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ABSTRACT 

SYNTHESIS AND APPLICATIONS OF CBD LOADED  

PEPTIDE HYDROGELS AND 

BIPHENYLALANINE DERIVATIVES  

 

 

Baytekin, Batuhan 

Master of Science, Biochemistry 

Supervisor: Assoc. Prof. Dr. Salih Özçubukçu 

Co-Supervisor: Assist. Prof. Dr. Melek Parlak Khalily 

 

 

August 2023 183 pages 

This thesis includes two different studies on peptide-based therapeutics. In the first 

chapter, peptide-based hydrogels were used as a delivery platform for Cannabidiol 

(CBD). Five different types of  antimicrobial peptides were synthesized, and CBD 

was attempted to be incorporated into individual peptide fibres. Ac- IKFQFHFD-

NH2 (PEP2) and Nap-FFKK-OH (PEP5) were found to have low gelation 

concentration, 2.5 wt% and 0.5 wt% respectively. Their fibers were examined 

through TEM and SEM. It was found that the two peptides have the encapsulation 

efficiency of 30-35%. The release studies showed that PEP2 could release up to 70% 

of CBD, PEP5 up to 20%. In rheological analysis, PEP2 found to have three 

regeneration cycle unlike PEP5ôs one cycle. Cytotoxicity assay of the peptide fibers 

on A375 cells showed PEP2-CBD increased CBDôs cell viability (101.3%) and 

showed higher number of migration cells. Peptide fibers also experimented in RT-

PCR, anti-inflammatory and antibacterial assay. The potential significance of this 

research is substantial, and CBD-peptide hydrogels in the project shows promising 

results. 

In the second chapter, PSMA-617 derivatives were expected to have higher affinity 

against pure PSMA protein. Naphthalene group of PSMA-617 coded ligand was 

changed with different biphenylalanine derivatives (4-H, 4-CN, 4-NO2, 3-AcNH, 4-

OH, 4-OMe, 4-AcNH). Biphenylalanine derivatives were characterized via FTIR, 
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HRMS, 1H, and 13C NMR. Then, they were used in PSMA-617 synthesis to evaluate 

inhibition values. At 0.5 nm, PSMA-617 derivatives had inhibition values of BIP 

(20%), 4-CN (15%), 4-NO2 (29%), 4-AcNH (38%), 3-AcNH (32%), 4-OMe (36%) 

and no significant difference (ns, p>0.05) was found statistically than PSMA-617 

(25%). Still the derivatives show promising results and further research needs to be 

conducted to evaluate their uptake by the cells and their therapeutic image quality.    

Keywords: Antimicrobial peptides, Peptide hydrogels, Cannabidiol encapsulated 

peptide, PSMA peptides, Wound healing, Tumor-targeting peptides 
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ÖZ 

 

CBD Y¦KL¦ PEPTĶT HĶDROJELLER ĶLE  

BĶFENĶLALANĶN T¦REVLERĶNĶN SENTEZĶ VE UYGULAMALARI 

 

 

 

Baytekin, Batuhan 

Yüksek Lisans, Biyokimya 

Tez Yöneticisi: Doç. Dr. Salih Özçubukçu 

Ortak Tez Yºneticisi: Dr. ¥ĵretim ¦yesi Melek Parlak Khalily 

 

 

Aĵustos 2023, 183 sayfa 

Bu tez, peptit bazlē terapºtikler ¿zerine iki farklē ­alēĸmayē i­ermektedir. Birinci 

bölümde, Cannabidiol (CBD) için ila­ salēnēm platformu olarak peptit bazlē 

hidrojeller kullanēldē. Beĸ farklē tipte antimikrobiyal peptit sentezlendi ve CBD, 

peptit fiberlerine enkapsüle edildi. Ac-IKFQFHFD-NH2 (PEP2) ve Nap-FFKK-OH 

(PEP5) peptitlerinin sērasēyla %2,5 ve %0,5 olmak ¿zere d¿ĸ¿k jelasyon 

konsantrasyonuna sahip olduĵu bulundu. Fiber yapēlarē TEM ve SEM ile incelendi. 

Ķki peptidin %30-35 kaps¿lleme verimliliĵine sahip olduĵu bulundu. Ķla­ salēnēmē, 

PEP2'nin CBD'nin %70'ine kadar, PEP5'in ise %20'ye kadar serbest bērakabildiĵini 

gösterdi. Reolojik analizde PEP2'nin, PEP5'in tek dºng¿s¿nden farklē olarak ¿­ 

yenilenme dºng¿s¿ne sahip olduĵu bulundu. A375 h¿creleri ¿zerindeki peptit 

fiberlerin sitotoksisite analizi, PEP2-CBD'nin CBD'nin h¿cre canlēlēĵēnē arttērdēĵēnē 

(%101,3) ve daha fazla sayēda migrasyon hücresine sahip olduĵunu gösterdi. Peptit 

fiberler ayrēca RT-PCR, antiinflamatuar ve antibakteriyel deneylerle analiz edildi. 

Bu projedeki CBD-peptit hidrojelleri umut verici sonuçlar vadediyor.  

Ķkinci bºl¿mde, PSMA-617 t¿revlerinin saf PSMA proteinine karĸē afinitesinin daha 

y¿ksek olmasē ama­landē. PSMA-617 kodlu ligandēn naftalin grubu farklē bifenil 

alanin türevleri (4-H, 4-CN, 4-NO2, 3-AcNH, 4-OH, 4-OMe, 4-AcNH) ile 
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deĵiĸtirildi. Bifenil alanin t¿revleri FTIR, HRMS, 1H ve 13C NMR yoluyla 

karakterize edildi. Daha sonra inhibisyon deĵerlerinin deĵerlendirilmesi amacēyla 

PSMA-617 sentezinde kullanēldē. 0.5 nmde PSMA-617 türevlerinin inhibisyon 

deĵerleri BIP (%20), 4-CN (%15), 4-NO2 (%29), 4-AcNH (%38), 3-AcNH (%32), 

4-OMe (%36) bulunmuĸ olup istatistiksel olarak PSMA-617ô ye yakēn bulunmuĸtur 

(ns, p>0,05). Bu ­alēĸma umut vadedici sonuçlar göstermektedir. Ķlerleyen aĸamada, 

türevlerin h¿creler tarafēndan alēmlarē ve  terapötik görüntü kalitelerini 

deĵerlendiriĸmesi hedeflenmektedir.  

Anahtar Kelimeler:  Antimikrobiyal peptidler, Peptit hidrojeller, Cannabidiol yüklü 

peptit, PSMA peptitleri, Yara iyileĸtirme, T¿mºr hedefli peptitler 

 



 

 

ix 

 

To my mother and my sister 

Handan and Hande Baytekin 

For their love and being there for me, forever. 

  



 

 

x 

 

ACKNOWLEDGMENTS  

First, I would like to state my profound gratitude to my supervisor Assoc. Prof. Salih 

Özçubukçu. Throughout my research, he was so patient and guided me to be a better 

academician and scientist. His effort for making the laboratory a supportive place is 

the reason why I was so motivated and eventually the laboratory became the place I 

can call "home". I was so lucky to be part of his research group, had valuable 

experiences in which made me excel to be an independent researcher, and always 

will be honoured to be his graduate student. I also want state my most profound 

appreciation to him for recommending me as a graduate student to Assist. Prof. Dr. 

Melek Parlak Khalily for her T¦BĶTAK 3501 project. 

I would like to show my heartfelt respect and love for my co-advisor Assist. Prof. 

Dr. Melek Parlak Khalily for always being there for me when I needed guidance, the 

friend when I looked for support and the inspiration when I became sure to pursue 

Ph.D. Without her vision, the cannabidiol project would not be able to come out, I 

am so grateful for being part of that. During my research, she was always helpful 

and patient with me while I was trying to excel. Throughout my academic career, 

she will be the teacher I always envy. I was so lucky to be her graduate student and 

will always be honoured.  

I would not be here and writing these words right now without the support from my 

family and without their endless love. Hence, I would like to state my deepest and 

heartfelt love for my mother and my sister, Handan and Hande Baytekin, and for my 

uncle, Murat Avcē. They are always there for me in every aspect of my life. I also 

would like to state my sincere gratitude to Steven Delarue for his support, especially 

in Ph.D. process. I am so glad they are my family, and I would choose them over and 

over.  

I think what makes a difficult process in life easier is to have close friends who you 

can rely on. I am so lucky that I have such friends who always supported me. So, I 

would like to show my sincere gratitude to my friends, Burcu Selin Sēĵēncē, Mariam 



 

 

xi 

 

Osipov, Hande Demirci, Diba Zare, Elif Akar, Gamze Yēlmaz, Ķpek Terzioĵlu, Mine 

Kocatus, Alara ¥zdemir, B¿ĸra Kaya, Hazal Katip, Dilber Kaya, ¥zge ¢akēr, Enes 

Uzun, Yaĵmur Tanēĸ, Berat Ko­aĸ, and Yelda Y¿reĵir.  

For all the good memories we had together for seven years, I would like to thank and 

state my gratitude to Remzi Samra.  

In addition to her support, for the encouragement and the help she had done when I 

was applying to METU, I would like to state my sincere gratitude to Assoc. Prof. Dr. 

Duygu Özge.  

I would like to show my appreciation to Assist. Prof. Dr. Seher Üstün Yaylacē for 

accepting me to her laboratory so that I can learn about cell biology and have 

multidisciplinary approach in my future academic career.  

I also would like to thank Assoc. Prof. Dr. ¢aĵdaĸ Devrim Son for providing us 

with microplate reader and for his friendly attitude.  

I want to thank one of previous members from Özçubukçu Research Group, to 

Medine Soydan for always helping those in need and for being a perfect lab. mate. 

I want to thank all members of Özçubukçu Research Group, Dr. Güzide Aykent for 

providing me with tBu-Glu(tBu)-urea-Lys(Mtt)-wang resin in my second project and 

for her immense help during my study. Volkan Dolgun for being a good friend and 

for guiding me in the laboratory when I had questions and issues. Seçkin Kesici for 

his friendly attitude and for his support in the laboratory. Dr. Ayt¿l Saĵlam for her 

valuable feedbacks. Yal­ēn Boztaĸ for his kind attitude and his valuable support in 

the laboratory. Sidal Daĵēstanlē for her help with mass spectrometry analysis.  

I would like to thank T¦BĶTAK (The Scientific and Research Council of Turkey) 

for ARDEB 3501 scholarship. 

For always reminding us of the importance of reading papers so that we can be the 

scientists constantly involve, I would like to state my respect and love to Prof. Dr. 

Nüket Öcal.  



 

 

xii  

 

I also want to thank Binnur Özkan for the help she had done with measurements on 

HRMS. 

Lastly, I would like to appreciate their contributions in the department and thank to 

Nizamettin Kavut, Betül Eymur Dönmez, Elif Pekmez, Cengiz ķimĸek and Meral 

Ejder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xiii  

 

TABLE OF CONTENTS  

 

ABSTRACT ............................................................................................................... v 

ÖZ ........................................................................................................................... vii  

ACKNOWLEDGMENTS ......................................................................................... x 

TABLE OF CONTENTS ....................................................................................... xiii  

LIST OF TABLES ................................................................................................. xvi 

LIST OF FIGURES .............................................................................................. xvii  

LIST OF ABBREVIATIONS ................................................................................ xxv 

CHAPTERS 

1. INTRODUCTION ............................................................................................. 1 

1.1 Fmoc/tBu Solid Phase Peptide Synthesis ....................................................... 3 

1.1.1 Peptide Coupling Reagents ......................................................................... 6 

1.1.2 Solid Supports ............................................................................................. 8 

1.1.3 Microwave-assisted Peptide Synthesis ...................................................... 11 

1.2 Self-Assembling Peptides: Structure, Characteristics and Medical 

Applications ............................................................................................................. 13 

1.2.1 Factors for Peptide Self-assembly ............................................................. 17 

1.2.2 Interactions Responsible for Peptide Self-assembly ................................. 19 

1.2.3 Self-assembling Peptides for Tissue Regeneration Applications .............. 20 

1.2.4 Self-assembling Peptides for Drug Delivery Applications ....................... 22 

1.2.5 Amphiphilic Peptides (APs) and Their Applications ................................ 23 

1.2.6 PSMA Peptides and Their Clinical Applications ...................................... 25 

1.3 Cannabinoids ................................................................................................. 28 



 

 

xiv 

 

1.3.1 Cannabidiol ............................................................................................... 30 

1.4 Coupling Reactions ...................................................................................... 32 

1.4.1 Suzuki Miyaura Coupling ......................................................................... 34 

2. PREPARATION AND EVALUATION OF CBD-LOADED PEPTIDE 

HYDROGELS AS WOUND DRESSING MATERIALS ...................................... 39 

2.1 Aim of The Study ......................................................................................... 39 

2.2 RESULTS AND DISCUSSION ................................................................... 40 

2.2.1 Synthesis and Purification of Antimicrobial Peptides .............................. 40 

2.2.2 CGC and CAC Calculation of Peptides .................................................... 49 

2.2.3 Encapsulation Efficiency of Self-assembled Peptides .............................. 52 

2.2.4 Morphological Analysis of Self-assembled Peptides ............................... 56 

2.2.5 Preparation of CBD-loaded Peptide Hydrogels ........................................ 58 

2.2.6 CBD Release Experiments ........................................................................ 59 

2.2.7 Rheological Analysis of Hydrogels .......................................................... 60 

2.2.8 Antioxidant Analysis of CBD-loaded Peptide Fibers ............................... 64 

2.2.9 In Vitro Analysis ....................................................................................... 67 

2.2.10 Conclusion ................................................................................................ 79 

2.3 MATERIAL AND METHOD ...................................................................... 82 

2.3.1 Synthesis and Purification of Antimicrobial Peptides .............................. 82 

2.3.2 CGC and CAC Calculation of Peptides .................................................... 84 

2.3.3 Morphological Analysis of Self-assembled Peptides ............................... 84 

2.3.4 Encapsulation Efficiency of Self-assembled Peptides .............................. 85 

2.3.5 Preparation of CBD-loaded Peptide Hydrogels ........................................ 86 

2.3.6 CBD Release Experiments ........................................................................ 86 



 

 

xv 

 

2.3.7 Rheological Analysis of Hydrogels ........................................................... 87 

2.3.8 Antioxidant Analysis of CBD-loaded Peptide Fibers ............................... 87 

2.3.9 In Vitro Analysis ....................................................................................... 89 

3. SYNTHESIS OF BIPHENYLALANINE  DERIVATIVES AND THEIR 

IMPLEMENTATION ON PSMA PEPTIDES ........................................................ 95 

3.1 Aim of The Study .......................................................................................... 95 

3.2 RESULTS AND DISCUSSION ................................................................... 96 

3.2.1 Synthesis of Biphenylalanine Derivatives ................................................. 96 

3.2.2 Synthesis of PSMA Peptides ................................................................... 110 

3.2.3 Purification of PSMA Peptides ............................................................... 114 

3.2.4 Binding Affinity of PSMA-617 Biphenylalanine Derivatives ................ 115 

3.2.5 Conclusion ............................................................................................... 116 

3.3 MATERIAL AND METHOD .................................................................... 118 

3.3.1 Materials .................................................................................................. 118 

3.3.2 Experimental ........................................................................................... 119 

REFERENCES ...................................................................................................... 135 

APPENDICES ....................................................................................................... 149 

A. Amino Acids and Their One- And Three- Letter Notations ............................. 149 

B. HPLC and Mass Analysis of Peptides in Chapter 2 .......................................... 151 

C. NMR Spectra of Chapter 3 ................................................................................ 158 

D. FTIR Spectra of Chapter 3 ................................................................................ 171 

E. HRMS Analysis of Biphenylalanine Derivatives from Chapter 3 .................... 174 

F. HPLC and Mass Analysis of Peptides in Chapter 3 .......................................... 177 



 

 

xvi 

 

LIST OF TABLES  

Table 2.1 Amphiphilic peptides in the research. .................................................... 40 

Table 2.2 Peptides and their CAC values. .............................................................. 51 

Table 2.3 Peptide and their gelation concentration values dictated as wt%. .......... 52 

Table 2.4 Dilution factors from 1/50 to 1/400 and concentrations of the peptides 

and CBD. ................................................................................................................. 67 

Table 2.5 Amphiphilic peptides in the project. ....................................................... 79 

Table 2.6 Dilution factors from 1/50 to 1/400 and concentrations of the peptides 

and CBD. ................................................................................................................. 89 

Table 2.7 shows dilution factors from 1/4 to 1/400 and concentrations of the 

samples, including peptides and CBD. .................................................................... 89 

Table 3.1 The yields of biphenylalanine derivatives. ........................................... 107 

Table 3.2 PSMA-617 biphenylalanine derivatives and their sequences. .............. 110 

Table 3.3 PSMA-617 derivatives and their purities. ............................................ 114 

Table 3.4 PSMA-617 derivatives and their inhibition percentages. ..................... 115 

Table B.1 HRMS analysis of PEP1. ..................................................................... 151 

Table B.2 HRMS analysis of PEP2 ...................................................................... 152 

Table B.3 HRMS analysis of PEP3. ..................................................................... 153 

Table B.4 HRMS analysis of PEP4 ...................................................................... 155 

Table B.5 HRMS analysis of PEP5. ..................................................................... 156 

Table E.1 HRMS data of Fmoc-4-CN-L-biphenylalanine (8b). .......................... 174 

Table E.2 HRMS data of Fmoc-4-NO2-L-biphenylalanine (8c). ......................... 174 

Table E.3 HRMS data of Fmoc-3-AcNH-L-biphenylalanine (8d). ...................... 174 

Table E.4 HRMS data of Fmoc-4-OH-L-biphenylalanine (8e). ........................... 175 

Table E.5 HRMS data of Fmoc-4-OMe-L-Biphenylalanine (8f). ........................ 175 

Table E.6 HRMS data of Fmoc-4-Ac-NH-L-biphenylalanine (8g). .................... 175 

Table E.7 HRMS data of 3-AcNH-phenyl boronic acid pinacol ester (9a). ........ 176 

 



 

 

xvii  

 

LIST OF FIGURES 

Figure 1.1 Coupling reagents and their chemical structure. .................................... 7 

Figure 1.2 Rink amide resin and its linker (left), Wang resin and its linker (right).

 ................................................................................................................................. 10 

Figure 1.3 Difference between rink amide MBHA and AM resin. ........................ 11 

Figure 1.4 Mechanism of protonation and aspartamide formation happens during 

incoming amino acid activation. ............................................................................. 12 

Figure 1.5 PSMA inhibitors, (left) PSMA-617 (right) PSMA-11. ....................... 26 

Figure 1.6 Chemical structure of (A) THC (B) dibenzopyran system (æ8-THC) (C) 

CBD. ....................................................................................................................... 30 

Figure 1.7 Chemical structure of CBD. ................................................................. 31 

Figure 1.8 Summary of the cross-coupling mechanism that was developed up to 

now.79 ...................................................................................................................... 32 

Figure 1.9 Mechanism of Suzuki-Miyaura Coupling. ........................................... 35 

Figure 1.10 Isomerization in the oxidative elimination step. ................................. 36 

Figure 1.11 Representative of dialkylbiaryl ligands from Buchwald group. ......... 37 

Figure 1.12 Common bidentate phosphine ligands.100 ........................................... 37 

Figure 2.1 The summary of the project aim (CBD encapsulation into peptide 

hydrogels). .............................................................................................................. 39 

Figure 2.2 The chemical structure of antimicrobial peptides in the project. ......... 41 

Figure 2.3 The HPLC chromatogram of crude PEP1 at 214 nm. .......................... 43 

Figure 2.4 The HPLC chromatogram of PEP1 after purification with the method of  

5-100% gradient for 70 minutes. The absorbance was shown at 214 nm. .............. 43 

Figure 2.5 HPLC chromatogram of PEP1 after purification with the new method. 

The data was collected at 214 nm. .......................................................................... 44 

Figure 2.6 HPLC chromatogram of PEP2 after purification at 214 nm................. 46 

Figure 2.7 HPLC chromatogram of crude PEP3. It shows 93% purity. ................ 46 

Figure 2.8 The analytical result of PEP4 after purification on Reverse Phase HPLC.

