5 to 80 μM) were added to compete with 0.25 μg/mL 

biotinylated Vitronectin (Abcam, Cambridge, UK) to bind with the recombinant αvβ3 

integrin. After three hours incubation, peroxidase reagent was added to the wells 

followed by ABTS (2,2’azino-bis(3-ethyl benzothiazoline-6-sulphonic acid) reagent. 

The absorbance of the solution was measured in a microplate reader at 405 nm 

wavelength. The result was expressed as the percentage displacement of Vitronectin 

by Pep13, cDP1-Pep13-16 and Cilengitide. 

In vitro imaging and co-staining. Cell were incubated with BODIPY1-Pep4 (10mM) 

for 24h and then co-stained with Hoechst 33342 nuclear dye for 15 minutes. Imaging 

was performed by a Nikon Eclipse Ti2 confocal laser-scanning microscope. 

Immunoluminescence assay of cBODIPY1-Pep14 in various cell lines. These 

assays were prepared and conducted at room temperature, unless otherwise stated. 

Cells after treatment of 10 μM cBODIPY1-Pep14 for 4 h were fixed by formalin for 

15 min. The samples were then washed with PBS. 0.2% Triton-X buffer was then 

added onto the samples for 15 min. 3% BSA in PBS was served as the blocking 

buffer and applied onto the sample for 30 min at room temperature. The primary 

antibody diluted in blocking buffer was added onto the sample at 4oC overnight. The 

samples were washed with PBS and corresponding secondary antibodies were added 

over 1 h. Samples were washed with PBS and mountant was applied to each sample. 

Confocal images were acquired by the Nikon Eclipse Ti2 Confocal Microscope. 
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Signal from cBODIPY1-Pep14 was obtained upon the excitation at 488 nm and the 

signal of secondary antibody was obtained upon the excitation at 561 nm. 

Confocal imaging of cells after the treatment of cDP1-Pep11. Cells were treated 

with 10 μM cDP1-Pep11 for 24 h. Then samples were removed. The cells were 

washed with PBS and replaced with fresh medium before conducting confocal 

imaging. Confocal images were acquired by the Nikon Eclipse Ti2 Confocal 

Microscope under the excitation of 488 nm. 
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4.3 Computational experiments 

The initial structures were constructed using Avogadro (version 2.0).5 The partial 

charges of unusual amino acid residues were obtained by using R.E.D. Development 

Server.6 The clustered conformation of each compound was docked into the αvβ3 

crystal structure (PDB: 4MMY) using AutoDock Vina,7 which the lattice box of size 

30 Å  × 30 Å  × 30 Å . The docking parameters were set at the default values, except 

the “exhaustiveness” was set to 64 for more comprehensive searching on the docking 

conformations. Docked structures of peptide facing the αvβ3 side with lowest 

energies were chosen for further analysis.  
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Appendix  
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NMR spectrum of synthesized compounds 

 
1H-NMR spectrum of Pep1 in methanol-d4. 

 

 

 
13C-NMR spectrum of Pep1 in methanol-d4. 
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HSQC spectrum of Pep1 in methanol-d4. 

 

 

 

 
HMBC spectrum of Pep1 in methanol-d4.  
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1H-NMR spectrum of Pep1 in DMSO-d6. 

 

 

 

 

 
13C-NMR spectrum of Pep1 in DMSO-d6. 
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HSQC spectrum of Pep1 in DMSO-d6. 

 

 

 

 

 
HMBC spectrum of Pep1 in DMSO-d6. 
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1H-NMR spectrum of DP1-Pep1 in DMSO-d6. 

 

 

 

 

 
13C-NMR spectrum of DP1-Pep1 in DMSO-d6. 
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HSQC spectrum of DP1-Pep1 in DMSO-d6. 

 

 

 

 

 
HMBC spectrum of DP1-Pep1 in DMSO-d6. 
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1H-NMR spectrum of BODIPY1-Pep1 in DMSO-d6. 

 

 

 

 

 
13C-NMR spectrum of BODIPY1-Pep1 in DMSO-d6. 
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HSQC spectrum of BODIPY1-Pep1 in DMSO-d6. 

 

 

 

 
HMBC spectrum of BODIPY1-Pep1 in DMSO-d6. 
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19F-NMR spectrum of BODIPY1-Pep1 in DMSO-d6. 
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1H-NMR spectrum of DP16-Pep1 in DMSO-d6. 