 ................................................................................................................................. 47 

https://1028f8d26f624cd18d39-my.sharepoint.com/personal/batuhan_baytekin_metu_edu_tr/Documents/Batuhan_Msc_070923_BB.docx#_Toc144984832


 

 

xviii  

 

Figure 2.9 HPLC chromatogram of PEP5 at 214 nm. ............................................ 48 

Figure 2.10 Plate design for CAC. Wells contain different concentration of peptides 

with Nile Red dye. ................................................................................................... 49 

Figure 2.11 CAC value and the graphs for (A) PEP1 (B) PEP2 (C) PEP3 (D) PEP4 

(E) PEP5. ................................................................................................................. 50 

Figure 2.12 Images of peptide hydrogels from PEP1 to PEP5. .............................. 52 

Figure 2.13 Encapsulation procedure of CBD using solvent co-evaporation method.

 ................................................................................................................................. 54 

Figure 2.14 Encapsulation efficiency of peptides (A) PEP1 (B) PEP2 (C) PEP5. 55 

Figure 2.15 SEM Images of peptides and their CBD encapsulated versions. (A) 

PEP2 (B) PEP2-CBD (C) PEP5 (D) PEP5-CBD. ................................................... 56 

Figure 2.16 TEM images of peptides and their CBD encapsulated versions. (A) 

PEP2 (B) PEP2-CBD (C) PEP5 (D) PEP5-CBD. ................................................... 57 

Figure 2.17 Cumulative Release of CBD by the peptides. (A) PEP2 (B) PEP5. ... 59 

Figure 2.18 Time-sweep test of peptide gels and Carbopol polymer gel. (A) PEP2 

(B) PEP2-CBD (C) PEP5 (D) PEP5-CBD (E) CARBOPOL at 2.5 wt% (F) 

CARBOPOL at 1.0 wt%. ......................................................................................... 61 

Figure 2.19 Shear stress result of peptides, CBD alternatives, and Carbopol as the 

control group. (A) Comparison of shear stress between PEP2, PEP2-CBD and 

CARBO at 2 wt%. (B) Shear stress differences between PEP5, PEP2-5-CBD and 

CARBO at 1 wt%. ................................................................................................... 62 

Figure 2.20 Oscillatory rheology of the peptide hydrogels recovery-loop test via 

continuous step-strain measurements at 1.6 Hz. ..................................................... 64 

Figure 2.21 DPPH (A), ABTS (B) and FRAP (C) assays. First raw of the 96 well 

plate was assigned as a negative control. Last raw was empty and the rest of the plate 

was divided into four boxes. In each box, concentration of samples was measured 

triplicate. .................................................................................................................. 66 

Figure 2.22 Plate design for MTT Assay. .............................................................. 68 

Figure 2.23 Viability of Human melanoma cells evaluated by the MTT test. (A)  Cell 

viability after 1 and 2 days of incubation with PEP2 (yellow), PEP2-CBD (blue), 



 

 

xix 

 

CBD (green) and viability of untreated cells. (B) Cell viability after 1 and 2 days of 

incubation with PEP5 (blue), PEP5-CBD (dark blue), CBD (green). Statistic values 

were adjusted to the viability of A375 cells on the first day. .................................. 69 

Figure 2.24 Viability of Human melanoma cells evaluated by the MTT test. (A, B, 

C)  Cell viability after 1 and 2 days of incubation with PEP2 (yellow), PEP2-CBD 

(red), CBD (green) and viability of untreated cells at 1/100, 1/200 and 1/400 

dilutions. (D, E, F) Cell viability after 1 and 2 days of incubation with PEP5 (blue), 

PEP5-CBD (dark blue), CBD (green) at 1/50, 1/200 and 1/400 dilutions. Statistic 

values were adjusted to the viability of A375 cells on the first day. ....................... 69 

Figure 2.25 Microscope images of migrated cells in the wound area. Observations 

were made at 0 h, 24 h and 48 h.............................................................................. 70 

Figure 2.26 Number of A375 cells in the wound area of each sample between 24 h 

and 48 h. PEP2 (yellow), PEP2-CBD (red), PEP5 (light blue), PEP5-CBD (blue), 

Cell control-A375 cells (purple). ............................................................................ 71 

Figure 2.27 Calculation of THP-1 macrophage number between 48 and 72 hours. 

Control  as THP-1 monocyte (orange), 20 ng/mL PMA (purple), 50 ng/mL PMA 

(green), 100 ng/mL PMA (blue). ............................................................................ 72 

igure 2.28 Observation of THP-1 monocytes differentiation for three days with 

different PMA concentration. ................................................................................. 73 

Figure 2.29 The graph A and B show concentration of target protein as pg/ml. (A) 

shows the expression of tumor necrosis factor-alpha (TNF-Ŭ) by THP-1 

macrophages treated with peptides. (B) shows pro-inflammatory cytokines, 

interleukin-8 (IL-8) response provided after treatment THP-1 macrophages with 

peptides. .................................................................................................................. 75 

Figure 2.30 Antibacterial effect on (a) E. coli and (b) S. aureus after incubation for 

8 hours with peptides and CBD at 1/4 dilution. The values in the graphs were 

represented as optical density. pH 7.4 (green), pH 5.5 (orange). ........................... 75 

Figure 2.31 Antibacterial effect on (A-B) E. coli and (C-D) S. aureus after 

incubation for 8 hours with peptides and CBD at 1/40 and 1/400 dilution. The 

columns were represented as optical density. pH 7.4 (green), pH 5.5 (orange). ... 76 



 

 

xx 

 

Figure 2.32 Relative mRNA expression of wound healing-related genes of 

melanoma cells after 72h incubation. (A) PLAU, (B) MMP-2, (C) VEGFR2, (D) 

TIMP1. The untreated cells served as the control. The results were normalized to the 

expression of GAPDH as a house-keeping gene. .................................................... 78 

Figure 3.1 1H NMR spectrum of Fmoc-4-OMe-L-biphenylalanine (5) in d6-DMSO.

 ................................................................................................................................. 99 

Figure 3.2 Synthesized Boc protected biphenylalanine derivatives (7a-7g). ....... 103 

Figure 3.3 Synthesized Fmoc protected biphenylalanine derivatives (8a-8g). .... 106 

Figure 3.4 1H NMR spectrum of TBDMS protected 4-OH-Fmoc-Biphenylalanine 

(10). ....................................................................................................................... 108 

Figure 3.5 PSMA-617 and PSMA-617 biphenylalanine derivatives. .................. 110 

Figure 3.6 HPLC chromatogram of PSMA-617 4-OHBIP after synthesis at 214 nm.

 ............................................................................................................................... 112 

Figure 3.7 Mass spectrometry data of the first peak (retention time: 13.19). ...... 112 

Figure 3.8 Acetylated derivative of PSMA-617-4-OHBIP. ................................. 112 

Figure 3.9 Mass spectrometry data of the second peak (retention time: 13.40). .. 113 

Figure 3.10 Esterificated derivative of PSMA-617-4-OHBIP. ............................ 113 

Figure 3.11 Inhibition% of PSMA-617 derivatives. The level of statistical 

significance is represented by ns for p>0.05 * for p < 0.05, ** for p < 0.01, *** for 

p < 0.001, and **** for p < 0.0001 (one-way ANOVA).  Error bars indicate standard 

error of mean. Statistic values were adjusted to PSMA-617. ................................ 115 

Figure C.1 1H NMR spectrum of 4-iodo-L-phenyl alanine (2) in D2O+NaOHé.158 

Figure C.2 1H NMR spectrum of Fmoc-4-iodo-L-phenyl alanine (3) in d6-DMSO.

 ............................................................................................................................... 158 

Figure C.3 1H NMR spectrum of tBoc-4-iodo-L-phenyl alanine (6) in d6-DMSO.

 ............................................................................................................................... 159 

Figure C.4 1H NMR spectrum of tBoc-L-biphenylalanine (7a) in d6-DMSO. .... 159 

Figure C.5 1H NMR spectrum of tBoc-4-CN-L-biphenylalanine (7b) in d6-DMSO.

 ............................................................................................................................... 160 



 

 

xxi 

 

Figure C.6 1H NMR spectrum of tBoc-4-NO2-biphenylalanine (7c) in d6-DMSO.

 ............................................................................................................................... 160 

Figure C.7 1H NMR spectrum of tBoc-3-Ac-NH-biphenylalanine (7d) in d6-DMSO.

 ............................................................................................................................... 161 

Figure C.8 1H NMR spectrum of tBoc-4-OH-biphenylalanine (7e) in d6-DMSO.

 ............................................................................................................................... 161 

Figure C.9 1H NMR spectrum of tBoc-4-OMe-biphenylalanine (7f) in d6-DMSO.

 ............................................................................................................................... 162 

Figure C.10 1H NMR spectrum of tBoc-4-AcNH-biphenylalanine (7g) in d6-

DMSO. .................................................................................................................. 162 

Figure C.11 1H NMR spectrum of Fmoc-L-biphenylalanine (8a) in d6-DMSO. 163 

Figure C.12 1H NMR spectrum of Fmoc-L-4-CN-biphenylalanine (8b) in d6-

DMSO. .................................................................................................................. 163 

Figure C.13 13C NMR spectrum of Fmoc-L-CN-biphenylalanine (8b) in d6-DMSO.

 ............................................................................................................................... 164 

Figure C.14 1H NMR spectrum of Fmoc-L-NO2-biphenylalanine (8c) in d6-DMSO.

 ............................................................................................................................... 164 

Figure C.15 13C NMR spectrum of Fmoc-L-NO2-biphenylalanine (8c) in d6-DMSO.

 ............................................................................................................................... 165 

Figure C.16 1H NMR spectrum of Fmoc-3-AcNH-L-biphenylalanine (8d) in d6-

DMSO. .................................................................................................................. 165 

Figure C.17 13C NMR spectrum of Fmoc-3-AcNH-L-biphenylalanine (8d) in d6-

DMSO. .................................................................................................................. 166 

Figure C.18 1H NMR spectrum of Fmoc-4-OH-L-biphenylalanine (8e) in d6-

DMSO. .................................................................................................................. 166 

Figure C.19 13C NMR spectrum of Fmoc-4-OH-L-biphenylalanine (8e) in d6-

DMSO. .................................................................................................................. 167 

Figure C.20 1H NMR spectrum of Fmoc-4-OMe-L-biphenylalanine (8f) in d6-

DMSO. .................................................................................................................. 167 



 

 

xxii  

 

Figure C.21 13C NMR spectrum of Fmoc-4-OMe-L-biphenylalanine (8f) in d6-

DMSO. ................................................................................................................... 168 

Figure C.22 1H NMR spectrum of Fmoc-4-AcNH-L-biphenylalanine (8g) in d6-

DMSO. ................................................................................................................... 168 

Figure C.23 13C NMR spectrum of Fmoc-4-AcNH-L-biphenylalanine (8g) in d6-

DMSO. ................................................................................................................... 169 

Figure C.24 1H NMR spectrum of 3-AcNH-phenyl boronic acid pinacol ester (9a) 

in d6-DMSO. ......................................................................................................... 169 

Figure C.25 13C NMR spectrum of 3-AcNH-phenyl boronic acid pinacol ester (9a) 

in d6-DMSO. ......................................................................................................... 170 

Figure C.26 1H NMR spectrum of 4-AcNH-phenyl boronic acid pinacol ester (9b) 

in d6-DMSO. ......................................................................................................... 170 

Figure D.1 FTIR Spectra of Fmoc-4-CN-L-biphenylalanine (8b) ééééé..171 

Figure D.2 FTIR Spectra of Fmoc-4-NO2-L-biphenylalanine (8c) ...................... 171 

Figure D.3 FTIR Spectra of Fmoc-4-OH-L-biphenylalanine (8e). ...................... 172 

Figure D.4 FTIR Spectra of Fmoc-4-OMe-L-biphenylalanine (8f). .................... 172 

Figure D.5 FTIR Spectra of Fmoc-4-AcNH-L-biphenylalanine (8g). ................. 173 

Figure D.6 FTIR of Spectra 3-AcNH-phenyl boronic acid pinacol ester (9). ...... 173 

Figure E.1 HRMS Result of Fmoc-4-CN-L-biphenylalanine (8b)éééééé174 

Figure E.2 HRMS Result of Fmoc-4-NO2-L-biphenylalanine (8c). .................... 174 

Figure E.3 HRMS Result of Fmoc-3-AcNH-L-biphenylalanine (8d). ................ 175 

Figure E.4 HRMS Result of Fmoc-4-OH-L-biphenylalanine (8e). ...................... 175 

Figure E.5 HRMS Result of Fmoc-4-OMe-L-biphenylalanine (8f). .................... 175 

Figure E.6 HRMS Result of Fmoc-4-AcNH-L-biphenylalanine (8g). ................. 175 

Figure E.7 HRMS Result of 3-AcNH-phenyl boronic acid pinacol ester (9a). ... 176 

Figure F.1 Mass Result of 4-OMe-L-biphenylalanine (4)ééééééééé177 

Figure F.2 HPLC Analysis of 4-OMe-L-Biphenylalanine (4). ............................ 177 

Figure F.3 Mass Result of PSMA-617-BIP. ......................................................... 178 

Figure F.4 HPLC Analysis of PSMA-617-BIP (210 nm). ................................... 178 

Figure F.5 Mass Result of PSMA-617 4-CNBIP. ................................................ 179 



 

 

xxiii  

 

Figure F.6 HPLC Analysis of PSMA-617 4-CNBIP (214 nm). .......................... 179 

Figure F.7 Mass Result of PSMA-617 4-NO2BIP. .............................................. 180 

Figure F.8 HPLC Analysis of PSMA-617 4-NO2BIP (214 nm). ......................... 180 

Figure F.9 Mass Result of PSMA-617 3-AcNHBIP. ........................................... 181 

Figure F.10 HPLC Analysis of PSMA-617 3-AcNHBIP (214 nm). ................... 181 

Figure F.11 Mass result of PSMA-617 4-OMe BIP. ........................................... 182 

Figure F.12 RP-HPLC chromatogram of PSMA-617 4-OMe-BIP (214 nm). ..... 182 

Figure F.13 Mass result of PSMA-617 4-AcNH BIP. ......................................... 183 

Figure F.14 RP-HPLC chromatogram of PSMA-617 4-AcNH BIP at 214 nm. . 183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xxiv 

 

LIST OF SCHEMES 

Scheme  1.1 Synthesis via Fmoc/tBu Solid Phase Peptide Synthesis Method is shown 

over PEP5 from the second chapter. .......................................................................... 4 

Scheme  1.2 Reactions that take place during Kaiser test. ........................................ 5 

Scheme  1.3 Mechanism of activation of amino acids and turning into OBt esters 

shown over Fmoc-L-phenyl alanine. ......................................................................... 8 

Scheme  1.4 Representation for biosynthetic route for the formation of THC, CBD 

and CBN. ................................................................................................................. 29 

Scheme  3.1 Synthesis route for producing Fmoc-L-biphenylalanine derivatives. 95 

Scheme  3.2 First synthesis route for biphenylalanine derivatives. ........................ 96 

Scheme  3.3 Second synthesis route for synthesis of biphenylalanine derivatives. 98 

Scheme  3.4 Final synthesis route for biphenylalanine derivatives. ..................... 100 

Scheme  3.5 Synthesis of 4-iodo-L-phenyl alanine (1). ........................................ 101 

Scheme  3.6 Boc protection of 4-iodo-L-phenyl alanine (6). ............................... 101 

Scheme  3.7 Suzuki-Miyaura coupling of phenyl boronic acid derivatives with 

Boc-iodo-L-phenyl alanine to yield biphenylalanine derivatives (7a-7g)............. 102 

Scheme  3.8 Acetylation of 3-/4-amino phenyl boronic acid pinacol ester. ......... 104 

Scheme  3.9 Boc cleavage and Fmoc protection of biphenylalanine derivatives. 104 

Scheme  3.10 TBDMS protection of Fmoc-4-OH-L-biphenylalanine. ................ 107 

Scheme  3.11 All the synthesis routes to synthesize biphenylalanine derivatives.

 ............................................................................................................................... 109 



 

 

xxv 

 

1 

LIST OF ABBREVIATIONS  

 

Boc: tert-Butyloxycarbonyl 

DBU: 1,8-Diazabicyclo(5.4.0)undec-7-ene 

DCM : Dichloromethane 

DIC : N,Nô-Diisopropylcarbodiimide 

DIEA : N,Nô-Diisopropylethylamine 

DMF : Dimethylformamide 

DMSO: Dimethylsulfoxide 

Fmoc: Fluorenylmethoxycarbonyl 

FT-IR : Fourier transform infrared spectroscopy 

HATU : Hexafluorophosphate azabenzotriazole tetramethyl uronium 

HBTU : N,N,Nǋ,Nǋ-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate 

HOBt : Hydroxybenzotriazole 

HPLC : High pressure liquid chromatography 

HRMS: High resolution mass spectrometry

MBHA : 4-Methylbenzhydrylamine hydrochloride 

NMR : Nuclear Magnetic Resonance Spectroscopy 

 



 

 

xxii  

 

MTT : 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

SEM: Scanning electron microscopy 

SPPS: Solid phase peptide synthesis

TBDMS: tert-Butyldimethylsilyl ether 

TEM : Transmission electron microscopy 

TFA : Trifluoroacetic acid 

THF : Tetrahydrofuran 

TIPS: Triisopropylsilane 

TLC : Thin layer chromatography 

 

 

 

 



 

 

1 

 

CHAPTER 1  

1 INTRODUCTION  

It was long ago that each obstacle made chemists excel and turn their heads to more 

complex structures, making them began to study natural products that have higher 

molecular weights. This was not until around the 1900s that scientists did not 

mention the concept of peptides, nor were they sure on producing these molecules in 

a synthetic manner. The history of peptides lied beneath protein chemistry that was 

explored during the time, so the topic improved slowly and in a delayed means.1 In 

1901, however, the field was around to get more recognition, it was the start of 

peptide chemistry.1 

Emil Fischer, who is recognized as one of the most successful scientists in chemistry, 

embarked his journey on peptides through protein chemistry, a taboo field at the 

time. Fischer became the founding father of peptides, in which he defined them as 

amino acids that are linked to each other by amide bonds due to protein structure 

principle.1,2 Hence, with that gleam, Fischer began experiments to link amino acids 

by organic chemistry methods and proposed the first prototype "glycyl-glycine". 

This was achieved by the partial HCl hydrolyzation of glycine producing 

diketopiperazine. Then, definitions like "dipeptide, tripeptide, polypeptide" 

followed.2 

With the influence and the contributions of E. Fischer, Theodor Curtius did 

experiments on synthesizing peptides. Thus, he created benzoylated alternatives 

which contained alanine and aspartic acid. Still, there was a problem with easy 

removal of amino protecting group. This made Fischer to introduce alpha halogen 

fatty acid chlorides. Consequently, Acyl chloride method made it possible to produce 

peptides in mild conditions.1 
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Within 10 years, Emil Fischer and his co-workers was able to produce more than 100 

peptides containing two to eighteen amino acid residues. Hence, Fischer's 

proposition had the enormous repercussion on chemistry field, since the method was 

appliable and gave the chance of synthesizing these complicated natural materials.1 

Around 1950s peptide synthesis made a huge leap and then the advances followed. 

The earlier method of peptide synthesis strategy foreshadowed having the chance of 

automated peptide synthesis. For every coupling, there was a need of removing 

unreacted starting material, in which made impossible to go on with the next step 

without any purifications.1 The "Solid Phase Peptide Synthesis" method had greeted 

us at this point.  

From beginning to the end, amino acids were linked to a solid, insoluble polymer 

support called "the resin". So that amino acids can be converted dipeptide and 

polypeptide derivatives in the same vessel, meanwhile, unwanted residues and by-

products were simply washed with a selected solvent. In the end, it was possible to 

go on with the next step without a need of purification and transferring materials 

from one vessel to another one.1,2 This smart method actually designed and was 

published in 1963 by R.L. Letsinger and M.J Kornet. Though, Merrifield's method 

was accepted among scientists, Letsinger-Kornet method was not that praised. It is 

because the two approaches had their own differences.2 Later on, Merrifield went 

with ter-butyloxycarbonyl (Boc) instead of benzloxycarbonyl for N-terminal 

protecting groups.2 Then around 1970, L.A. Carpino and G.Y. Han proposed the 

protection of N-terminals with 9-fuoromethoxy-carbonyl (Fmoc). With this way, the 

alpha amino protecting group was cleaved with a base, mostly by piperidine, and 

made it possible for amino acids to have side chains that are protected with Boc 

group. At the end, the acid labile resin could be cleaved with the mixture of TFA.2 

Hence, alongside the influence and contributions of Merrifield, Fmoc/tBu solid 

phase synthesis was established, which now is used widely for the preparations of 

various peptide forms to be used various applications from drug delivery to 

diagnosis. And amphiphilic is also one of the peptide kinds.   
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This class of peptides is considered amphiphilic since they contain hydrophilic and 

hydrophobic domains. Headgroup can be positively or negatively charged depending 

on the residues. The incorporation of lysine can make the head positive, whereas, 

contributing amino acid residues like aspartic acid can cause the head to have 

negative charge. For the hydrophobic tail, nonpolar amino acid residues like alanine 

can be used as in repetitive cycles.  

Peptide hydrogels have three-dimensional fiber networks that can hold large amount 

of water with the help of hydrophilic and hydrophilic domains. Giving the peptide 

amphiphiles nature, they can easily produce networks in this environment, thus the 

segments allow them to encapsulated drugs, making them great candidates in wound 

healing. Achieving different sequence peptide amphiphiles is easier with the 

discovery of solid phase peptide synthesis, therefore the method will be explained in 

detail, below. 

1.1 Fmoc/tBu Solid Phase Peptide Synthesis 

The Fmoc/tBu method, unlike Merrifieldôs, is based on acid labile protection for side 

chains, and base-labile Fmoc protecting group N-terminal Ŭ-amino groups. Since the 

N-terminal of the amino acid is protected by a base labile group, the resin is designed 

to be acid labile. One of the qualities make this method stand out that the protection 

groups can be cleaved in milder conditions. While, N-Fmoc group can be cleaved by 

20% piperidine (in DMF) solutions, t-butyl protection group and the alkoxybenzyl 

based linkers can just be cleaved with trifluoro acetic acid (TFA). Since the manual 

synthesis of peptides takes place in a glass vessel, TFA is an excellent agent as it can 

be easily removed by blowing air across the vessel until most of the TFA solution 

filtered in ether.2 
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Scheme  1.1 Synthesis via Fmoc/tBu Solid Phase Peptide Synthesis Method is 

shown over PEP5 from the second chapter. 
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Scheme  1.2 Reactions that take place during Kaiser test. 
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The way in which the Fmoc/tBu method works has been explained in the in the 

Scheme 1.1. The C-terminal of the first amino acid was anchored to the resinôs linker. 

Then,  Fmoc was deprotected with 20% piperidine in DMF.3 Unprotected amino 

group was then coupled with the new amino acid, in the presences of activating 

reagent which generally is HBTU. HATU is preferred over HBTU in most rapid or 

challenging coupling protocols. HATU is used in the same way as HBTU. To 

observe how the coupling is carried out, Kaiser Test provides quantitative 

measurement for the matter. This is a very sensitive quantitative test for primary 

amines, though not for secondary or tertiary like in proline. If there is uncoupled free 

amine groups, the ninhydrin reacts to produce intense blue-purple colour, as seen in 

the Scheme 1.2. Once the coupling carried out and finalised successfully, the same 

procedure is repeated, until all the sequence is achieved. Then the peptide is cleaved 

from the resin by using strong acids, in which TFA is commonly used for such 

purpose.2,4 

1.1.1 Peptide Coupling Reagents  

The coupling of the two amino acids to form peptide bond involves the activation of 

the next amino acid in the sequence. To complete the acylation, the amount of amino 

acid activated is typically 2-10 times the amount of resin. Other qualities that change 

the ratio depends on resinôs substitution, the type of amino acid is added, the volume 

that the glass vessel has. The coupling time required will therefore depend on the 

type of agent, its concentration, the designed peptide sequence and the capacity of 

the resin.5 

To date, there has been a wide variety of coupling reagents used as can be seen in 

Figure 1.1, and each of them has its own activating capacity. When all the reagents 

are compared,  the efficiency increases from HOBt < DIC/HOBt < HBTU < HATU.5 

The classical one, of course, is infamous N,N'-diisopropylcarbodiimide (DIC). In 

carbodiimide-mediated type of couplings, 1-hydroxybenzotriazole (HOBt) or 1-
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hydroxy-7-azabenzotriazole (HOAt) used to enhance the coupling, and to prevent 

racemization. The reaction takes places between fmoc protected amino acid and 

DIC/HOBt, in which results in OBt esters, as seen in Scheme 1.3. The rate of the 

reaction is faster in DCM when compared with DMF, though DMF also works well.3 

DIC was actually took the place in this type of activating, after the use of N,N'-

dicyclohexylcarbodiimide (DCC) since the urea that generated from DCC was 

soluble in DMF.3,5 

  

Figure 1.1 Coupling reagents and their chemical structure. 

In comparison to carbodiimide-mediated couplings, O-uronium salts are commonly 

used in todayôs Fmoc/tBu synthesis. O-(7-azabenzotriazol-1-yl)-N,N,N'N'-

tetramethyluronium hexafluorophosphate (HATU), O-benzotriazol-1-yl-N,N,N',N'-

tetramethyluronium hexafluorophosphate (HBTU), O-(6-chlorobenzotriazol-1-yl)-

N,N,N',N'- tetramethyluronium hexafluorophosphate (HCTU) provide faster 

coupling rate, enhance the efficiency and supresses enantiomerization. For these 

reasons, they have become one of the most widely used reagents. However, HBTU 

is preferred as it is cheaper and works as well as its relatives. These reagents are 
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commonly used with N,N-diisopropylethylamine (DIEA or DIPEA) to achieve low 

levels of racemization and enhance the coupling.5 

 

Scheme  1.3 Mechanism of activation of amino acids and turning into OBt esters 

shown over Fmoc-L-phenyl alanine. 

1.1.2 Solid Supports 

The choice of solid support and the linker is important to have a successful SPPS. 

One of the factors that affects having a non-problematic peptide synthesis is the 

solvation of the resin, thus creating an efficient chain assembly during the synthesis. 

Both batchwise and continuous flow peptide synthesis is carried out on beaded resins, 

so that they are washed either with suction or under nitrogen pressure. Polystyrene 

(PS) is the one commonly used and contains around 1-2% divinylbenzene (DVB) for 

the purpose of cross-linking agent. Cross-linked polystyrene resin (PS) is a widely 
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used solid support for peptide synthesis. Reasons for its popularity come from  

several factors; it is not costly to produce, it can be functionalized via Friedel-Crafts 

reaction to have chloromethyl, aminomethyl groups derivatives  and  it swells  easily 

in commonly used solvents such as  DCM, DMF and NMP. The beads of these resins 

can withstand high pressure and pack well into the reaction vessel. The size of beads 

that these resins have very small and differs from 100-200 and 200-400 as mesh size.  

The loading capacity of a resin used for solid-phase peptide synthesis (SPPS) refers 

to the maximum amount of peptide that can be synthesized and immobilized onto 

the resin support. Loading capacity is an important factor to consider when selecting 

a resin for SPPS, as it directly impacts the yield of the final peptide product and the 

efficiency of the synthesis process. It is typically expressed in terms of millimoles of 

amino acid per gram (mmol/g) of resin. PEG resins have been used for long peptide 

sequences with quite high loading capacity around 0.6-.0.7 mmol/g.3,5 Commonly 

used resins for SPPS, such as Wang resin, Rink amide resin, often have loading 

capacities ranging from around 0,3 mmol/g to 2.5 mmol/g (Figure 1.3). So, by 

adding polar solvent it is possible to circumvent such problems with coupling and 

solvent environment. In addition, sometimes it is one of the methods used to use 

solid support that has lower substitution so that crowding can be prevented, thus the 

synthesis can occur in higher purity.3 

Various resins like polyethylene glycol (PEG) and polyethylene glycol 

polyacrylamide (PEGA) also display enhanced solvation properties. PEG has a very 

high impact on diffusion and accessibility of the reagents. DMF, on the other hand, 

does not present this problem when loaded with a higher number of residues. In 

addition, DCM is not compatible with piperidine as DCM causes the formation of 

piperidine hydrochloride adducts, unlike DMF. Therefore, DCM is still used in some 

of the stages during SPPS. However, DMF has  become the dominant solvent choice 

because of the problems mentioned above.3 
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Figure 1.2 Rink amide resin and its linker (left), Wang resin and its linker (right). 

Generally, PEG is linked to have modification on the synthesized peptide. The use 

of such linkers, therefore, can create different functionality for the peptides and 

flexibility in synthesizing.3 

When it comes to resin functionalization and types of linkers, there are 

hydroxymethyl-based resins, in which involves esterification of the first amino acid 

to have hydroxyl group at the C-terminal. WANG, HMPA and trityl chloride belong 

to this category. In addition to that, there is also trityl -based linkers, in which 

activation of the incoming amino acid is not required, thus enantiomerization is 

inhibited.2 For peptides having cysteine, tryptophan, methionine or histidine at the 

C-terminal can be synthesized on this resin if desired. Though, the resin is 

susceptible to the moisture, hence it needs to be handled carefully and should be 

worked at room temperature. Regarding to aminomethyl-based linker, they give 

derivatization of peptide amides, thus peptides can be synthesized to have amide 

modification at C-terminal. In that regard, the linkers for such category are 

trialkoxyhydryamine, trialkoxybenzylamine and aminoxanthenyl. Today, Rink 

amide is commonly used one and has benzhydrylamine linker, as seen in the Figure 

1.3. MBHA version of the resin is generally chosen since it is less acid sensitive and 

has more chemical compatibility than its AM alternative, and the difference can be 

noted from Figure 1.3.2,3 
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Figure 1.3 Difference between rink amide MBHA and AM resin. 

1.1.3 Microwave-assisted Peptide Synthesis 

To date, microwave-assisted organic synthesis has been used in order to improve 

yields, increase reaction rates, reduce synthesis time and to achieve high purity 

products. The first report of applying microwave to peptides occurred in 1992. Less 

than a decade later, the advances started to appear and major breakthroughs 

followed.4 The first report actually done by Erdelyi and Gogoll, and they performed 

SPPS in a microwave that is designed for organic synthesis. Among the equipments 

they used, there were Green Motif I microwave synthesis reactor by IDX corp., 

Prolabo Synthwave 402 monomode microwave reactor, and the Milestone 

CombiChem microwave synthesizer then utilized to synthesize peptides.4 Then the 

first designed followed after. In 2003, the first microwave-assisted SPPS both fully 

automated and manual was introduced by Liberty, CEM. The design consisted of  a 

microwave reactor and washing station. With time, advances followed, and Brandt 

et al. reported a manual synthesizer which then it developed as semi-automated 

system in 2006, and the equipment contained manual addition of amino acids along 

with automated washing. Valve free synthesizer was then commercially introduced 

in 2010.4 

The mechanism of microwave-assisted SPPS is as follows: The energy heats the 

resin next to the reactor itself by dipole rotation and ionic conduction, producing 
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instantaneous heating. In the liquid solution, ions and dipoles will order themselves 

to follow the electric field. Dipole and ion, therefore, will result in energy dissipation 

and yielding dielectric heating.4 

When it comes to peptide synthesis, these polar and ionic molecules are heated by 

this microwave energy. Generally, polar solvents are used. Peptide having polar 

backbone and amine terminal group make them absorbers in the microwave itself. 

Once temperature rises in the vessel, the aggregated sequences will be broken due to 

intra- and inner-chain association. In the standard procedures, peptides generally 

synthesized at 75 °C, with 20 W power. The deprotection of fmoc usually takes 

places within 3 minutes in total by using 20% Piperidine in DMF solution, when 

coupling is considered, total time differs between 5-10 minutes and can be sufficient 

depending on the sequence.4 

 

Figure 1.4 Mechanism of protonation and aspartamide formation happens during 

incoming amino acid activation. 

However, the high heat can result in racemization. So, when amino acids like 

Cysteine and Histidine is considered, the instrument needs to be used in decreased 

temperature, to around 50 ºC. Another issue in microwave-assisted SPPS is that 
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aspartamide formation, as seen in Figure 1.4. In Fmoc deprotection stage, reaction 

occurs with Asp containing sequences that have carboxyl side chains such as Gly, 

Ala, Ser or Asn. The aspartamide causes sequence to continue from the unwanted 

side reactions  and yielding low purity. While microwave-assisted peptide synthesis 

offers several advantages, improper use or excessive application of microwave 

irradiation can potentially lead to challenges and to the problems that cannot 

encountered in traditional manual synthesis. Therefore the synthesis needs to be 

followed by caution.4 

1.2 Self-Assembling Peptides: Structure, Characteristics and Medical 

Applications 

Self-assembling peptides have gained  more recognition and the field has 

experienced  a considerable growth since the early of 1990s.6 Over  time and with a 

deeper understanding of how proteins are fold, building of self-assembled structures 

began to advance.7 These materials are still being researched and used in a wide 

range of applications. They are excellent candidates for biomedical applications.6,7 

In general, self-assembled peptides consist of between 8 to 16 residues to form a 

well-ordered structure. Normally, most peptides display low metabolic stability and 

are not suitable for drug encapsulation. With self-assembled peptides, however, these 

disadvantages can be altered due to their enhanced physicochemical and biochemical 

properties. Hence, it also possible to generate these materials with enhanced 

selectivity and stability by promoting their interactions like temperature or pH, thus 

making them eligible in drug delivery and tissue regeneration applications.8 

When it comes to designing these materials, the bottom-up method promotes a 

deeper understanding. In addition to hydrophobic residues like phenylalanine, 

leucine, isoleucine, these self-structured peptides also have positively charged 

hydrophilic sequences like lysine, arginine or histidine. There are different types of 

moduli to create these sequences all together to make them self-assemble. In moduli 
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I, positive and negative charged residues stacked one another like -,+,-,+,-,+,-,+. 

When moduli II is considered, it repeats the same group of residues twice, -,-,+,+,-,-

,+,+. Moduli III repeats this motif as triples, -,-,-,+,+,+ and moduli IV as quadruplets, 

-,-,-,-,+,+,+,+. Though, the orientation of these charges can be alternated to yield 

another desired peptide. 6 

The building blocks of self-assembled peptide units include single amino acids, 

dipeptides, D/L peptides, cyclic peptides, stapled peptides, amphiphilic peptides and 

multidomain peptides. Even single amino acids can be used to create  hydrogels due 

to their low cost. Dasgupta et al. demonstrated that cinnamoyl protected phenyl 

alanine showed an efficient hydrogelator properties and the hydrogelation was 

promoted both by pH and heat. Dipeptides, on the other hand, are one of the simplest 

building blocks of the group. It was found that H-FF-OH was able to self-assemble 

into nanotubes and nanostructures because of its intramolecular hydrophobic 

interactions.8 

D-peptides are great carriers as making a drug to be release controllably by inhibiting 

degradation ad increasing the half-life. Cyclic peptides auto-assembles them to 

create cylindrical structures, and this can be achieved via intramolecular hydrogen 

bond that forms between amino acids, thus creating a ɓ-sheet tubular structure. The 

amino acids in this building block type can arrange themselves outside of the tube 

structure with their side chains and the peptide backbone fixes itself inside. Stapled 

peptides are the types that consist of helix-promoting noncoded amino acids like Ŭ-

aminoisobutyric acid and ɓ-amino acids. These stapling of side chains enhance the 

helical tendency.6,8 Regarding the multi-domain peptides, they are self-assembled 

with ɓ-sheet motif, thus yielding nanofibrous structures. The structure of the building 

block is also stabilized by hydrophobic core and hydrogen bonded networks. 

Amphiphilic peptides, on the other hand, are formed by hydrophobic and hydrophilic 

chains. Electrostatic, hydrophobic, and aromatic stacking interactions promote this 

building block to stabilize, and self-assemble into morphologies like nanotubes and 

hydrogels.8 
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To assess self-assemble structure of these peptides, it should be noted that the 

secondary structures Ŭ-helices and ɓ-sheets is quite important. A-helices are the 

secondary structure, in which happens when hydrogen bond forms between the 

hydrogen of amide group and the oxygen of the carbonyl group. With the bond 

formation, the stabilization of peptide bond occurs. When the assembling is 

considered, the side chains fixed outwards.9 Although, the Ŭ-helix is not a 

thermodynamically stable on its own, it is possible to create a more stable structure 

by assembling it with other types together. In that regard, coiled-coil is the structure 

that can be found in nature. It contains two Ŭ-helices that have stacked each other 

while their hydrophobic parts barred from the aqueous conditions and repeats 

sequence template as (abcdefg)n . In the sequence, a and d considered as amino acids 

that have hydrophobic chains, meanwhile e and g represent charged amino acids 

sequence. Thus, the sequence forms right-handed Ŭ-helical structure by then 

assembling bundles to form left-handed supercoils.8,9 

The ɓ-helices are more energetically favoured compared to the Ŭ-helices and 

represent another secondary protein structure. In regard to the position of ɓ-strand 

peptide, the backbone is stretched, and the hydrogen bonds remain as orthogonal. 

6,8,9 The sheet structure is created by hydrogen bonds between the amino acid 

sequences of the peptide chains. Both the interactions between the peptides and the 

amino acid sequences help stabilizing the structure, thus enhance the rigidity of the 

assembly. Peptides that have between 16-20 amino acid sequenced generally prone 

to form ɓ-sheets and therefore they can self-assembly into different supramolecular 

structures. Parallel and antiparallel arrangements are the main types of ɓ-pleated 

sheets that yield different patterns of hydrogen binding when compared. Antiparallel 

ɓ-sheets, however, is found to be energetically more favoured because of its well 

aligned hydrogen bonds.9 

The supramolecular structures that described above give rise to  assemblies such as 

micelles and vesicles. These structures are the ones that discrete assemblies and 

distinct dimensions such as ribbons, tubes, tapes, and fibers.8,9 
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As one of the distinct structures, spherical micelles form when the hydrophilic head 

and hydrophobic tail self-assemble to form core-shell-like structure. The formation 

of micelle structure can be initiated by the factors such as concentration, pH, 

temperature, and interaction of peptides.  

By modifying a hydrophilic peptide sequence with an alkyl tail, the hydrophobic 

effect can be enhanced, resulting in the creation of peptide amphiphiles. In the 

literature, Shimada et al. designed such alpha-helical peptide, in which had the C16-

WAAAAKAAAAKAAAAKA  sequence.10 The peptide could self-assembled to 

create micelles in aqueous solutions. They also found that the peptide changed 

conformation and transformed to a worm looking micelle after incubation for few 

days. It has been suggested that this transformation is caused by the secondary 

structure to form a stable beta-sheet.10  

Peptides that can generate this micelle like conformations are generally small 

peptides like in the Ac-GAVILRR-NH2 peptide and they have generally  

hydrophobic and positively charged residues. Hydrophobic interaction that Ac-

GAVILRR-NH2 peptide has yields nanopipe structure to become a nanodonut shape. 