 

 

 

 

 

 
HSQC spectrum of DP16-Pep1 in DMSO-d6. 
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1H-NMR spectrum of Pep11 in DMSO-d6. 

 

 

 

 
COSY spectrum of Pep11 in DMSO-d6.  
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13C-NMR spectrum of Pep11 in DMSO-d6. 

 

 

 

 
HSQC spectrum of Pep11 in DMSO-d6. 
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HMBC spectrum of Pep11 in DMSO-d6. 
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1H-NMR spectrum of DP1-Pep11 in DMSO-d6. 

 

 

 

 
13C-NMR spectrum of DP1-Pep11 in DMSO-d6. 
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HSQC spectrum of DP1-Pep11 in DMSO-d6. 

 

 

 

 
HMBC spectrum of DP1-Pep11 in DMSO-d6. 
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1H-NMR spectrum of DP1-Pep11* in DMSO-d6. 

 

 

 

 
HSQC spectrum of DP1-Pep11* in DMSO-d6.  
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1H-NMR spectrum of cDP1-Pep11 in DMSO-d6. 

 

 

 

 

COSY spectrum of cDP1-Pep11 in DMSO-d6.  
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13C-NMR spectrum of cDP1-Pep11 in DMSO-d6. 

 

 

 

 

HSQC spectrum of cDP1-Pep11 in DMSO-d6. 
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HMBC spectrum of cDP1-Pep11 in DMSO-d6. 
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1H-NMR spectrum of cDP6-Pep11 in DMSO-d6. 

 

 

 

 

COSY spectrum of cDP6-Pep11 in DMSO-d6.   
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1H-NMR spectrum of cDP8-Pep11 in DMSO-d6. 

 

 

 

COSY spectrum of cDP8-Pep11 in DMSO-d6.  
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1H-NMR spectrum of cDP1-Pep12 in DMSO-d6. 

 

 

COSY spectrum of cDP1-Pep12 in DMSO-d6.  
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1H-NMR spectrum of Pep13 in DMSO-d6. 

 

 

 

 
COSY spectrum of Pep13 in DMSO-d6.  
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13C-NMR spectrum of Pep13 in DMSO-d6. 

 

 

 

 
HSQC spectrum of Pep13 in DMSO-d6. 
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HMBC spectrum of Pep13 in DMSO-d6. 
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1H-NMR spectrum of Pep14 in DMSO-d6. 

 

 

 

 

 
COSY spectrum of Pep14 in DMSO-d6. 
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1H-NMR spectrum of Pep15 in DMSO-d6. 

 

 

 

 

COSY spectrum of Pep15 in DMSO-d6.  
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13C-NMR spectrum of Pep15 in DMSO-d6. 

 

 

 

 
HSQC spectrum of Pep15 in DMSO-d6. 
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HMBC spectrum of Pep15 in DMSO-d6. 
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1H-NMR spectrum of Pep16 in DMSO-d6. 

 

 

 

COSY spectrum of Pep16 in DMSO-d6. 
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1H-NMR spectrum of cDP1-Pep13 in DMSO-d6. 

 

 

 

 

 
COSY spectrum of cDP1-Pep13 in DMSO-d6. 
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13C-NMR spectrum of cDP1-Pep13 in DMSO-d6. 

 

 

 

 

 
HSQC spectrum of cDP1-Pep13 in DMSO-d6. 
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HMBC spectrum of cDP1-Pep13 in DMSO-d6. 

 



189 
 

 

1H-NMR spectrum of cDP1-Pep14 in DMSO-d6. 

 

 

 

COSY spectrum of cDP1-Pep14 in DMSO-d6. 
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1H-NMR spectrum of cDP1-Pep15 in DMSO-d6. 

 

 

 

 
COSY spectrum of cDP1-Pep15 in DMSO-d6. 



191 
 

 

13C-NMR spectrum of cDP1-Pep15 in DMSO-d6. 

 

 

 

 
HSQC spectrum of cDP1-Pep15 in DMSO-d6. 
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1H-NMR spectrum of cDP1-Pep16 in DMSO-d6. 

 

 

COSY spectrum of cDP1-Pep16 in DMSO-d6. 
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1H-NMR spectrum of Pep18 in DMSO-d6. 