When all the factors are considered in given peptides for the formation of micelles, 

the hydrophobic and hydrophilic part, in addition to acetylation of N-terminal might 

yield self-assembled micelle conformation.6,8ï10 

Different from micelles, vesicles have an aqueous internal structure, so their  

amphiphilic building blocks form the bilayer where the hydrophobic groups position 

both the inner and outer space. It has been found that the hydrophobicity of the 

peptide tail has a major influence on the structure forms. Zhang et al. synthesized 

surfactant-like peptides and they reported that these peptides self-assembled into 30-

50 mm diameter vesicles.10 In another research, by Van Hell et al. discovered that 

Ac-AAVVLLLWEE -OH and Ac-AAVVLLLEEEEEEE-OH oligopeptides self-

assembled as vesicles.9 
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The member of self-assembled structures; fibers having hydrophobic tail and 

hydrophilic surface making it similar to vesicles. However, this structure type is not 

spherical, instead, they are like elongated micelles. Though, it was observed that the 

peptide sequences self-assemble into vesicles are closely resembles the ones form 

fibers.6,9,10 Such example can be seen in the work done by Stupp et al., their peptide 

had an alkyl tail, disulfide bond forming of four cysteine residues, in addition the 

three-glycine sequence and therefore, it formed nanofibers to create bone-like 

composite material.7  

Amphiphilicity is the major factor for a peptide a form fiber. Peptides that can form 

beta-sheets can also self-assemble into fibers, depending on the factors like 

concentration, pH and temperature.8ï10 

1.2.1 Factors for Peptide Self-assembly 

pH is one of the factors that affects peptide assembly. The fluctuations that happen 

with pH create changes with hydrogen bonds and salt bridges, thus the differentiation 

influences the structure of peptides.11 The charges of side chains peptide changes 

either with protonation or deprotonation. The charges of amino acid side chains in a 

peptide can change through a process known as protonation and deprotonation, 

which is directly related to the pH of the environment. When amino acids are 

charged, hydrogen bonds between amino acid residues and salt bridges are disrupted 

hence ionic bond forms between charged side chain amino acids. To clarify such 

event, ETATKAELLAYEATHK peptide has negatively and positively charged 

amino acid residues from N terminal to C terminal.10,11 Any changes happen with 

the charge of this peptide at pH 4, results in Ŭ-helical structure. Once, the pH of 

environment reaches to 8, this structure turns into ɓ-sheet.  

When hydrophobic peptides like YVIFL peptide is considered, the electrostatic and 

hydrogen bonds are reduced below pH 2 because of protonation. This formation then 

creates an antiparallel structure due to aggregation. Once the pH is raised to 9-11, 
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these electrostatic and hydrogen bonds are again regained the aggregates, resulting 

antiparallel stacking structure. Similarly, FKFEFKFEFKFE peptide becomes 

hydrophobic at low pH due to protonation of glutamic acid residues present in the 

peptide sequence and then self-assembly induced by increased hydrophobicity. 

Then,  the peptide aggregates with these hydrophobic interactions.11 

In addition to pH factor, there is also temperature aspect that affects the peptide self-

assembly. When certain peptides are heated, they can undergo various structural 

transformations that lead to the formation of different supramolecular assemblies, 

including micelles, nanofibrils, and other secondary structures. With changes in 

temperature, the interactions between peptide molecules and their surrounding 

environment will be affected. For example, FF dipeptide forms crystal nanowire 

structure after heated to 90 °C and then cooled to 25 ºC. The heating makes ionization 

constant of -NH3
+ to be lowered, thus making the peptide  highly soluble. Once the 

temperature is decreased, self-assembly happens due to enhance hydrogen bonds and 

finally  nanowire structure occurs. Similarly, ELP tripeptideôs hydrophobic activity 

is increased when heated, resulting in micelle structure.11 

Beside the factors are explained above, there are another stimulus that need to be 

considered. Electrolytes are one of those factors that induces peptide self-assembly. 

For instance, Ac-(AEAEAKAK) 2-NH2 peptide forms ɓ-sheet due to its hydrophobic 

residues. Once electrolyte is added to the environment, electrostatic repulsion occurs 

and hydrophobic bonding increases resulting in self-assembly by parallel ɓ-sheet 

structures.6,11 

As one can see from above, other than pH, temperature or presence of electrolyte, 

the specific nature of interactions between the amino acid sequence of a peptide can 

lead to the formation of various supramolecular structures, such as fibers, micelles, 

and more complex architectures.10,11 
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1.2.2 Interactions Responsible for Peptide Self-assembly 

Peptide self-assembly is driven by a complex interplay of various interactions 

between individual peptide molecules. These interactions lead to the formation of 

well-defined, organized structures such as fibers, micelles, nanofibrils, and more. 

Hydrophobic and electrostatic interactions, aromatic stackings, hydrogen bonds, and 

van der Waals forces are some of the key interactions responsible for peptide self-

assembly.6 These intermolecular interactions can be affected by  many factors such 

as temperature, pH and electrolyte concentration, resulting different structural 

assemlies.12 

Hydrogen bonding is one of the important driving forces for structural organization 

of biological products. Hydrogen bonds play a crucial role in stabilizing protein and 

peptide structures, including Ŭ-helices, ɓ-sheets, and other conformations. The 

interaction takes place usually between amide groups in peptide backbones, in 

between amino and carboxyl group that the side chains have. The number and 

strength of hydrogen bonds can vary widely depending on the sequence and the type 

of structure formed.  

-́ˊ interactions can also promote self-assembly for peptides especially the ones that 

contain aromatic functional groups. The interaction of such kind can generate 

directional growth.  

Hydrophobic interactions are significant driving force in the self-assembly process 

of peptides and other molecules, despite having few directional constraints. The 

hydrophobic parts of amphipathic molecules aggregate in water to minimize the 

contacts of water, while the hydrophilic sites are exposed to water, meaning the 

hydrophobic interactions are stabilised due to favourable enthalpy. In the literature, 

it was found that such interactions in the peptide favours micelles, rather than 

nanofibers. When salt-triggered self-assembly is considered, the role of such 

interaction seems enhanced. Therefore, the role of this hydrophobic force is quite 

important for designing of peptide sequences.12 
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Interactions between charged molecules are another type of trigger  for the self-

assembly of peptides. Coulombic attraction between opposite charges can lead to the 

formation of ion pairs, also known as salt bridges or electrostatic interactions. These 

interactions play a significant role in stabilizing the structure of peptides. 

Electrostatic interactions usually promote structural specificity. Giving its strength 

being around 500 kJ.mol-1, the interaction makes it stronger than hydrogen bond and 

Van der Waals interactions.8,12 

To have stable self-assembly for a peptide, the combination of these interactions and 

elements is quite important. Temperature is one of important factors that affect   

hydrogen bonding and hydrophobic interactions of peptide units. Changing in 

temperature can weaken  hydrogen bonding while increasing the hydrophobic effect. 

When it comes to pH, the solution can affect the competing solvation that happens 

between the sides of donor and acceptor, thus decreasing the strength of hydrogen 

bonding. Salt effect, in addition to the others, has great impact on electrostatic 

interactions. Therefore, the balance of the interaction and forces when together 

induces self-assembly greatly.12 

1.2.3 Self-assembling Peptides for Tissue Regeneration Applications  

Peptide-based wound dressings have been receiving attention throughout the years. 

One of the advantages of these materials is that they can be functionalized for certain 

specificity and activity, especially in tissue regeneration. Some peptides have been 

identified that can promote the activity of growth factors like epidermal growth 

factor (EGF) or fibroblast growth factor (FGF), thus enhancing the wound healing 

process  and induce tissue remodelling. The self-assembled peptides are particularly 

important in wound healing applications due to their extracellular matrix mimicking 

behaviours.13 

Short self-assembled peptides also show promising results. In literature, RADA 16-

I was found to be very effective for enhancing stem cell expansion and 
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differentiation. This peptide also induces a significant amount of reduction in 

osteoclast number at the injury side between 1 and 4 weeks.14 Being one of the 

popular peptides that worked on, self-assembled (RADA)4  peptide also showed rapid 

haemostasis in transverse liver experiments.15 In addition, this peptide also exhibits 

good hemocompatibility by showing no platelets and no red blood cells.16 To such 

example, Ac-IEIKIEIKIEKI -NH2 peptide was applied to human nasal chondrocyte 

and was observed that expanded the fibroblast growth factor (FGF-2).17 In the 

literature, it was also found that  Lauryl-VVAGKK -NH2 peptide amphiphile was 

able to enhance neural differentiation.18 Moreover, I3QGK peptide was reported to 

form hydrogel and exhibited significant haemostasis in liver trauma models. In 

addition to that, the peptide also showed low cytotoxicity and no immunological 

response.19  

When long peptide chains were considered, the study done by Wang et al. in 2008, 

they reported two self-assembled peptides RAD-KLT (Ac-

(RADA)4G4KLTWQELYQLKYKGI -NH2) and RAD-PRG Ac 

(RADA)4GPRGDSGYRGDS-NH2). Their study in the end showed proangiogenic 

potential, meaning that the peptides promote angiogenesis, thus promotion in 

endothelial cell growth and migration was achieved.20,21 In another study done by 

Stupp et al., they worked on heparin-binding peptide amphiphiles to deliver both 

fibroblast and VEGF growth. The outcome then indicated HBPAs provide an 

applicable environment for engraftment and for increase in blood vessel density.22 

The peptide that Zhang et al. studied had AEAEAKAKAEAEAKAK sequence and 

it showed resistance to proteolytic degradation which is necessary for regulation 

process.23 One of the ɓ-harpin peptides, the MAX8 peptide that showed good cell 

viability results, plus being injectable properties, thus making it suitable for cell-

delivery and wound area applications.24  

As can be seen above, self-assembled peptides have many applications in tissue 

engineering. Their characteristics like self-assembling into nanofibrous hydrogels 
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and showing haemostatic behaviours make them applicable for wound area 

applications to enhance tissue recovering. 

1.2.4 Self-assembling Peptides for Drug Delivery Applications 

Drug delivery is a system, in which drugs are specifically combined with carrier 

molecules and delivered to the targeted sites. Loading of drugs to the carrier 

molecules  generally is done via conjugation, complexation, or non-covalent 

interactions. Self-assembling peptides are among one of the popular carriers. The 

design of such sequences gives multiple functionalities that enables drug 

encapsulation.24  

Introducing hydrophobic drugs into self-assembled peptide structures is a promising 

strategy for controlled drug delivery and targeted therapy. It is reported that self-

assembled peptides, can serve as carriers for some drugs such as taxol and 

doxorubicin, improving their solubility, stability, and bioavailability.25 In literature, 

RADA-16 has been developed also for such cause, to have sustained drug delivery. 

Koutsopoulos et al. worked closely with RADA16-I hydrogels, and they studied 

kinetics of different protein releases from hydrogel structure. They found that release 

dynamic was dependent on molecular weight of protein and the peptideôs 

concentration.26,27 Dimitrios et al., used  gel-forming Ac-(RADA)4-CONH2 peptide 

for encapsulation and release of curcumin to achieve site specific chemotherapy for 

malignant brain tumours.28
 In another study, Zhao and his colleagues used RADA16 

derivatives to encapsulate and controlled release of an antitumor drug, paclitaxel. 

RADA16-X also found to be promote sustained and controllable drug release. The 

peptide used with antitumor drug and showed inhibition effect on a breast cancer cell 

line. It was also found that release took longer time with increased peptide 

concentration, thus blocking tumour cell proliferation observed more effectively.29 

Ketone drugs also can be released with peptide amphiphiles. Drugs such as 

doxorubicin or paclitaxel contained ketone allows such relation between peptide and 
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the drug due to covalent tethering. In one of their studies Stupp et al., modified  

C16V2A2E2K(Hyd) with prodan which is a ketone-containing fluorescent compound. 

The drug release was found to be dependent on the order of peptide sequence, ɓ-

sheet character of the peptide and also packing density of pleated ɓ-sheet.30  

Self-assembling peptides can also provide less drug loss ratio and high drug loadings. 

An example of this  is EAK-16II peptide,  as  it does not cause an immune response 

when the material is applied to animals.31 Hydrophobic drugs like curcumin can be 

encapsulated into peptide hydrogels. To clarify that, MAX8 peptide 

(KVKVKVKVDPPTKVEVKVKV -NH2) was used as the carrier and curcumin 

delivery was achieved.32 In addition to these, peptide-based nanostructures with 

modifications like polylactide (PLA) and V6K2 (VVVVVVKK) was used as carriers 

for drug delivery, especially for doxorubicin and paclitaxel. As stated in the 

literature,33 the drug released from PLA-V6K2 was slower than PLA-ethylene glycol 

type. Though, PLA-V6K2 exhibited enhanced cellular uptake while showing no 

cytotoxicity effects on cells. In addition to these, PLA-V6K2 seems to have higher 

tumour toxicity but lower toxicity for syngeneic breast cancer cells, meaning that the 

drug released by this peptide can have selective toxicity behaviours.  

When literature is considered, peptide amphiphiles are quite important for drug 

release. The characteristic of sequence and their ability to encapsulate certain drugs, 

make them great materials to enhance drug release. Also, the bioavailability of drugs 

in addition to their solubility can be enhanced while they are combined with such 

materials.  

1.2.5 Amphiphilic Peptides (APs) and Their Applications 

The structure of amphiphilic peptides consists of hydrophobic and hydrophilic sites. 

Hydrophilic parts of these peptides mostly contain acidic and basic amino acids such 

as lysine or glutamic acid residues. When it comes to hydrophobic tails, it consists 

of non-polar amino acids such as tryptophan or valine residues.34 It is also possible 
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to form peptide amphiphiles by adding alkyl chains the polar peptide epitopes.34,35 

Peptide amphiphiles, functionalised with alkyl chains, are able to self-assemble into 

a variety of nanostructures, including micelles and vesicles. Especially for the past 

decade, these peptides have gained an increasing momentum since they hold a great 

promise for applications, especially in drug delivery.36 Self-assembly of these 

peptide amphiphiles can be controlled with light, pH, ions and enzymes as it was 

discussed earlier on.37   

Self-assembled peptide amphiphiles can be synthesized via Fmoc/tBu based peptide 

synthesis or can be produced from bacteria as well.36 The design of such amphiphilic 

peptide can trigger self-assembly to produce various nanostructures. Incorporating 

aromatic groups into the design of amphiphilic peptides can significantly influence 

their self-assembly behaviour and lead to the formation of unique nanostructures. 

Aromatic amino acids, such as phenylalanine, tryptophan, and tyrosine, possess 

hydrophobic aromatic rings that can drive self-assembly through ˊ-ˊ stacking 

interactions. These interactions are also used for encapsulating certain drugs to 

enhance their bioavailability and solubility.31,36 Amphiphilic peptides can self-

assemble themselves to create micelles which contain of hydrophobic inner core and 

hydrophilic exterior. Having a charged head group and hydrophobic tail contributes 

to yield such structure.38 These micelles are also used for drug delivery applications 

since they can enhance the encapsulation to a great extent.36 In the literature, 

doxorubicin (DOX) was encapsulated into peptide amphiphiles. The peptide can also 

selectively release such drug upon pH and temperature change.39  

When the types of peptides amphiphiles are considered, self-assembled spherical 

peptides are usually smaller than 100 nm in diameter and they are especially used 

for biomedical applications since they can be taken up by the cells readily. In 

addition, they can be loaded with hydrophobic drugs into their cores, which makes 

them perfect candidates for drug release studies.  
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Besides the structures explained above, amphiphilic peptide vesicles can also be 

great asset for drug delivery. Since the peptide contains charged head group and long 

hydrophobic tail, it makes them useful in such applications.40 In the literature, 

Rajagopal and the colleagues prepared various peptides that can self-assemble to 

form hydrogel under certain conditions.41 Additionally, Aggeli et al. studied on self-

assembled poly-electrolyte beta-sheet complexes by mixing the peptide with both 

cationic and anionic sequences. Therefore, spontaneous self-assembling by fibrillar 

networks in hydrogel was achieved in appropriate pH scale.42,43 In addition to these, 

Ghadiri studied the design principles that promotes self-assembly. Hence, it was 

found that cyclic peptide that have D and L- amino acids show aggregations, thus 

creating a microcrystalline tubes with different pH adjustments.44,45  

1.2.6 PSMA Peptides and Their Clinical Applications 

PSMA (Prostate-specific membrane antigen) is membrane-bound glycoprotein with 

having 100-125 kDa, and located on chromosome 11.46,47 The protein is composed 

of 750 amino acids with three different domains;  24 amino acids for transmembrane 

region, 707 amino acids for extracellular domain and 19 amino acids for intracellular 

domain. Though the density of protein is 84.000, PSMA migrates in SDS with 

molecular weight being 110-125 kDa via the use of N-linked glycosylation sites.47,48  

PSMA is overexpressed in prostate cancer, and such response seems to be an 

androgen-independent, meaning it might not be cured with surgery. Therefore, 

PSMA is generally used for potential biomarkers for prostate cancer (PCa), which is 

still one of the primary tumour-related deaths in men.46ï48 

PSMA was discovered in the late 1980ôs, and eventually it became the target for 

diagnosis and therapy. In the beginning of 2000ôs, antibodies that directed against it 

were labelled with [111indium] and used as imaging probe. With time, discoveries 

have  done to increase image quality and reduced the radiations that the patients were 

exposed.49 In 2012, gallium labelled PSMA ligand began to be used for recognition. 
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The radio-labelling was also suitable for PET (Positron Emission Tomography), in 

which the labelled PSMA targeted the extracellular component of the protein.46,50,51  

There are different types of PSMA ligands such as urea-based, thiol-based and 

phosphorus-based ligands. Urea-based PSMA ligands showed promising results in 

preclinical trials. On the other hand, phosphorus ligands exhibited limited clinical 

use due to their  higher polarity. Contrary to phosphorous ligands, Thiol-based ones  

are more favourable, though they lack of satisfactory metabolic stability and 

selectiveness.48 On the other hand, urea based PSMAôs such as PSMA-11 and 

PSMA-617 in Figure 1.5 have been used extensively for therapeutic usage.52  

 

Figure 1.5 PSMA inhibitors, (left) PSMA-617 (right) PSMA-11. 

In 2001, new series of PSMA inhibitors were proposed by Kozikowski et al. One of 

these urea-based PSMA inhibitors was F-DCFBC (N-[N-[(S)-1,3-

dicarboxypropyl]carbamoyl]-4-18F-fluorobenzyll-cysteine) and it contains of Glu-

C(O)-Glu sequence.53 For such inhibitor, clinical results exhibited high sensitivity 

for local recurrence. However, the radiopharmaceutical features needed 

improvement, and protein binding of it was too high resulting in slow clearance from 

the tissues.48,54 The yield was too low to prepare both DCFPyL (2-(3-{1-carboxy-5-

[(6-[(18)F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido) pentanedioic acid) 

and DCFBC. Besides they required complicated production process. 
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At this stage, PSMA-1007 was started to develop since it proposed 55-min 

radiosynthesis process, in addition to 80% efficiency rate. Hence, this Glu-ureido 

inhibitor offered high accuracy in the recognition of lymph node in various primary 

diseases.48,55 Then the third generation PSMA inhibitors were introduced and 

PSMA-11 and PSMA-617 gained recognition. 

One of the third generation PSMA-inhibitors, PSMA-11 has structural motif of Glu-

NH-CO-NH-Lys(Ahx) and searched for clinical trials and imaging. Selection of 68Ga 

was a good alternative as imaging agent for this peptide since their half-life was 

matched, thus optimal peptide radiolabelling was achieved. It was also found that 

DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) with the 

combination of HBED-CC (N,Nǋ-bis-[2-hydroxy-5-

(carboxyethyl)benzyl]ethylenediamine-N,Nǋ-diacetic acid) increased the accuracy of 

Ga-PSMA-11 (Ga-DOTA-PSMA) in clinical trials.48,56,57 Being one of the third 

generation Glu-ureido inhibitor, PSMA-617 was also investigated with 177Lu. This 

alternative was both effective and safe for therapeutic imaging. PSMA-617, 

additionally, showed increased affinity than its predecessors, having both blood 

clearance and very low uptake from liver. Besides these factors, the imaging quality 

was also increased because the gamma-ray radiation of 177Lu.48,58,59 Kabasakal and 

the colleagues were worked on the dosage of 177Lu-labeled PSMA ligand. The 

injection dosage for the inhibitor was 185 to 210 MBq and uptake from the patients 

was achieved. Their research showed that the radiation dosage was inacceptable 

range, though, it was also found that patient-specific dosage was mandatory. In 

addition to this, Kurth et al. also worked on 177Lu labelled PSMA-617 peptide. In 

total of 50 patients, they worked on mCRPC (metastatic castration-resistant prostate 

cancer) issue. As activity 6.3 ± 0.5 GBq was chosen.  The result was showed that 

177Lu-PSMA have effective half time, being a safe option for radionuclide 

therapy.48,60 
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1.3 Cannabinoids 

Cannabinoid was the name given for a set of oxygen containing aromatic carbon 

(C21) compound that occurs naturally in the plant of Cannabis Sativa.61,62 Even 

though the medicinal use dates to way back in time, however the use and recognition 

of cannabinoids started in 1930s. It has been found that Cannabis contains more than 

460 known chemicals. One of the major psychoactive cannabinoids found in 

Cannabis plant is æ9-tetrahydrocannabidiol (THC).63 æ9-tetrahydrocannabinol (æ9-

THC, dronabinol) was the first one that was identified, and this was only 60 years 

ago.64ï66 Between 1930s and 1940s structure of phytocannabinoids were successfully 

characterized and synthetic derivatives of THC were tested for clinical studies. The 

research had done on epilepsy, depression, dependency to the alcohol and for 

opiates.67,68 Though, not until 1964 that æ9-THC was not able to be synthesized nor 

stereochemically characterized. The discoveries of THC allowed its use for clinical 

studies.68 



 

 

29 

 

 

Scheme  1.4 Representation for biosynthetic route for the formation of THC, CBD 

and CBN. 
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Figure 1.6 Chemical structure of (A) THC (B) dibenzopyran system (æ8-THC) (C) 

CBD. 