 

 

 

 

 

COSY spectrum of Pep18 in DMSO-d6.  
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13C-NMR spectrum of Pep18 in DMSO-d6. 

 

 

 

HSQC spectrum of Pep18 in DMSO-d6. 
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HMBC spectrum of Pep18 in DMSO-d6. 
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1H-NMR spectrum of DP18-Pep18 in DMSO-d6. 

 

 

 

 
COSY spectrum of DP18-Pep18 in DMSO-d6. 
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13C-NMR spectrum of DP18-Pep18 in DMSO-d6. 

 

 

 

 

HSQC spectrum of DP18-Pep18 in DMSO-d6. 
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HMBC spectrum of DP18-Pep18 in DMSO-d6. 
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1H-NMR spectrum of DP18 in DMSO-d6. 

 

 

 

13C-NMR spectrum of DP18 in DMSO-d6. 
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1H-NMR spectrum of DP18 in DMSO-d6. 

 

 

 

 
13C-NMR spectrum of DP18 in DMSO-d6. 
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HPLC chromatographs and MALID-TOF HRMS spectra of 

products 

 

Pep1: H2N-YFMVF-CONH2 

 
 

 
Analytical HPLC of Pep1 

 

 

 

 
HRMS(MAIDL-TOF) of Pep1  
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Pep2: H2N-Ahx-YFIVFGGKRPR-COOH 

 

 

 
Analytical HPLC of Pep2 

 

 

 

 

 

HRMS(MAIDL-TOF) of Pep2 
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Pep3: H2N-C-Ahx- RrRK-GG-YFMVF-COOH 

 

 
Analytical HPLC of Pep3 

 

 

 

 

 

 

HRMS(MAIDL-TOF) of Pep3  
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Pep4: H2N-C-Ahx-YFMVF-GG-RrRK-COOH 

 

 
Analytical HPLC of Pep4 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep4  
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Pep5: H2N-NWQYFIVF-COOH 

 

 
Analytical HPLC of Pep5 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep5 
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Pep6: H2N-EHDYFIVF-COOH 

 

 
Analytical HPLC of Pep6 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep6  
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Pep7: H2N-Ahx-P-(pTyr)-LKTK-COOH 

 

 
Analytical HPLC of Pep7 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep7 
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Pep8: H2N-Ahx-P-(pTyr)-LKTKRrRK-COOH 

 

 
Analytical HPLC of Pep8 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep8 
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Pep9: H2N-Nal-Cpa-Pal-SY-Cit-LRPG-CONH2 

 

 
Analytical HPLC of Pep9 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep9  
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Pep10: H2N-DRVYIHPF-CONH2 

 

 

Analytical HPLC of Pep10 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep10  
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Pep11: H2N-GHK-CONH2 

 

 

Analytical HPLC of Pep11 

 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep11 
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DP1-Pep1: DP1-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP1-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep1 
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DP2-Pep1: DP2-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP2-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP2-Pep1 
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DP3-Pep1: DP3-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP3-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP3-Pep1 
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DP4-Pep1: DP4-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP4-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP4-Pep1 

  



216 
 

DP5-Pep1: DP5-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP5-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP5-Pep1 
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DP6-Pep1: DP6-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP6-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP6-Pep1 
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DP9-Pep1: DP9-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP9-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP9-Pep1 
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DP10-Pep1: DP10-NH-YFMVF-CONH2 

 
 

 

 
Analytical HPLC of DP10-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP10-Pep1 
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DP12-Pep1: DP12-NH-YFMVF-CONH2 

 
 

 
Analytical HPLC of DP12-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP12-Pep1 
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DP13-Pep1: DP13-NH-YFMVF-CONH2 

 
 

 
Analytical HPLC of DP13-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP13-Pep1 
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DP14-Pep1: DP14-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP14-Pep1 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP14-Pep1 
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DP15-Pep1: DP15-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP15-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP15-Pep1 
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DP16-Pep1: DP16-NH-YFMVF-CONH2 

 

 
Analytical HPLC of DP16-Pep1 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP16-Pep1 
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DP1-Pep2: DP1-HN-Ahx-YFIVFGGKRPR-COOH 

 

 
Analytical HPLC of DP1-Pep2 

 

 

 

 

 

 

 

HRMS(MAIDL-TOF) of DP1-Pep2 
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DP1-Pep3: DP1-HN-C-Ahx- RrRK-GG-YFMVF-COOH 

 

 
Analytical HPLC of DP1-Pep3 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep3 
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DP1-Pep4: DP1-HN-C-Ahx-YFMVF-GG-RrRK-COOH 

 

 
Analytical HPLC of DP1-Pep4 

 

 

 

 

 

 

 

HRMS(MAIDL-TOF) of DP1-Pep4 
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DP1-Pep5: DP1-HN-NWQYFIVF-COOH 

 

 
Analytical HPLC of DP1-Pep5 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep5 
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DP-Pep6: DP1-HN-EHDYFIVF-COOH 

 

 
Analytical HPLC of DP1-Pep6 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep6 
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DP1-Pep7: DP1-HN-Ahx-P-(pTyr)-LKTK-COOH 

 

 
Analytical HPLC of DP1-Pep7 

 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep7 
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DP1-Pep8: DP1-HN-Ahx-P-(pTyr)-LKTKRrRK-COOH 

 

 
Analytical HPLC of DP1-Pep8 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep8 
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DP1-Pep9: DP1-HN-Nal-Cpa-Pal-SY-Cit-LRPG-CONH2 

 

 
Analytical HPLC of DP1-Pep9 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep9  
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DP1-Pep10: DP1-HN-DRVYIHPF-CONH2 

 

 
Analytical HPLC of DP1-Pep10 

 

 

 

 

 

 

 

 

 

HRMS(MAIDL-TOF) of DP1-Pep10  
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DP1-Pep11: DP1-HN-GHK-CONH2 

 

 
Analytical HPLC of DP1-Pep11 

 

 

 

 

 

 

 

 

 
 

HRMS(MAIDL-TOF) of DP1-Pep11  
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DP1-Pep11*: H2N-GHK(DP1)-CONH2 

 

 
Analytical HPLC of DP1-Pep11* 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP1-Pep11* 
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BODIPY1-Pep1: BODIPY1-NH-YFMVF-CONH2 

 

 
Analytical HPLC of BODIPY1-Pep1 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep1 
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BODIPY2-Pep1: BODIPY2-NH-YFMVF-CONH2 

 

 
Analytical HPLC of BODIPY2-Pep1 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY2-Pep1 
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BODIPY3-Pep1: BODIPY3-NH-YFMVF-CONH2 

 

 
Analytical HPLC of BODIPY3-Pep1 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY3-Pep1  
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BODIPY9-Pep1: BODIPY9-NH-YFMVF-CONH2 

 

 
Analytical HPLC of BODIPY9-Pep1 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY9-Pep1  
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BODIPY15-Pep1: BODIPY15-NH-YFMVF-CONH2 

 

 
Analytical HPLC of BODIPY15-Pep1 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY15-Pep1  
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BODIPY1-Pep4: BODIPY1-HN-C-Ahx-YFMVF-GG-RrRK-COOH 

 

 

 
Analytical HPLC of BODIPY1-Pep4 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep4 
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BODIPY1-Pep5: BODIPY1-HN-NWQYFIVF-COOH 

 

 
Analytical HPLC of BODIPY1-Pep5 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep5  
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BODIPY1-Pep6: BODIPY1-HN-EHDYFIVF-COOH 

 

 
Analytical HPLC of BODIPY1-Pep6 

 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep6  
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BODIPY1-Pep7: DP1-HN-Ahx-P-(pTyr)-LKTK-COOH 

 

 
Analytical HPLC of BODIPY1-Pep7 

 

 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep7  
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BODIPY1-Pep10: BODIPY1-HN-DRVYIHPF-CONH2 

 

 
Analytical HPLC of BODIPY1-Pep10 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of BODIPY1-Pep10 
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Pep11: H2N-GHK-CONH2 (Chapter three) 

 

 

Analytical HPLC of GHK peptide, Pep11 (Gradient A, 220 nm). 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of GHK peptide, Pep11, 
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Pep18: N2H-RGD-CONH2 

 

 

 

Analytical HPLC of RGD peptide, S2 (Gradient A, 220 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of RGD peptide, S2. 
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cDP1-Pep11: cDP1(HN-GHK-CONH2) 

 
 

 

 
Analytical HPLC of cDP1-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep11. 
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cDP2-Pep11: cDP2(HN-GHK-CONH2) 

 
 