Besides THC, it is also found that Cannabis consists of delta-8-tetrahydrocannabinol 

(æ8THC), cannabinol (CBN), cannabichromene (CBC), cannabicyclol (CBL), and 

cannabigerol (CBG) and lastly cannabidiol (CBD). Though, they are present in  small 

quantities, have no major psychotropic effects when compared with THC.69 

Cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid (THCA) are one of the 

main components of cannabis. Though, CBD and THC have relevance to cannabis 

more, the molecules are not synthesized from the plants. Rather, the plant produces 

CBDA and THCA, as can be seen in Scheme 1.4. Then the chemical reaction 

triggered by heat, and decarboxylation occurs. Then the new compounds as CBD 

and THC are obtained  as seen Figure 1.6.69  

1.3.1 Cannabidiol 

As mentioned before, Cannabidiol (CBD) is one of the main compounds of Cannabis 

Sativa and considered a pharmacologically active phytocannabinoids. CBD has 

many beneficial properties such as anti-inflammatory, antioxidant, and analgesic. 

Besides these, the molecule is quite has effect on metabolic and neurodegenerative 

diseases and being used as antidepressant as well.70,71 
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Figure 1.7 Chemical structure of CBD. 

When the molecular structure of CBD is considered, it is a terpenophenol compound, 

in which consists of twenty-one carbon atoms. Its molecular formula is C21H30O2, 

and the IUPAC name is 2-[(1R,6R)-3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl] -

5-pentylbenzene-1,3-diol. The molecule contains cyclohexane and phenol ring, in 

addition to a pentyl side chain. The terpenic and aromatic ring are located in 

perpendicular plane structure.72 

It has been known that CBD has wide range of biological activity. In the literature, 

Hillard et al. found that CBD inhibits [3H] thymidine incorporation in murine 

microglial cells, in addition to no effect on their cycle. Later, they found that CBD 

is immunosuppressive since it enhanced the endogenous adenosine signalling. 

Besides, in vivo studies showed that CBD decreased TNF-Ŭ production on LPS 

treated mice.73,74 In addition to such research, Hampson et al. investigated 

antioxidant properties of CBD. Their data proposed that CBD actually prevents 

oxidative damage either equally or better than ascorbic acid (Vitamin C) or 

tocopherol (Vitamin E).74,75 Moreover, Lastres-Becker et al. found that CBD 

provided neuroprotection against the progressive degeneration of neurons during 

Parkinsonôs Disease (PD).74,76 In the research Mechoulam et al. worked on 

administration of CBD into mice that had type-1 diabetes. Their diagnosis was that 

32% of the mice diabetes was diagnosed, whereas in the untreated group the value 

was 100%. Beside this, they also found that IL-12 (pro-inflammatory cytokine) 

production significantly reduced, whereas IL-10 (anti-inflammatory) production 

elevated after the treatment with CBD. Their data showed that CBD can be used as 

a therapeutic agent for the type-1 diabetes.74,77 
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1.4 Coupling Reactions  

For decades, metal-catalysed cross-coupling reactions have been developed as their 

mechanism can be seen in Figure 1.8, and they have become mainstay in the modern 

synthesis applications. So much so that, we can see that reflection on 2010 Nobel 

Prize winners to Heck, Negishi and Suzuki.78 

 

Figure 1.8 Summary of the cross-coupling mechanism that was developed up to 

now.79 

The starting of cross-couplings was stated in 1965. Tsuji worked on palladium-

mediated carbon-carbon forming reactions.80 Under basic conditions, the mixture of 

PdCl2 (cyclooctadiene) complex and ethyl malonate were able to generate 

carbopalladation product. Then, the discovery led development of palladium 

chemistry. This process was the start of cross-coupling reactions.81 Tsuji also 

investigated ́ -allylpalladium complexes with ethyl malonate to form ethyl allyl 

malonate. In addition to the advances Tsuji had done, Trost was able to do 

asymmetric synthesis of what Tsuji had done. Then, this palladium catalysed 

substitution reaction by using ́-allylpalladium complexes have been recognised and 

it got the name of ñTsuji-Trostò reactions.81,82 

Since then, metal-catalysed cross-coupling got more recognition and the advances 

followed. The first instance of such reaction was developed by Kharash and Kochi, 

in which they named the synthesis as ñKumada-Tamao-Corriu Couplingò. The 

synthesis added transition-metal salts to Grignard reagents to finally form carbon-

carbon bonds. They found that catalytical activity of nickel-phosphine complexed 
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dependent on structure of the phosphine ligand on a great manner. After their 

development on the synthesis method, they were also able to improve the 

enantioselectivity of asymmetric ferrocene based ligands.83,84 

Early cross-coupling reactions did not used palladium catalysts with C-M (M=metal) 

and C-X (X=halides) until ñMurahashi Couplingò.  Murahashi reported that cross-

coupling of organic halides did occur by using palladium-based catalyst, beside the 

nickel types.79,85 Murahashi and the colleagues dictated the potential of 

organolithium compounds for these reactions. The method expanded in applicable 

ranged for cross-coupling reactions to be used with organolithium compounds.79,85,86 

In the middle of 70ôs, Sonogashira and Hagihara experimented on terminal alkynes 

with aryl halide with copper (I) salts and palladium catalysts to achieve cross-

coupling reactions. They observed that the yield was increased when copper (I) salts 

when used as co-catalyst. The reaction had the advantage of achieving the products 

with higher yield, even in milder conditions.79,87 

Negishi, on the other hand, worked on organomagnesium and organolithium 

compounds in 1976. He successfully synthesized cross-coupling products with the 

combination of palladium catalysts and organoaluminum reagents. The method was 

the first example of combining cross-coupling reaction with hydrometallation. Then, 

he found that the reaction performed better with palladium salts. The reaction 

Negishi designed has been used for synthesis of biaryls and conjugate dienes, in 

which found in natural products.79,88,89 

In 1977, Migita and Kosugi incorporated organotin compounds in cross-coupling 

reactions that driven by palladium catalysts, thus they named the reaction ñMigita-

Kosugi-Stilleò. Having toxic nature of organotin compounds, the experimental 

operation was needed to be done at the laboratory level. Hence, despite the 

challenges with the compounds being toxic, there is still demand for such reaction 

because of its mild and neutral reaction conditions. The reaction was found to be 

useful in terms of synthesizing natural products.79,90 
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Kumada, Tamao and Yoshida stated a new cross-coupling reaction, in which 

organopentafluorosilicates and organic halides reacted when companied with 

palladium catalyst at high temperatures. Since there is inactive saturated 

hexacoordinated organosilicates, the removal of fluoride was necessary to achieve 

pentacoordinated silicate, then to promote transmetalation. The reaction, however, 

needed harsh conditions and prevent its usage widely. However, more recent to what 

Kumada and the team had done, Hiyama prepared HOMSi reagent by intramolecular 

nucleophilic attack of a hydroxy group to activate these silicons, unlike with fluoride 

ion. When the hydroxy group is protected, it seemed the silicon did not react to it. 

After the transformation reaction, deprotection of hydroxy group enabled smooth 

cross-coupling. Then the reaction was named after Hiyama as ñHiyama 

Couplingò.79,91,92 

1.4.1 Suzuki Miyaura Coupling 

To this date, the widely explored cross-coupling method was developed by Suzuki 

and Miyaura in 1979. The synthesis uses organoboron derivatives under palladium 

catalysts. Having nature of non-metallic element, the bond between carbon-boron of 

organoboronic acids is quite inert to undergo protonation in water environment and 

with the acids. The reactivity of organoboron is low, however, one can increase the 

reactivity of it with the modifications like using strong bases. Once this key was 

realised, the synthesis made a breakthrough. All over world, pharmaceutical 

companies brought so many organoboron derivatives to the market. Now, Suzuki-

Miyaura coupling is one of the famous cross-coupling methods to form carbon-

carbon bond.79,93 

The reaction of arylboronic acids were first reported in 1981, and Suzuki-Miyaura 

reaction further the elements and improved the synthesis. A variety of organoboron 

like trifluoroborates trihydroxyborates, trialkoxyborates, and triolborates complexes 

were established.79,93 
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Boronic acids play an important role as nucleophilic coupling partners in Suzuki-

Miyaura coupling reaction. When compared the other method that uses Palladium 

catalysts, Suzuki-Miyaura can proceed under mild conditions, has greener 

alternatives and functional group tolerance, and is cheaper to conduct. In addition to 

these, the reaction can occur even in lower temperatures.78,94,95 Indeed, the method 

became a gold standard for modern medicinal chemistry as stated by Lennox et al.78  

In general, Suzuki coupling proceed in three fundamental steps, Oxidative Addition, 

Transmetalation, and Reductive Elimination, as seen in Figure 1.9.  

 

Figure 1.9 Mechanism of Suzuki-Miyaura Coupling. 

Transmetalation process is promoted by the base and promotes the transfer of aryl or 

the alky group from boronic acid derivative to the Pd complex. Under basic 
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conditions, organoborane derivative react with intermediate 1 in transmetalation 

process to yield intermediate 2. Then reductive elimination occurs to give the desired 

product, as R1-R2 (stating that C-C bond occurred) and the step also generates Pd(0) 

species.96 

In the cycle, oxidative elimination is the rate determining step. Besides other factors, 

the activity of reaction depends on the halogens, and decreases  I > OTf >Br > Cl in 

the order. During generating of Pd(0) complex, SN2 type of based mechanism occurs 

that result in stereochemical inversion. Other studies also showed that the oxidative 

step consists of four stages, in which the isomerization occur from cis isomer to trans, 

a more stable isomer, as seen in Figure 1.10.96,97 

 

Figure 1.10 Isomerization in the oxidative elimination step.  

Suzuki coupling generally uses Pd catalysts and they usually contain a precursor and 

a ligand. To clarify such statement, Pd(OAc)2, Pd(dba)3 , or Pd(PPh3)4 examples can 

be given, like in Figure 1.11 and Figure 1.12. For enhancing the reactivity in the 

reaction, usually bulky and electron rich catalysts are produced.96,98,99 Generally 

phosphine ligands are widely used than the other ones. Scientists produced different 

ligands from the inspiration they got from phosphine ligands. In the literature, Fu et 

al. replaced the aromatic groups with more bulky alkyl groups. Thus, they were able 

to enhance the reactivity on less reactive reagents. Beside this finding, Buchwald et 

al. introduced new bulkier and electron rich phosphine ligands, in which the skeleton 

is based on dialkylbiaryl phosphine ligands.  
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Figure 1.11 Representative of dialkylbiaryl ligands from Buchwald group. 

Many scientists designed different ligands, including bidentate phosphine.  

 

Figure 1.12 Common bidentate phosphine ligands.100 

When electrophilic partners such as alkenyl-, allyl, benzyl- and aryl halides are 

considered in Suzuki coupling, their activity depend on the leaving group. Therefore, 

their reactivity decreases in the order of  I >> Br > OTf >> Cl > F. Chloride especially 

quite reluctant to participate in the oxidative elimination step. When it comes to 

bases, NaOH, TIOH and NaOMe perform better in THF and H2O systems.96,101 



 

 

38 

 

Besides, mild bases like K3PO4 can perform in DMF and mixture of isopropyl 

alcohol and water. Weak bases like K2CO3 can also work  in those conditions, but 

the reaction rate can be lower. 
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CHAPTER 2  

2 PREPARATION AND EVALUATION OF CBD -LOADED PEPTIDE 

HYDROGELS AS WOUND DRESSING MATERIALS  

2.1 Aim of The Study 

In this project, the aim was to encapsulate CBD into self-assembling peptide 

hydrogels in order to improve water solubility and bioavailability, thus design 

effective biomaterials for wound healing, as the general idea can be seen in Figure 

2.1. Due to concerns about possible bacterial growth resulting from the moist 

environment provided by hydrogels, the use of antimicrobial peptide hydrogels was 

preferred. Since CBD shows has anti-inflammatory and antioxidant activity, 

resulting peptide hydrogels encapsulated with CBD will have anti-inflammatory, 

antioxidant and antimicrobial activity.  

 

Figure 2.1 The summary of the project aim (CBD encapsulation into peptide 

hydrogels). 
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To the best of our knowledge there is no study of a peptide-based or any similar 

system in which CBD is trapped and then released in a controlled/uncontrolled 

manner on damaged tissues. Result of this work will be impactful and hence will be 

highly cited. Absence of any commercial CBD-peptide hydrogel material so far, also 

increases the possibility that this work can be patented and converted into a 

commercial product.  

2.2 RESULTS AND DISCUSSION 

2.2.1 Synthesis and Purification of Antimicrobial Peptides 

After literature research, amphiphilic antimicrobial peptides were chosen that can  

form hydrogels at low and medium concentrations 1-40% (mg/mL) without any 

driving force (such as pH, enzyme, heating). Transparent hydrogel properties and 

shear thinning were the other important characteristics of these selected peptides. 

Considering all these parameters, the peptides mentioned in the Table 2.1 was chosen 

and their chemical structure can be seen in Figure 2.2. 

Table 2.1 Amphiphilic peptides in the research. 

PEPTIDE NUMBER  SEQUENCE 

1 (PEP1) Fmoc-GIGKFLKKAKKFGKAFVKILKK -NH2  
102 

2 (PEP2) Ac- IKFQFHFD-NH2 
103 

3 (PEP3) Ac- IKYLSVN -NH2 
104 

4 (PEP4) Ac-RKKWFW-NH2 
105 

5 (PEP5) Nap-FFKK-OH 106 
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2.2.1.1 Synthesis and Purification of PEP1 

Microwave-assisted peptide synthesis procedure was used to rapidly prepare 22-mer 

PEP1 peptide. The Fmoc protecting group attached to the N-terminus was removed 

with a 20% piperidine in DMF. During this process, a microwave program of 20 W, 

75 °C, 2x3 min was applied. After each coupling reaction and after removal of the 

Fmoc group, the Kaiser Test107 was applied continuously to observe whether the 

desired reaction was completed. All amino acids were coupled by using strong 

coupling reagent HBTU (N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl) uronium 

hexafluorophosphate) and diisopropyl ethyl amine (DIPEA), accompanied by MW 

heating combined. For problematic coupling reactions, HATU was used as a more 

potent coupling reagent than HBTU. In the coupling reactions, 3 equivalents Fmoc-

L-amino acids,  2.85 equivalents of HBTU (or HATU), 6 equivalents of DIPEA were 

mixed in DMF and  20 W, 75 °C, 5-10 min microwave heating program was applied 

with gentle, nitrogen gas stream. After each coupling, the Kaiser test107 was applied 

to see if coupling occurred successfully, then the N-terminus of unreacted peptides 

was capped by acetylation using  DMF/Acetic anhydride (Ac2O)/Pyridine (10:1:1, 

v/v/v) solution, nitrogen bubbling  at 20 W, 75 °C for  2 minutes. The coupling and 

capping process were continued until all the sequence was achieved.  

Once all the sequence was completed, the resin was washed respectively with DMF, 

dichloromethane (DCM), methanol (MeOH), DCM and diethyl ether. Then the resin 

was air dried for at least 1 hour. The peptide was cleaved from the resin with the 

mixture of trifluoroacetic acid (TFA)/ triisopropyl silane (TIPS)/H2O (95:2.5:2.5, 

v/v/v) for at least 4 hours. The peptide was gathered by filtration of solution phase  

and the phase was precipitated in diethyl ether. Then the mixture was centrifuged at 

5500 rpm for 5 minutes to remove unwanted impurities from protecting groups and 
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TFA. The ether phase was discarded, and the remaining peptide precipitate was 

washed with ether at least 3 times and dried.  

 

Figure 2.3 The HPLC chromatogram of crude PEP1 at 214 nm. 

 

Figure 2.4 The HPLC chromatogram of PEP1 after purification with the method of  

5-100% gradient for 70 minutes. The absorbance was shown at 214 nm.   
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The crude peptide was analysed (Figure 2.3) and purified by reverse phase high 

performance chromatography (RP-HPLC). At first, PEP1 was purified via gradient 

of 5-100% for 70 minutes. However, the method was not suitable to separate the 

peptide in high yield and purity as seen in Figure 2.4, the maximum purity with the 

method was 88% which was not suitable to continue other experiments. Then the 

gradient was changed to 25-55%, and the timing was increased to 80 minutes. Then 

the peptide was collected with between 97-99% purity, and the result can be observed 

in Figure 2.5.  

 

Figure 2.5 HPLC chromatogram of PEP1 after purification with the new method. 

The data was collected at 214 nm. 

The purified peptide was dried by lyophilization, and its molecular weight was 

confirmed by high resolution mass spectrometry. tR (retention time): 15,53 min. 

HRMS (ESI+) m/z: [M+2H]2+ (calculated: 1349.8489, observed: 1350.2971) 

[M+3H]3+ (calculated: 900.2326, observed: 900.5238) [M+4H]4+ (calculated: 

675.4244, observed: 675.6383) [M+5H]5+ (calculated: 540.5395, observed: 

540.7081). 
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2.2.1.2 Synthesis and Purification of PEPTIDE 2,3, and 4  

Unlike PEP1, PEP2 (Ac-IKFQFHFD-NH2), PEP3 (Ac-IKYLSVN -NH2) and PEP4 

(Ac-RKKWFW-NH2) were prepared by standard manual Fmoc-SPPS method on 

Rink amide MHBA resin at room temperature.  

In this method, all amino acids were attached to the elongated peptide chain with the 

HBTU. For problematic coupling reactions, a stronger alternative HATU was used. 

In the coupling reactions, 3 equivalents Fmoc-L-amino acids,  2.85 equivalents of 

HBTU (or HATU), 6 equivalents of DIPEA were mixed in DMF. Fmoc protecting 

groups attached to the N-terminus were removed with a 20% piperidine solution in 

DMF. Approximately 10 mL of 20% piperidine solution was added for 1 g of 

peptide-bound resin and mixed for 10 minutes, and this process was repeated 2 more 

times. 

After each coupling and forming N-acetyl peptides , the N-terminus of the peptide 

was acetylated with DMF/Ac2O/Pyridine (10:1:1, v/v/v) mixture. The acetylation 

process was completed in 10 minutes at room temperature. After synthesis was 

completed, the same procedure for acidic cleavage and precipitation processes 

applied like in the PEP1.  

RP-HPLC purification of crude PEP2 was done by 20-40% gradient for 80 minutes, 

at the flow rate 4.000 mL/min. The purity of PEP2 was evaluated by analytical RP-

HPLC, was found 98% (Figure 2.6)  and the characteristic mass-to-charge ratio (m/z) 

values were confirmed by high resolution mass spectrometry. HPLC:  tR (retention 

time): 13.36 min. HRMS (ESI+) m/z: [M+H]+ (calculated: 1122.5658, observed: 

1122.5155) [M+2H]2+ (calculated: 561.7829, observed: 561.7481) 
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Figure 2.6 HPLC chromatogram of PEP2 after purification at 214 nm. 

The crude PEP3 was not purified further as it showed greater than 90% purity.  

 

Figure 2.7 HPLC chromatogram of crude PEP3. It shows 93% purity.  

The purity of PEP3 was verified by analytical HPLC (Figure 2.7), and characteristic 

mass-charge (m/z) values were determined by high resolution mass spectrometry: 
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HPLC: tR (retention time): 15.12 min. HRMS (ESI+) m/z: [M+ H]+ (calculated: 

877.5069, observed: 877.4627) [M+2H]2+ (calculated: 439.2534, observed: 

439.2228) 

PEP4 was purified and characterized by preparative RP-HPLC using method of 20-

40 for 80 minutes at the flow rate of 4.000 ml/min. The peptide was gathered with 

98% purity (Figure 2.8). HPLC:  tR (retention time): 14.97 min. HRMS (ESI+) 

m/z: [M+ H]+ (calculated: 991.5552, observed: 991.5083) [M+2H]2+ (calculated: 

496.2776, observed: 496.2447) 

 

Figure 2.8 The analytical result of PEP4 after purification on Reverse Phase 

HPLC. 

2.2.1.3 Synthesis and Purification of PEPTIDE 5 

The synthesis of PEP5 (Nap-FFKK-OH) was carried out on Wang resin. Addition of 

the first amino acid to Wang Resin was carried out as reported in the  literature.108,109 

The resin was inflated in dry DCM at room temperature for 30 minutes. 2.0 eq. of 

Fmoc-Lys(Boc)-OH, 4.0 eq. of HOBt and 2.0 eq. of DIC were dissolved in DMF and 
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transferred to the swelled resin. To this solution, dimethyl aminopyridine (DMAP) 

was added, then was stirred overnight. After the first amino acid was attached, the 

resin was treated with a benzoyl chloride/pyridine/DMF (10:8:82, v/v/v) solution for 

30 minutes, and the amino acid unattached benzyl alcohol ends of the resin were 

capped, forming the benzoyl ester. The resin was then washed sequentially with 

DMF, DCM and ether and dried in open air for about 1 hour.  

The loading capacity of the prepared resin was calculated using the formula:  

Loading capacity = A290/ (resin mg x 1.65)  

(A290, denoting the UV absorbance of the Fmoc group at 290 nm). 

The first amino acid loading capacity of the resin was found in the range of 0.35-0.45 

mmol/g per synthesis. After addition of the first amino acid, the other amino acids 

and 2-naphthaleneacetic acid were coupled based on the manual standard Fmoc-

SPPS protocol described before.  

 

Figure 2.9 HPLC chromatogram of PEP5 at 214 nm. 

To purify PEP5 by RP-HPLC, gradient of 5-100% with the flow rate of 4.00 mL/min 

was used. The purity of the peptide was evaluated by analytical RP-HPLC and 
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gathered with 99% purity (Figure 2.9) . The molecular masses were confirmed by 

high resolution mass spectrometry: HPLC:  tR:15.09 min. HRMS (ESI+) m/z: 

[M+ H]+ (calculated: 737.3948, observed: 737.3533) [M+2H]2+ (calculated: 

369.1974, observed: 369.1688). 

2.2.2 CGC and CAC Calculation of Peptides 

 

Figure 2.10 Plate design for CAC. Wells contain different concentration of 

peptides with Nile Red dye. 
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Critical aggregation concentration (CAC) is the minimum peptide concentration at 

which peptide fibers begin to form. To measure CAC is also important to prepare 

peptide solutions for the other experiments or imaging, like in TEM or encapsulation 

experiments. Since the experimenting and observing the fiber are the key in the 

research, the concentration of peptide solution cannot go below this CAC value, 

otherwise fiber formation will not be observed. The peptides in the project have not 

been used in drug release before, an analysis of critical aggregation concentrations 

(CAC) in PBS has not been found in the literature.  

 

 

Figure 2.11 CAC value and the graphs for (A) PEP1 (B) PEP2 (C) PEP3 (D) PEP4 

(E) PEP5. 
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In addition to these, the CAC values calculated for these peptides will be a resource 

for researchers who will use similar peptides. The assay was done according to the 

procedure with modifications as seen in Figure 2.10. 

Calculated CAC values are  given for each peptide Table 2.2. 

Table 2.2 Peptides and their CAC values. 

PEPTIDES CAC (mM)  

1 (PEP1) 7.6x10-2 

2 (PEP2) 1.5x10-3 

3 (PEP3) 6.4x10-4 

4 (PEP4) 3.1x10-3 

5 (PEP5) 6.7x10-4 

 

In the literature, the gelation of the peptides was done in distilled water and the pH 

was adjusted with NaOH solution. In our research, however, gelation was carried out 

with phosphate buffer solution (PBS) with a pH of 7.4 since it needed to resemble 

physical conditions. It is also known that the ionic strength provided by the saline 

buffer environment is effective for inducing gelation and modulating the mechanical 

properties of gels, thus reducing gelation concentration.110,111 From each peptide, 

different concentrations of peptide solutions (0.5, 1, 2, 2.5, 5, 10, 15, 20, 25, and 30% 

by weight) diluted in 1xPBS (pH = 7.4) were prepared. Then the gelation was 

observed from 1 min to 7 days. Gelation at room temperature was observed by 

inverting the tubes as shown in Figure 2.12.  

It was observed that PEP2, PEP3 and PEP5 have low critical gelation concentration, 

thus made them suitable for the upcoming experiments. Although PEP4 was gelated 

in 1 minute, the gelation concentration was found to be 30 wt%. In addition to this, 

PEP1 was found to be farthest from ideal since both the concentration and time for 

gelation was higher. In the literature, the claim that PEP1 was gelated easily at 2.5 % 

w/v by adjusting the pH to 7.4 with the help of NaOH in water has also been tested.102 
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However, no gel formation was observed under the gelation conditions reported in 

the literature. All other peptides except PEP1 and PEP4 form a gel in PBS at a lower 

concentration, as seen in the Table 2.3.  

 

 

 

 

 

 

 

Figure 2.12 Images of peptide hydrogels from PEP1 to PEP5. 

Table 2.3 Peptide and their gelation concentration values dictated as wt%. 

PEPTIDE 

NAME  

CGC (wt%)  

PBS (1x, 7.4 pH) 
t 

gel
 

PEP1 15 3-4 days 

PEP2 2.5 <1 min. 

PEP3 2.5 1 min. 

PEP4 30 1 min. 

PEP5 1.0 5 min. 

 

2.2.3 Encapsulation Efficiency of Self-assembled Peptides 

Hexafluoroisoprapanol (HFIP) is one of the solvents to dissolve proteins, peptides, 

and synthetic polyamides, as it is a strong hydrogen bond donor. It is also known that 

CBD dissolves readily in HFIP at powers greater than 20 mM. Since it is a common 

PEP1 PEP2 PEP3 PEP4 PEP5 
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solvent both for peptides and CBD, it was chosen as the solvent co-evaporation 

method. 

At first, it was decided to carry out the encapsulation and release of CBD by 

absorbance measurements using UV-VIS Spectrophotometer. But later, it was 

realized that the Fmoc group (PEP1), tryptophan (PEP3), naphthalene (PEP5) 

structures found in some of the peptides absorb light from the same wavelengths as 

CBD, resulting in cumulative absorption peaks due to overlapping signals. Therefore, 

after removing CBD that cannot enter the inside the fibers, the supernatants were 

analysed using analytical HPLC as the absorbances for each component (peptides 

and CBD) would be recorded at different retention times. At least 6 different 

concentrations of peptide were prepared, and the amount of CBD retained at each 

concentration was determined. The same procedures were repeated for the 5 peptides 

and the capacity of the peptide fibers to encapsulate CBD was determined. 

Since both peptides and CBD give detectable peaks at 214 nm wavelength, even at 

very low concentrations, UV absorbance peaks at this wavelength were considered 

in HPLC. Standard CBD solution series were prepared, and each solution series were 

analysed in HPLC (Figure 2.13). Using the peak areas and concentrations, a 

calibration curve was prepared. Encapsulated CBD concentrations were calculated 

with the aid of the equation obtained from this calibration curve. The encapsulation 

efficiency (EE%) for each peptide was found using the following equation. 

%%Ϸ 
7 ÒÅÃÏÖÅÒÅÄ #"$

 7 ÁÄÄÅÄ #"$
ὼ ρππ 
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Figure 2.13 Encapsulation procedure of CBD using solvent co-evaporation 

method. 
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Figure 2.14 Encapsulation efficiency of peptides (A) PEP1 (B) PEP2 (C) PEP5. 

As shown in Figure 2.14, only PEP1, PEP2 and PEP5 were found to show reasonable 

encapsulation efficiency. The drug-retaining efficiency of nanocarriers generally 

depends on two factors: (1) the volume of their hydrophobic fraction and (2) the  

chemical  interaction of drugs with the nanocarrier. Therefore, it is reasonable to see 

that PEP1 having Fmoc modification, PEP5 having naphthalene group, and PEP2 

being rich in phenylalanine (F), can sequester cannabidiol. PEP3 and PEP5 are likely 

to have a limited hydrophobic domain for CBD to attach, whereas other peptides may 

prefer strong intermolecular ˊ-ˊ interactions with CBD when co-regulating with 

CBD.  

Though the PEP1 showed better encapsulation efficiency than the other ones, the 

research went on with PEP2 and PEP5 because of their low gelation concentration, 

easier synthesis, and purification. Another reason for PEP1 being inapplicable is that 

the gelation did not occur after encapsulation of CBD. 
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2.2.4 Morphological Analysis of Self-assembled Peptides 

Figure 2.15 SEM Images of peptides and their CBD encapsulated versions. (A) 

PEP2 (B) PEP2-CBD (C) PEP5 (D) PEP5-CBD. 

The morphology of the self-assembled nanomaterials of peptides with/without CBD  

was evaluated by scanning electron microscopy (SEM), as seen in the Figure 2.15. 

The SEM image of both neat hydrogels and CBD loaded ones showed the presence 

of interconnected network structure. These images revealed that CBD-loaded 

hydrogels had comparably less  interconnected morphology than the neat gels, which 

may be attributed to the disturbance of self-assembly by CBD  molecules.  

A B 

C D 
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Figure 2.16 TEM images of peptides and their CBD encapsulated versions. (A) PEP2 

(B) PEP2-CBD (C) PEP5 (D) PEP5-CBD. 

Morphological analysis of peptide nanofibers was further analysed with TEM and 

average diameters of the fibers were measured to determine if swelling or shrinking 

were occurred by incorporation of CBD. Average widths of 17.4 ± 3.6 and 9.5± 1.6 

nm were observed for PEP2 alone and PEP2 with CBD, respectively. Fiber diameters 

appeared to have a minor shift  in the presence of CBD in case of PEP2 assembly.  

Average widths of 8.3 ± 1.5 and 7.8± 1.6 nm were observed for PEP5 alone and PEP5 

with CBD, respectively. It seems that no significant change was observed in fiber 

size. 

A B 

C D 
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2.2.5 Preparation of CBD-loaded Peptide Hydrogels  

Encapsulation of CBD into peptide fibers has been used ñsolvent co-evaporation 

methodò, which is stated to perform quantitative encapsulation.112 Hence with the 

approach of solvent evaporation, the precipitation caused by Cannabidiolôs 

hydrophobicity was inhibited in aqueous environment. Besides, the method allowed 

to do gelation at nontoxic environment, which can cause problems in cell 

experiments and make gelation difficult. As mentioned, hexafluoroisopropanol 

(HFIP) is a volatile solvent that readily dissolves proteins, peptides, and synthetic 

polyamides, as it is a strong hydrogen bond donor. It is also known that CBD readily 

dissolves in HFIP at concentrations greater than 20 mM. For these reasons, HFIP was 

chosen as the co-solvent.  

After gelation and encapsulation studies, two antimicrobial peptide hydrogels with 

nanofiber networks were selected for cannabidiol loading. As explained at the 

beginning of Chapter 2, PEP2 (Ac-IKFQFHFD-NH2) is an octapeptide that self-

assembles into nanofiber networks leading to the formation of aqueous gels at neutral 

pH.103 This hydrogel is destabilized and disrupted at acidic pH (the pathological 

environment of infected chronic wounds), providing a pH-switchable drug release 

platform. PEP5 (Nap-FFKK-OH) has been characterized to form a self-supporting 

antimicrobial gel at neutral pH, due to extensive ˊīˊ interactions between aromatic 

groups present on the naphthalene and phenylalanine residues.106 This amphiphilic 

peptide can also be used for delivery of drugs by trapping inside their hydrophobic 

area and then releasing them. 

In the method, both the hydrophobic moiety and the peptide amphiphile are dissolved 

in HFIP and the solvent removed by evaporation, which deposits and remains in a 

co-soluble solvent in a thin film length. Then, the aqueous medium in which the 

hydrogel will be formed is added (1xPBS, pH 7.4), sonicated for 45 minutes to 

achieve homogenous gel.   
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2.2.6 CBD Release Experiments 

The release time and amount of CBD from fibrillar network were  investigated  in 

both physiological and pathological conditions. The specific pathological acidic 

environment (pH 5.5ī5.6) of infected chronic wounds was also considered. 

Therefore, release studies were done at pH 7.4 and 5.5.   

 

Figure 2.17 Cumulative Release of CBD by the peptides. (A) PEP2 (B) PEP5. 

Amino acids with basic side chains tend to bind a proton, becoming positively 

charged at acidic pH (5.5). Therefore, pH activated disassembly of peptide fibers was 

expected to happen due to the intermolecular electrostatic repulsion of positively 

charged amino acids for both peptides. The PEP2 hydrogel loaded with CBD showed 

a maximum CBD release of 51% at pH 7.4 and 71% at pH 5.5 after 3 days of follow-

up (Figure 2.17). As expected, the difference between two results caused by activated 

release of CBD in acidic media.  

On the other hand, PEP5 hydrogel showed approximately similar release profile with 

different pH conditions which was remained between 16-18% cumulative release 

(Figure 2.17). PEP5 hydrogels are formed primarily ˊḯ  and Van der Waalôs 

interaction, between phenyl groups within the naphthalene and phenylalanine 

subunits, besides intermolecular interactions.106 Due to the dominance of 

stabilization of the fibrillar structure by hydrophobic and aromatic interactions, 

electrostatic repulsion between positively charged amino acids in acidic media did 



 

 

60 

 

not cause any significant degradation of the overall hydrogel structures. Thus, 

making PEP5 release less amount of CBD when compared to PEP2. 

2.2.7 Rheological Analysis of Hydrogels 

Gelation kinetics and viscoelastic properties are important material properties shows 

the potential clinical usage of a hydrogel. For this reason, mechanical stiffness, and 

elasticity of the hydrogels, with and without addition of CBD, were investigated 

using oscillatory rheology measurements.  

All rheological studies have been performed for gels at their minimum gelation 

concentrations and under similar conditions. 200 ɛL peptide hydrogels from each 

peptide  (conc. of gels: 2.5 wt.% PEP2 and 1.0 wt.% PEP5) were  prepared in 1xPBS 

(pH 7.4). As explained before, for the encapsulation of CBD into peptide hydrogels, 

solvent co-evaporation method was used. 0.5 mg CBD was loaded in 200 ɛL peptide 

hydrogels. To compare viscoelastic properties of peptide hydrogels and 1.0 wt % and 

2.5 wt % Carbopol hydrogels (same gelation concentration with PEP2 and PEP5) 

were also prepared as the control group. 

Gelation kinetics was determined by a time-sweep test within the linear viscoelastic 

range. Time sweep tests of samples were carried out until storage and loss modulus 

reach plateau. Storage modulus (Gǋ) and loss modulus (Gǋǋ) were monitored under a 

strain sweep of 0.01ī500% at a frequency of 10 rad/s at 25 ÁC.  

For all the groups, storage moduli (Gǋ) were greater than loss moduli (Gǌ) confirming 

the gel character of the resulting networks (Figure 2.18). Storage modulus of CBD 

embedded samples was lower for all groups when compared to their self-assembled 

PA controls showing that the encapsulation of CBD resulted in the formation of 

softer gels. Higher damping factors (Gǌ/Gǋ ratio) of CBD-loaded hydrogels 

compared to their non-CBD hydrogel partners also supported this claim. Within 15 

minutes, storage moduli, the energy stored during deformation, PEP2 hydrogel 
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reached a plateau demonstrating the complete gelation. On the other hand, complete 

gelation of PEP5 took approximately 50 min.  

 

Figure 2.18 Time-sweep test of peptide gels and Carbopol polymer gel. (A) PEP2 

(B) PEP2-CBD (C) PEP5 (D) PEP5-CBD (E) CARBOPOL at 2.5 wt% (F) 

CARBOPOL at 1.0 wt%. 

Cannabidiol encapsulation into the gels effect the gelation time differently; gelation 

time of PEP2 was elongated while gelation time of PEP5 was shortened after 

encapsulation. To compare viscoelastic properties of peptide hydrogels with 

commercial polymer hydrogel, time sweep test of Carbopol with two different 

concentration (same concentration with peptides) was also performed. Smaller 

damping factor of polymer gels refers to a more pronounced elastic character against 

a viscous character. In other words, Carbopol formed stiffer hydrogels in shorter 

interval of time compared to peptide hydrogels. 
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To investigate the viscoelastic properties of the resulting gels, amplitude/strain sweep 

was applied to test showing the relationship between the storage modulus and strain 

amplitudes. Test was carried out within logarithmically ramped range from ɔ =0.01 

to 500, during frequency was kept constant at ɤ = 10 rad/s G' is one of the measures 

of structural integrity, and a decrease in this value indicates structural deformation 

and the onset of nonlinear viscoelastic performance.  

 

Figure 2.19 Shear stress result of peptides, CBD alternatives, and Carbopol as the 

control group. (A) Comparison of shear stress between PEP2, PEP2-CBD and 

CARBO at 2 wt%. (B) Shear stress differences between PEP5, PEP2-5-CBD and 

CARBO at 1 wt%. 

As noted, the stress curves are very close to each other at low strains, meaning that 

the material properties are roughly constant regardless of the shear rate imposed and 

therefore, that the material responds within the linear viscoelastic region. When shear 

stress is exceeded to a certain limit, the curves start to deviate one from another, 

meaning that the material leaves the linear viscoelastic region.113  

The amplitude (strain) scan can also be measurement of robustness of a material 

particularly with respect stability. Losing the elastic modulus of the material, the 

stiffer it is, and the wider the linear elastic region, the more resistant it is against to 

increased shear strain without losing its structural integrity. Within all groups, the 

linear elastic region of polymer hydrogels is wider than that of peptide hydrogels and 
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thus they retain their structural integrity longer than peptide hydrogels with the same 

concentration. PEP5 gels can withstand higher shear stress than PEP2 gels, meaning 

they can retain their structural integrity longer than PEP2 gels, as seen in Figure 2.19. 

For both gel systems, both the deformation resistance and the flexibility of the 

resulting networks were reduced by the non-covalent incorporation of CBD into the 

gels. This can be explained by the fact that the presence of CBD disturbs stacked 

aromatic groups (adjacent phenyl rings inside groups of PEP2 and N-terminal 

naphthalene groups in PEP5) and weakens ˊ-ˊ interactions, which is one of the 

driving forces for self-assembly of these peptides.  

To investigate the self-healing ability, the recovery of the gel network phases was 

carried out by strain-recovery rheological experiments with alternating low and high 

strain cycles to ensure rupture of the gel network. Strain-recovery experiments with 

alternating low and high strain cycles of the peptide hydrogels revealed that full 

recovery of the gels is not possible as seen in Figure 2.20. Full recovery of polymer 

gels was observed up to 3 cycles. The cycles for PEP2 hydrogel could be also 

repeated for 3 times with a significant reduction of the average magnitude of storage 

modules displaying a low but rapid thixotropic behaviour, which was in good 

agreement with the macroscopic thixotropy observed by pipettingïresting cycles.  

On the other hand, the recovery of PEP5 hydrogel is not possible after 1 cycle and 

gel was destructed with shear strain and didnôt allow further measurements as seen 

in Figure 2.20. Another important observation about strain cycle measurements is 

that CBD encapsulation didnôt have significant effect on recovery of the gels. It 

seems that physical and/or chemical characteristic of gels determines the self-healing 

property of the gels when 0.5 mg CBD was loaded in 200 µL peptide hydrogels. 