 

Analytical HPLC of cDP2-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP2-Pep11. 
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cDP3-Pep11: cDP3(HN-GHK-CONH2) 

 
 

 
Analytical HPLC of cDP3-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP3-Pep11. 
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cDP4-Pep11: cDP4(HN-GHK-CONH2) 

 
 

 

 
Analytical HPLC of cDP4-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP4-Pep11. 
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cDP5-Pep11: cDP5(HN-GHK-CONH2) 

 
 

 

Analytical HPLC of cDP5-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP5-Pep11.  
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cDP6-Pep11: cDP6(HN-GHK-CONH2) 

 
 

 

 

 
Analytical HPLC of cDP6-Pep11 (Gradient B, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP6-Pep11.  
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cDP7-Pep11: cDP7(HN-GHK-CONH2) 

 
 

 

 
Analytical HPLC of cDP7-Pep11 (Gradient B, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP7-Pep11.  
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cDP8-Pep11: cDP8(HN-GHK-CONH2) 

 
 

 

 
Analytical HPLC of cDP8-Pep11 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP8-Pep11. 
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cDP9-Pep11: cDP9(HN-GHK-CONH2) 

 
 

 

 
Analytical HPLC of cDP9-Pep11 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP9-Pep11. 

  



257 
 

cDP1-Pep12: cDP1(HN-GAK-CONH2) 

 
 

 

 

Analytical HPLC of cDP1-Pep12 (Gradient A, 280 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep12.  
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Pep13: HN-KRGDK-CONH2 

 

 

 

Analytical HPLC of Pep13 (Gradient A, 220 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of Pep13 
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Pep14: HN-Orn-RGD-Orn-CONH2  

 

 

 

Analytical HPLC of Pep14 (Gradient A, 220 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of Pep14. 
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Pep15: HN-Dab-RGD-Dab-CONH2 

 
 

 

Analytical HPLC of Pep15 (Gradient A, 220 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep15 
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Pep16: HN-Dap-RGD-Dap-CONH2 

 

 

 

Analytical HPLC of Pep16 (Gradient A, 220 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of Pep16 
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cDP1-Pep13: cDP1(HN-KRGDK-CONH2) 

 
 

 
Analytical HPLC of cDP1-Pep13 (Gradient A, 280 nm). 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep13 
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cDP1-Pep14: cDP1(HN-Orn-RGD-Orn-CONH2) 

 
 

Analytical HPLC of cDP1-Pep14 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep14 
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cDP1-Pep15: cDP1(HN-Dab-RGD-Dab-CONH2) 

 
 

 

 
Analytical HPLC of cDP1-Pep15 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep15 
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cDP1-Pep16: cDP1(HN-Dap-RGD-Dap-CONH2) 

 
 

 
Analytical HPLC of cDP1-Pep16 (Gradient A, 280 nm). 

 

 

 

 

 
HRMS(MAIDL-TOF) of cDP1-Pep16 
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cBODIPY1-Pep13: cBODIPY1(HN-KRGDK-CONH2) 

 

 
Analytical HPLC of cBODIPY1-Pep13 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cBODIPY1-Pep13 
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cBODIPY1-Pep14: cBODIPY1(HN-Orn-RGD-Orn-CONH2) 

 

 
Analytical HPLC of cBODIPY1-Pep14 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of cBODIPY1-Pep14 
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bcDP-Pep17: bcDP(H2N-KA-Dab*-HK-CONH2) 

 
 

 

 

Analytical HPLC of bcDP-Pep17 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of bcDP-Pep17 

 

DP18-bis-Pep18: DP18(NH-RGD-CONH2)2 
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Analytical HPLC of DP18-bis-Pep18 (Gradient A, 280 nm). 

 

 

 

 
HRMS(MAIDL-TOF) of DP18-bis-Pep18 

  



270 
 

DP18 

 
 

 

 

 

Analytical HPLC of DP18 (Gradient A, 280 nm). 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP18 
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DP19 

 
 

 

 
Analytical HPLC of DP19 (Gradient A, 280 nm). 

 

 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP19  
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DP19-Pep11: DP19-NH-GHK-CONH2 

 
 

 
Analytical HPLC of DP19-Pep11 (Gradient A, 280 nm). 

 

 

 

 

 

 
HRMS(MAIDL-TOF) of DP19-Pep11 
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