However, recovery of the peptide hydrogels with higher or lower CBD loadings can 

be further analysed for another study. 
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Figure 2.20 Oscillatory rheology of the peptide hydrogels recovery-loop test via 

continuous step-strain measurements at 1.6 Hz. 

Considering rheological analysis and SEM images, it was concluded that non-

encapsulated but physically trapped CBD molecules affect the overall gel structure, 

resulting in less dense and softer gels. 

2.2.8 Antioxidant Analysis of CBD-loaded Peptide Fibers 

Antioxidant tests are used to measure the ability of compounds/materials  to 

neutralize or scavenge free radicals and reactive oxygen species, which can cause 

oxidative damage to cells and tissues. Therefore, it is one of the important parameters 

that needs to be fulfilled for wound healing materials. Three different antioxidant 

tests were performed to prove the antioxidant ability of the synthesized materials: 

DPPH radical scavenging assay, ABTS radical scavenging activity, Ferric reducing 

antioxidant power (FRAP) assay.  
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DPPHÅ radical is a stable free radical and ABTSÅ+ is an aqueous radical cation; both 

have been widely used for evaluating antioxidant capacity of various compounds and 

materials. Since the antioxidant activity of ascorbic acid and cannabidiol is known114, 

they were used as positive controls for comparison with peptide fibers. As seen in 

Figure 2.21, all three assays showed that CBD loaded peptide hydrogels exhibited 

increasing radical scavenging activities with increasing peptide concentrations (0.05-

0.5 wt%). At minimum concentration values (0.05 mg/mL), CBD loaded PEP2 fibers 

(PEP2-CBD) scavenged 44.6% and 72.6% of the generated DPPH radical and 

ABTSÅ+ radical, respectively. On the other hand, CBD loaded PEP5 fibers (PEP5-

CBD) possessed higher antioxidant activity; 68.9% DPPHÅ and 90.3% ABTSÅ+ 

radical scavenging power. When compared to ascorbic acid and cannabidiol, drug-

incorporated peptides showed slightly or even higher  radical-quenching abilities,  at  

which was possibly due to additional antioxidant ability of antimicrobial peptides.  

Antioxidant ability of each peptide and their drug-loaded version was also 

determined for FRAP assay, as seen in Figure 2.21. FRAP assay is different from the 

above-mentioned radical-scavenging assays (based on single electron transfer). It 

measures the capacity of a compounds to reduce Fe(III) to Fe(II) which has been 

closely associated with their antioxidant capacity.  
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Figure 2.21 DPPH (A), ABTS (B) and FRAP (C) assays. First raw of the 96 well 

plate was assigned as a negative control. Last raw was empty and the rest of the plate 

was divided into four boxes. In each box, concentration of samples was measured 

triplicate. 

In this test, CBD encapsulated peptide solutions showed the higher antioxidant 

activity than CBD itself, like DPPH and ABTS assays.  Overall, all three antioxidant 

assay results  showed that PEP2-CBD and PEP5-CBD solutions can be utilized to 

promote wound healing by mitigating oxidative stress in wounds sites. 



 

 

67 

 

2.2.9 In Vitro Analysis  

2.2.9.1 Cytotoxicity Assay 

Biocompatibility is an important aspect when developing new materials for medical 

applications. Therefore, fiber solutions including CBD were studied by MTT Assay 

to evaluate cell viability. Peptide hydrogels were first prepared as mentioned on 

Chapter 2.2.5. Gels were then diluted at different ratios over critical aggregation 

concentration ranges from 1/50 to 1/400 as in Table 2.4. Diluted peptide solutions 

with and without CBD were for 48 hours on A375 cells. Plate design for this assay 

can be seen in Figure 2.22.  

Table 2.4 Dilution factors from 1/50 to 1/400 and concentrations of the peptides 

and CBD. 

DILUTION 

FACTORS 

SAMPLES 

PEP2 (mM) PEP5 (mM) CBD (µM)  

1/50 0.45 0.27 0.16 

1/100 0.22 0.14 0.08 

1/200 0.11 0.07 0.04 

1/400 0.05 0.03 0.02 
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Figure 2.22 Plate design for MTT Assay. 

Cell viability assessment for samples were normalized to the control group on the 

first day and was accepted as 100%. In the results, it has been found that the cellular 

viability was lowered with CBD, however, viability was enhanced when CBD was 

incorporated into peptide assemblies. CBD-encapsulated peptide fibers had higher 

viability than pure CBD. At 0.446 mM (1/50), PEP2-CBD maintained cell viability 

at 101.3%, enhancing cannabidiol's cell viability as seen in Figure 2.23. Meanwhile, 

PEP5-CBD showed such an increase at 0.136 mM (1/100), with a remaining viability 

of 93% Figure 2.23. At 0.446 mM (1/50) in PEP2-CBD suggests its potential usage 

even higher concentrations, while the distinct behaviour of PEP5-CBD at higher 

concentrations emphasizes the importance of encapsulation efficiency and therefore 

the effect on cell viability. 

Bioavailability of the two peptides were also conducted using dilution factors of 

1/200 and 1/400. The 1/400 dilution factor was also chosen due to its ability to sustain 

better cell viability for CBD.  
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Figure 2.23 Viability of Human melanoma cells evaluated by the MTT test. (A)  Cell 

viability after 1 and 2 days of incubation with PEP2 (yellow), PEP2-CBD (blue), 

CBD (green) and viability of untreated cells. (B) Cell viability after 1 and 2 days of 

incubation with PEP5 (blue), PEP5-CBD (dark blue), CBD (green). Statistic values 

were adjusted to the viability of A375 cells on the first day.  

 

Figure 2.24 Viability of Human melanoma cells evaluated by the MTT test. (A, B, 

C)  Cell viability after 1 and 2 days of incubation with PEP2 (yellow), PEP2-CBD 

(red), CBD (green) and viability of untreated cells at 1/100, 1/200 and 1/400 

dilutions. (D, E, F) Cell viability after 1 and 2 days of incubation with PEP5 (blue), 
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PEP5-CBD (dark blue), CBD (green) at 1/50, 1/200 and 1/400 dilutions. Statistic 

values were adjusted to the viability of A375 cells on the first day.  

2.2.9.2 Cell Scratch Assay 

Migration rate of cells upon exposure to 1/400 diluted peptide aliquots (5.5x10-2 mM 

PEP2 and 3.39x10-2 mM PEP5) with/without CBD (2x10-2 µM) were analysed. The 

wound was simulated by creating two perpendicular lines in each of the wells. The 

cells migrating in the wound area was monitored throughout 48 hours.  

 

Figure 2.25 Microscope images of migrated cells in the wound area. Observations 

were made at 0 h, 24 h and 48 h. 
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Figure 2.26 Number of A375 cells in the wound area of each sample between 24 h 

and 48 h. PEP2 (yellow), PEP2-CBD (red), PEP5 (light blue), PEP5-CBD (blue), 

Cell control-A375 cells (purple). 

Figure 2.25 shows a time-lapse of the actual wound healing process. Meanwhile, 

Figure 2.26 presents the number of cells in the wound areas. It was found that of 

CBD in PEP2 fibers promote healing process by increasing the number of cells better 

than PEP2 and control group. On the other hand, 2 days exposure to CBD-loaded 

PEP5 fibers promote wound healing less than neat PEP5 fibers.  

2.2.9.3 Monocyte Differentiation into Macrophages  

THP-1 cells are commonly employed in the investigation of monocyte/macrophage 

function and biology. PMA (phorbol myristate acetate) is frequently used to induce 

differentiation into cells that simulate human MDMs (Monocyte derived 

macrophages), concerning cellular morphology, macrophage surface markers, and 

cytokine production. Nevertheless, the quantity and duration of PMA treatment vary 

considerably. In another study by Gatto et al. they differentiated THP-1 cells into 

macrophages by the administration of 50 ng/mL with treatment of PMA for 3 days.115  

It was found that morphological change occurred by their observation with optical 

and electron microscopy. On the other hand, Park et al. worked on again effects on 

THP-1 differentiation with different PSMA concentrations.116  It was found that, the 

level of TNF-Ŭ and IL-8 expression from supernatant of the cell culture was increased 

with increased dose. There was an approximately 3-fold enhancement in protein 

expression at 100 ng/mL when compared with that at 5 ng/mL. 

This is why the PMA concentration effect was studied on THP-1 monocytes before 

anti-inflammatory assay. When the literature is considered, it was decided to use 

PMA concentrations ranging from 20 ng/mL, 50 ng/mL, and 100 ng/mL. Monocytes 

(6x106) were first cultured and then incubated at 37 ºC in the dark with given PMA 

concentrations for three days. Similar to the literature115,116, it was found that the 
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number of cells attached on well layer and differentiated to macrophages was higher 

in number (35x104) at 50 ng/mL concentration, as seen in Figure 2.27 and Figure 

2.28. 

 

Figure 2.27 Calculation of THP-1 macrophage number between 48 and 72 hours. 

Control  as THP-1 monocyte (orange), 20 ng/mL PMA (purple), 50 ng/mL PMA 

(green), 100 ng/mL PMA (blue). 

For assessing anti-inflammatory response, THP-1 macrophages (3x103) were seeded 

into each well. Then, the plate was left for incubation for 72 hours in the dark at 37 

°C 5% CO2. The supernatant was discarded after three days, and then new medium 

was added. The plate was again incubated for 24 hours in the dark at 37 °C. Finally, 

the culture supernatant of each group was collected to experiment with ELISA kits 

to assess IL-8 and TNF-Ŭ responses. 
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Figure 2.28 Observation of THP-1 monocytes differentiation for three days with 

different PMA concentration. 
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2.2.9.4 Anti -inflammatory  Analysis 

CBD, besides its immune response effect, is known for its ability to modulate 

inflammation, as mentioned in Chapter 1.3.1. It has been found that CBD 

downregulates the expression of pro-inflammatory cytokines like tumour necrosis 

factor-alpha (TNF-Ŭ) and interleukin-8 (IL-8). The role of these is to initiate and 

sustain the inflammation. It was also found that CBD ease their release, therefore 

making the drug a candidate for an anti-inflammatory agent.117,118  Aswad et al. found 

that the effects of high-CBD extract (CBD-X) on cytokine production in immune 

cells, including THP-1 macrophages. The results showed that CBD-X significantly 

reduced the levels of pro-inflammatory cytokines, including IL-8 and TNF-alpha, in 

THP-1 macrophages.119 

In the experiment, THP-1 macrophages were treated with peptides and CBD 

encapsulated versions to study pro-inflammatory cytokines. The results showed that 

reduction occurred in the release of IL-8 and TNF-alpha pro-inflammatory cytokines 

when peptides encapsulated CBD. This observation states that CBDôs potential usage 

in addressing inflammation. 
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Figure 2.29 The graph A and B show concentration of target protein as pg/ml. (A) 

shows the expression of tumor necrosis factor-alpha (TNF-Ŭ) by THP-1 macrophages 

treated with peptides. (B) shows pro-inflammatory cytokines, interleukin-8 (IL-8) 

response provided after treatment THP-1 macrophages with peptides.  

2.2.9.5 Antimicrobial Analysis  

The bacterial activity of CBD encapsulated peptides was evaluated against Gram-

negative (E. coli) and Gram-positive (S. aureus) bacteria. 

 

Figure 2.30 Antibacterial effect on (a) E. coli and (b) S. aureus after incubation for 

8 hours with peptides and CBD at 1/4 dilution. The values in the graphs were 

represented as optical density. pH 7.4 (green), pH 5.5 (orange). 

Wang et.al.103 highlighted that PEP2 antibacterial activity was efficient at pH 5.5 

against both E. coli and S. aureus. However, no impact was found at pH 7.4. The 

result from the experiment also showed that PEP2 lacked antibacterial activity 

towards E. coli and S. aureus at neutral pH. Once PEP2 encapsulated CBD, however, 

its antibacterial properties were enhanced at both pH values and 5.57 mM, as 

depicted in Figure 2.26 (A and B).  
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When PEP5 is considered, the research by Laverty et.al.35 showed the peptide 

showed activity against Gram-positive S. aureus and Gram-negative E. coli at 

gelation concentrations. Correlating with such finding, PEP5 inhibited E. coli 

proliferation to almost 50% at pH values at 3.39 mM, as seen in Figure 2.27. PEP5-

CBD also showed antibacterial activity, with its lower optical density and remaining 

below the control (E. coli and S. aureus). 

 

Figure 2.31 Antibacterial effect on (A-B) E. coli and (C-D) S. aureus after 

incubation for 8 hours with peptides and CBD at 1/40 and 1/400 dilution. The 

columns were represented as optical density. pH 7.4 (green), pH 5.5 (orange). 
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No antibacterial activity for all the samples were found at 1/40 and 1/400 on E. coli, 

as seen in Figure 2.27. However, the samples exhibited antibacterial activity on a 

moderate level on S. aureus. At 1/40 and both pH values, PEP2-CBD and PEP5-

CBD showed lower optical density, stating that they suppressed the bacterial 

proliferation. Still, PEP5-CBD showed such activity only on pH 5.5 at 1/400 dilution 

factor, as seen in Figure 2.27 (D).  

2.2.9.6 Gene Expression Analysis 

With this analysis, we focused exploration of specific genetic factors central of CBD 

encapsulated peptides. For this purpose, the study centred on the targeted genes 

PLAU, MMP-2, TIMP1, and VEGFR2. These genes have a role in promoting the 

growth and development of blood vessels.  

As seen in Figure 2.28, PEP5-CBD increased the fold of gene expression of all four 

genes compared to control and the CBD. However, it was found that PEP2-CBD was 

not able to show such a response. The modulation of these peptides when combined 

with CBD can be the reason to see such response in gene expression.  Still, further 

exploration needs to be conducted to decipher these gene expression patterns. In this 

way, we can gain valuable insights into the potential mechanisms underlying PEP5 

and CBD's effects.  
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Figure 2.32 Relative mRNA expression of wound healing-related genes of 

melanoma cells after 72h incubation. (A) PLAU, (B) MMP-2, (C) VEGFR2, (D) 

TIMP1. The untreated cells served as the control. The results were normalized to the 

expression of GAPDH as a house-keeping gene.  
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2.2.10 Conclusion  

Table 2.5 Amphiphilic peptides in the project. 

 

In this project, the aim was to produce self-assembled peptide hydrogels to enhance 

water solubility and bioavailability of CBD and thus design effective biomaterials 

for wound healing. Five antimicrobial peptides were chosen from the literature, for 

their gelation capabilities, in which occurs without any stimuli and can self-assemble 

at neutral pH. The peptides were synthesized and purified with RP-HPLC. Since it is 

the first time that these peptides used as drug release studies, critical aggregation 

concentrations were needed to be studied. This value was beneficial for release 

studies and to evaluate peptide hydrogels in vitro studies in a wide range of aspect. 

The gelation concentration studies were done with PBS buffer at pH of 7.4 to see if 

ionic forces influenced gelation concentration. When compared with the literature, it 

was found that ionic forces did induce lower gelation concentrations, except for PEP4 

For the core of the study, low gelation concentration was beneficial, and 

encapsulation studies went on with PEP1, 2, 3 and 5. It was also found that  PEP1, 2 

and 5 could encapsulate CBD. Even though, PEP1 could encapsulate the drug higher 

than the two peptides, gelation problems after encapsulation of CBD made this 

peptide inapplicable for the research. Then other studies went on with PEP2 and 

PEP5.  

TEM and SEM results showed that the fibers are formed, and once CBD is 

encapsulated the fiber lengths did differ. Correlating with such finding, rheological 

PEPTIDE NUMBER  SEQUENCE 

1 (PEP1) Fmoc-GIGKFLKKAKKFGKAFVKILKK -NH2  
102 

2 (PEP2) Ac- IKFQFHFD-NH2 
103 

3 (PEP3) Ac- IKYLSVN -NH2 
104 

4 (PEP4) Ac-RKKWFW-NH2 
105 

5 (PEP5) Nap-FFKK-OH 106 
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studies suggested that CBD encapsulation caused decreasing in stiffness of the 

hydrogels. In addition, PEP2 had more regeneration cycle than PEP5 had. However, 

the amount of stress that can take was until they disintegrated was higher for PEP5. 

The study showed that these peptides can be chosen as a wound dressing material 

depending on their characteristic behaviour. The release studies showed that PEP2 

could release up to 70% of CBD it encapsulates depending on the pH. Whereas PEP5 

only released CBD up to 20%. The -́ˊ stacking that PEP5 had as interaction did not 

let CBD to be released.  

Then the research went on with in vitro studies. The cytotoxicity was done in wide 

range of peptide fiber solutions. PEP2 and PEP5 could be able to enhance CBDôs 

cell viability on A375 cell line. Though, PEP2 showed better cell viability (101.3%) 

when concentration was close to the gelation. The study showed that the importance 

of encapsulation and the viability of peptide to be used as material. In migration 

assay, PEP2-CBD showed increased number of migrated cells (650) when compared 

with control group. Though, it was found that PEP5-CBD could be able to enhance 

gene expression in RT-PCR analysis (110-fold for MMP-2, 1.5-fold for PLAU, 1.5-

fold for VEGFR2, 3-fold for TIMP1). This can be caused by other stimulus from the 

peptides in cells, so additional research for that cause needs to be explored. Anti-

inflammatory studies done with THP-1 macrophages showed that CBD encapsulated 

peptides supressed the response. This can be evaluated as CBDôs role in sustaining 

the inflammatory response when compared in literature. Antibacterial study was 

done with peptide fibers ranging from different concentrations, at pH 5.5 and 7.4 on 

E. coli and S. aureus. PEP2-CBD was able to show antibacterial effect in pH 7.4 by 

showing low number of bacterial formation (OD600 (a. u.) of PEP2-CBD:  0.180, E. 

coli: 0.45, S. aureus: 0.42). This can mean CBD has beneficial to enhance 

antibacterial effect of the peptides. Closer to the gelation concentration the peptides 

showed enhanced antibacterial activity. Whereas diluted versions peptides could 

only show such activity to S. aureus at two pH values.  
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With the experiments done in the research, peptides showed noteworthy findings 

both in characterization studies and in vitro. Given the studies never done to 

encapsulate CBD into peptide hydrogels, the research will be the starting point for 

wound healing applications for CBD by enhancing its clinical usage. The potential 

significance of this research is substantial, and it is anticipated to receive 

considerable citation rates. Furthermore, the absence of any current commercial 

CBD-peptide hydrogel substances raises the chances of patenting and 

commercializing the outcomes. 
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2.3 MATERIAL AND METHOD  

2.3.1 Synthesis and Purification of Antimicrobial Peptides  

2.3.1.1 Materials  

All amino acids, O-(7-azabenzotriazol-1-yl)-N,N,N'N'-tetramethyluronium 

hexafluorophosphate (HATU), 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), WANG resin (1.16 mmol/g), 

rink amide MBHA resin (0.48 mmol/gram, 100 - 200 mesh) were purchased from 

Chem-Impex International (Wood Dale, IL, USA). Trifluoro acetic acid (TFA), 

isopropyl silane (TIS) and piperidine were acquired from Acros (Beijing, China). 

Milli -Q water (18.2 MÝ) was obtained by purifying distilled water via Millipore 

simplicity 185 purification system (Darmstadt, Germany). 

2.3.1.2 General Peptide Synthesis 

All the peptides were synthesized via Fmoc-based solid-phase peptide synthesis 

(SPPS). From PEP2 to PEP5, manual synthesis was applied under atmospheric 

conditions at room temperature. PEP1 was synthesized using semi-automated 

microwave-assisted peptide synthesis under inert atmosphere. PEP1, 2,3 and 4 were 

synthesized using Rink amide MBHA resin, meanwhile PEP5 was produced 

handling with WANG resin. Manuel SPPS was carried out in a glass-fritted reaction 

vessel. Resin was swollen in DMF for an hour before synthesis. All amino acids were 

activated with HBTU reagent and switched to HATU in case of coupling errors. 

Couplings were done with 3.0 equivalents of Fmoc-L-amino acids, 2.85 eq. of 

coupling reagent, 6 equivalents of N,N-diisopropylethylamine (DIPEA) in 

dimethylformamide (DMF). Fmoc cleavage was achieved with 5 mL solution of 20% 

piperidine in DMF for 10 minutes and 2 times. Fmoc cleavage and coupling 
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processes were checked with a Kaiser test at 110 °C. For blocking the free amine 

groups after coupling reaction, N-terminals were capped with DMF/Ac2O/Pyridine 

(10:1:1, v/v/v) for 10 minutes. After each process, the resin was washed with DMF.  

After peptide sequence was completed, for the last time peptidyl resin was washed 

with DMF (×3). Then switched to DCM (×3), MeOH (×3) and Et2O (×3). After which 

the resin was airdried for at least 1 h. Peptide cleavage was achieved by swelling the 

resin in a mixture of trifluoroacetic acid (TFA) /Triisopropylsilane (TIS)/H2O (95: 

2.5: 2.5  ratio, v/v/v) for 2- 3 hours at room temperature. Free peptides were filtrate. 

Collected filtrate was precipitated in cold diethyl ether. The solution containg 

precipitated peptide was centrifuged at 5500 rpm for 5 minutes. The supernatant was 

removed, washing with diethyl ether was repeated up to four times. The crude was 

then air-dried. The peptide purified by reversed-phase HPLC and lyophilized to 

achieve pure peptides as powders. 

2.3.1.3 High-performance L iquid Chromatography (HPLC) 

Analytical HPLC spectra of peptides were recorded on a Dionex UltiMate 3000 

HPLC system (Sunnyvale, CA, USA) equipped with a Gemini-NX C18 column- 

dimensions 150 Ĭ 3 mm, particle size 3 ɛm, pore size 110 ¡ (Phenomenex, Torrance, 

CA, USA) and 20 µL injection loop. The peptides were eluted in acetonitrile 

containing 0.08% TFA (v/v) and water containing 0.1% TFA (v/v) gradient  (5 - 

100%, 1 ï 35 min., flow 0.4 mL/min).  

Preparative HPLC of peptides was performed on a  Dionex UltiMate 3000 Hplc 

system (Sunnyvale, CA, USA) equipped with a semi-preparative Gemini-NX C18 

column-dimensions 150 Ĭ 10 mm, particle size 10 ɛm, pore size 110 ¡ (Phenomenex, 

Torrance, California, U.S.A) and 2 mL injection loop. For elution of peptides, a linear 

gradient of acetonitrile  and water containing 0.08% TFA (v/v) and 0.1% (v/v) 

respectively  (20 ï 55%, 1 ï 80 min.) and a flow of 4.0 mL/min were used. 
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2.3.2 CGC and CAC Calculation of Peptides 

The CAC of the synthesized amphiphiles was determined by fluorescence technique 

using óNile redô as a model dye. A stock solution of the dye at concentration of 

2.5x10-3 M was prepared in ethanol. Then the stock was diluted to form concentration 

of 2.5x10-5 M. 10 µL of 2.5x10-5 M Nile red solution was added into wells of white 

bottom 96 well plate (SPL life Sciences, Non-pyrogenic, non-cytotoxic, 

DNase/Rnase/DNA free, sterile). 1.5 mL peptide solutions were prepared at a 

concentration of 1 mM (1.5x10-3) using 1xPBS buffer and sonicated. Eight-fold serial 

dilution of the stock solutions was done to achieve different concentrations of 

peptides. Peptides were aliquoted in triplicate and 50 µL from each transferred into 

the wells. Then, 2 µL of Nile red dye was added to keep the final concentration at 

2.5x10-6 M. The samples were excited at 540 nm, and the fluorescence spectrum was 

measured between 560 and 750 nm. The CAC was determined by plotting the log of 

the concentration with the corresponding maximum fluorescence intensity (614 nm)  

and calculating the concentration at the intersection of the baseline and tangent line 

to the rising curve. 

For CGC, peptides were prepared at different concentrations starting from 0.5 wt% 

(mg/100 µL) with 1xPBS (pH 7.4). Samples were sonicated. Timing for gelation of 

each peptide and their concentrations were observed throughout the experiment. 

2.3.3 Morphological Analysis of Self-assembled Peptides 

For SEM, peptide hydrogels (200 µL) with/without cannabidiol (0.5 mg) were 

prepared in Eppendorf tubes and transferred to silicon wafer surfaces with a pipette. 

Silicon wafers covered with hydrogels were filled by immersion in liquid nitrogen 

and dried using a lyophilizer (Telstar Cryodos). On silicon sheets, dried lyophilized 

hydrogels were spray coated with 3-4 nm palladium for SEM analysis. SEM images 
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were acquired on a JEOL JSM5310LV at 30 kV and 33 Pa in low vacuum mode and 

an operating distance of 10-11 mm. 

For TEM, 200 µL peptide hydrogels with/without CBD were prepared and then 

diluted 400 times with 1xPBS. 3 µL of solution was dropped onto the carbon-coated 

copper grid. After 60 seconds of incubation, the excess sample was removed with a 

filter paper. The sample-coated grid was then washed with 3 µL of ddH2O. Excess 

water was taken from the grid with the same method, 3 µL of uranyl acetate 2% 

(g/mL) was pipetted onto the copper grid to ensure negative staining and waited for 

60 seconds. Excess paint was removed with a filter paper. Finally, the carbon grids 

were left to air dry for at least 3 hours at room temperature before imaging. Dark 

field TEM imaging was performed on a FEI Tecnai G2 F30 electron microscope 

operating at an accelerating voltage of 300 kV. ImageJ software was used to quantify 

fiber size distribution from TEM images. 

2.3.4 Encapsulation Efficiency of Self-assembled Peptides 

Encapsulation of CBD into peptide amphiphile nanofibers was achieved using a 

solvent co-evaporation technique, which has been reported to result in a near 

quantitative level of encapsulation.112 Both CBD and peptides were found to dissolve 

readily in HFIP at concentrations higher than 20 mM. Below their critical gelation 

concentrations and over their critical aggregation concentrations, peptides were 

dissolved in 100 µL HFIP at varying concentrations. 5 µL of CBD solution from 16 

mM stock solution was pipetted into each peptide solutions. Then, the mixtures were 

sonicated for 30 min at 40 °C. HFIP was then left for evaporation in an open air for 

1 h at RT. After the removal of HFIP, peptide amphiphiles were reconstituted in PBS 

for 1 h at 40 °C. The solutions were centrifuged at 12,000 rpm for 30 min. to remove 

any non-encapsulated CBD. Since both peptides and CBD absorbs the same 

wavelengths, UV-VIS analysis of supernatants shows cumulative absorption peaks 

due to overlapping signals. Therefore, the supernatants were analysed using 



 

 

86 

 

analytical HPLC that enables recording the peak area and retention time for each 

component. To assess, 214 nm wavelength was preferred because of the wavelength 

where the amide group in peptides and CBD absorb. Concentrations of encapsulated 

CBD (solubilized CBD) were calculated using a pre-prepared standard curve with 

known CBD concentrations. Encapsulation efficiency (EE%) for each peptide were 

calculated using the following equation: 

%%Ϸ 
7 ÒÅÃÏÖÅÒÅÄ #"$

7 ÁÄÄÅÄ #"$
ὼ ρππ 

2.3.5 Preparation of CBD-loaded Peptide Hydrogels 

To produce 1 mL hydrogels peptides were weighted in an Eppendorf tube depending 

on their weight percentage. Addition of 2.5 mg CBD (0.25 mg CBD/100 µL gel) was 

then followed. After addition of 200 µL HFIP, the mixtures were sonicated at 40 °C 

for 30 minutes. The HFIP was then allowed to evaporate in open air for 1 hour at 

room temperature. After removal of HFIP, the peptide amphiphiles were allowed to 

self-assembly in 1xPBS (pH 7.4) for 1 hour at 40 °C via sonication. Then samples 

were stored at room temperature for 30 minutes more to finalise gelation.  

2.3.6 CBD Release Experiments 

To determine the release time and amount of cannabidiol from the peptide hydrogels, 

pH 7.4 and 5.5 solutions were prepared. Cannabidiol loaded peptide hydrogels (0.25 

mg CBD/100 µL gel) were prepared in Eppendorf tubes using the solvent 

evaporation method. In a typical experiment, a release buffer (2 times the gel volume) 

consisting of PBS solution at pH = 7.4 (or pH = 5.5) and ethanol (1:1 v/v) was placed 

on top of the CBD-loaded gels. At predetermined time intervals, 20 µL of PBS 

release solution was taken to quantify the released drug and 20 µL of fresh solution 

was added to maintain a constant total volume. The amount of CBD released was 

monitored using HPLC with an absorption wavelength of 214 nm. Cumulative CBD 
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release was calculated using the CBD calibration curve (HPLC peak area-

concentration) and plotted against release time. 

2.3.7 Rheological Analysis of Hydrogels 

In rheological studies peptide hydrogels were studied for gels at their minimum 

gelation concentrations and with similar conditions. Rheological measurements were 

evaluated on Anton Paar, Physica Modular Compact Rheometer (MCR 301) 

equipped with Peltier-heated hood (H-PTD200) with 12 mm diameter parallel-plate 

geometry.  Samples were prepared according to the protocol with /without CBD (0ī5 

mg/mL). Approximately 150 µL sample was loaded on a parallel plate with a gap of 

0.5. Gels were transferred to the stainless-steel plate and incubated for 15 minutes at 

4°C in Peltier hood before doing the measurement. The purpose of this pretreatment 

for the gels to regenerate themselves in case of any damage while transferring. Data 

collection was stopped when a final plateau was reached or when the samples began 

to dry out. Changes were observed in axial force measured by the rheometer. All of 

the time sweep measurements were performed at 25 °C using 0.04% strain and the 

frequency of 1.0 Hz and executed in duplicates. Amplitude/strain sweep tests was 

evaluated within logarithmically ramped range from ɔ =0.01 to 500, during frequency 

was kept constant at ɤ=10 rad/s. Strain-recovery experiments with alternating 

low(0.2%) and high (100%) strain cycles of the hydrogels were also performed to 

observe the recovery of gels after certain steps. The cycles were continued until 

sample breakage. 

2.3.8 Antioxidant Analysis of CBD-loaded Peptide Fibers 

DPPH Radical Scavenging Assay: The hydrogen atom donating ability of the 

samples were determined by the decolorization of ethanol solution of 2,2-diphenyl- 

1-picrylhydrazyl (DPPH). DPPH created violet purple colour in ethanol solution, and 

the color shade to yellowish if there is antioxidant activity. The DPPH radical 
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scavenging assay was evaluated following to procedure 120 with slight modifications. 

In the experiment, 50 µL from the solution of 0.2 mM DPPH radical dissolved in 

95% ethanol. Then, from this stock solution 50 µL was added into each wells 

containing samples in 96 well-plates. Then, 50 µL HFIP was also transferred to each 

well to prevent precipitation of CBD in aqueous media. The plate was kept at room 

temperature for 30 min in the dark and the absorbance of samples were measured at 

517 nm. 

For ABTS activity, the radical was dissolved in water to achieve concentration of 

7mM. ABTS solution was then prepared with 5 mL ABTS stock solution, then it was 

mixed with 5 mL potassium persulphate to achieve 2.45 mM. After, the stock 

solution was left in the dark for 10h at room temperature. The ABTS radical solution 

was diluted with 10 ml ethanol before analysis, to get absorbance of 1.088 at 734 nm. 

50 µL  diluted ABTS radical solution was mixed in the wells with 50 µL in samples. 

50 µL HFIP was then added. After incubation for 10 minutes in dark, the absorbance 

was measured at 734 nm against the corresponding blank and control. 121  

FRAP assay is another colorimetric method to measure the ability of antioxidants. It 

is based on the reduction the colourless ferric-tripyridyltriazine complex (Fe(III)-

TPTZ) to the blue ferrous tripyridyltriazine cation ([Fe(II)-(TPTZ)2]
2+). The 

absorption occurs in the UV by collecting the spectrum at 593 nm. The assay was 

carried out as described in literature122 with modifications. 300 mM acetate buffer 

(pH 3.6), 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3.6H2O  in the ratio of 10 : 

1 : 1 (25 mL:2.5 mL: 2.5 mL) were mixed to achieve the FRAP reagent and kept at 

room temperature. The solution was needed to be prepared fresh and required usage 

immediately before the experiment. 50 µL from each sample were incubated with 

100 µL FRAP solution and 50 µL HFIP in the dark for 15 min. Absorbance of ferrous 

tripyridyltriazine complex was then measured at 593 nm using microplate reader. 

Fresh working solutions of ascorbic acid (Asc) were used as positive control to 

compare antioxidant capacity of samples with it. 
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2.3.9 In Vitro Analysis 

2.3.9.1 Treatment of Wells with Peptides 

Peptides were used in their critical aggregation concentrations ranging from 1/50 to 

1/400 dilution factors to assess the cell viability in a wide range. First, CBD, peptide 

and CBD encapsulated peptide hydrogels were prepared. Then, dilution was made 

with 1x PBS (7.4 pH) to give concentration values, as seen in Table 2.6.  

Table 2.6 Dilution factors from 1/50 to 1/400 and concentrations of the peptides and 

CBD. 

DILUTION 

FACTORS 

SAMPLES 

PEP2 (mM) PEP5 (mM) CBD (µM)  

1/50 0.45 0.27 0.16 

1/100 0.22 0.14 0.08 

1/200 0.11 0.07 0.04 

1/400 0.05 0.03 0.02 

 

For antimicrobial activity, however, a different approach was used. The activity of 

peptides was evaluated also close to their gelation concentrations (Table 2.7).  

 

Table 2.7 shows dilution factors from 1/4 to 1/400 and concentrations of the samples, 

including peptides and CBD. 

DILUTION 

FACTORS 

SAMPLES 

PEP2 (mM) PEP5 (mM) CBD (µM)  

1/4 5.57 3.39 2 

1/40 0.56 0.34 0.2 

1/400 0.05 0.03 0.02 
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2.3.9.2 Cell Culture 

A375 human melanoma cell line (ATCC CRL-1619IG-2) was used to investigate the 

in vitro cell viability, cell migration and gene expression analysis. A375 cells were 

cultured in DMEM (Capricorn, Germany) supplemented with 10% (w/v) Fetal 

Bovine Serum (Capricorn, Germany), %1 (w/v) L- glutamine (Capricorn, Germany), 

and 1% (v/v) antibiotic-antimycotic solution (BIOIND, Israel). The cells were 

incubated at 37 ºC in a 5% v/v CO2 humidified atmosphere. The medium was 

replaced between 2 to 3 days until the culture reached 70-80% confluence. 

THP-1, a pro-monocytic cell line, was used to turn into macrophages to evaluate the 

anti-inflammatory effects of CBD encapsulated peptides. THP-1 cells were cultured 

in RPMI 1640 (Capricorn, Germany) supplemented with 10% (w/v) fetal bovine 

serum (Capricorn, Germany), %1 (w/v) L- glutamine (Capricorn, Germany), and 1 

(v/v) % antibiotic solution (BIOIND, Israel). Culture was kept at 5% CO2, 37°C. 

2.3.9.3 Cell Viability ðMTT Assay 

The biocompatibility of peptide hydrogels with CBD was studied using the 

colorimetric MTT assay at 24 h and 48 h. Peptide solutions were added into the 96-

well plate (100 ɛL/hole) and the plate was left under laminar flow overnight to 

achieve a peptide layer at the bottom. The cells were seeded in 96-well plates at a 

density of 5x103 for each well. The culture medium was removed after each 24 and 

48 hours, and the cells were rinsed with PBS. 10 ɛL of MTT solution (5 mg/mL) was 

then added to the cells. Then, they were further incubated at 37 °C. After 4 h of 

incubation, DMSO was added to dissolve formazan crystals.  The absorption of each 

well was measured at 570 nm. The results were expressed as mean ± SEM from 
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triplicate experiments. The viability of other samples was adjusted relative to the 

control. 

2.3.9.4 Antimicrobial Assay 

The antimicrobial activity of peptide nanofibers was tested by broth dilution method 

against Gram-negative (E. coli, NCTC 11303) and Gram-positive (S. aureus, ATCC 

29213) bacteria. Cultures were prepared by transferring a loop full of bacterial cells 

from the stock cultures to test tubes of Mueller-Hinton broth (MHB). They were then 

incubated without agitation for 24 h at 37 °C. The cell density was adjusted to 

turbidity equivalence of 0.5 McFarland turbidity standards (1x108 CFU/mL) through 

dilution of the activated culture using sterile nutrient broth. For the investigation of 

the pH-switchable antimicrobial activity of peptides, bacterial solutions (1x104 

CFU/mL) with different pH (7.4 and 5.5) were incubated with peptides throughout 

8h. OD600 values of bacteria solutions were recorded.  

2.3.9.5 Monocyte Differentiation into Macrophages  

Human THP-1 monocytes were differentiated into macrophages to evaluate anti-

inflammatory response. The monocytes (6x106) were incubated in the presence of 

phorbol 12-myristate 13-acetate (PMA). Different PMA concentrations (20, 50 and 

100 ng/mL), in addition to different incubation times (24, 48 and 72 hours) were 

evaluated. For monitoring cell number and morphology, cells were incubated with 

Calcein-AM dye in the dark for 30 min at 37 ºC. The number of cells were calculated 

in the captured images using ImageJ software. Finally, 72 hours of incubation in the 

presence of 50 ng/mL PMA was selected as differentiation protocol.  
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2.3.9.6 Anti -inflammatory Analysis  

96-well plate holes were veneered with peptides.  For each well, THP-1 macrophages 

(3x103) were seeded. The plate was left for incubation for 72 hours in the dark at 

37 °C 5% CO2. Next, the supernatant was discarded, and then new medium was  

added for all the sample groups. The plate was again incubated for 24 hours in the 

dark at 37 °C. The culture supernatant of each group was collected to experiment on 

ELISA. The anti-inflammatory response of all the groups was studied after, TNF-Ŭ 

and IL-8 (ELK Biotechnology, USA) were studied with ELISA kits. The instructions 

were applied according to the manufacturerôs protocol. Absorbance was recorded at 

450 nm by a microplate reader to evaluate target protein concentration.     

2.3.9.7 Cell Scratch Assay (In Vitro Wound Healing) 

Peptide nanofibers containing/without CBD were veneered in the holes of the 24-

well plate. Human melanoma cells were seeded into the wells (8x104 cells/well) and 

incubated at  37 ºC for 24 h in the culture medium. In each well, the cell layer was 

scraped by a perpendicular scratch by applying with a sterile pipette tip. The scratch 

was used as a reference point for day 0. To clearly observe the cell migration in the 

scratch area in each well, cells were dyed 2 ɛM from calcein-acetoxymethyl ester 

(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 30 min in the dark at 37 ÁC. 

The images were recorded via Fluorescence inverted microscope Leica DM IL 

(Leica, Wetzlar, Germany) at 0, 24 h and 48 h.  Photographs were captured from 

three distinct experimental groups by using the Image J software. Wound areas were 

measured and quantified. Photographs were captured randomly from several distinct 

experimental groups. Wound areas were measured using ImageJ and quantified. 

Migration assay was then determined by calculating the number of migrated cells in 

the wound areas and compared with the control group. 



 

 

93 

 

2.3.9.8 Gene Expression Analysis 

The impact of peptides and their CBD-encapsulated variants on the expression of 

regenerative genes was studied. Genes selected as their association with tissue 

remodeling, vascular endothelial growth factor responsiveness, and cell migration 

were selected for this analysis. As target genes TIMP-1 (TIMP metallopeptidase 

Inhibitor 1), VEGFR2 (kinase insert domain receptor), MMP-2 (matrix 

metallopeptidase 2) and lastly PLAU (plasminogen activator) were selected. Peptide 

nanofibres containing/not containing CBD were implemented in wells of the 24-well 

plate. Human melanoma cells were seeded into the wells (8x104 cells/well) and 

incubated at 37 ºC for 72 h in the culture medium. After incubation of 72 hours, total 

RNA was isolated with Bluezol Reagent (SERVA, Germany). 60 ng of total RNA 

from one sample was used per RT-PCR reaction using Lightcycler® 96 system 

(Roche Diagnostic Systems, Indianapolis, IN) and A.B.T.Ê 2X qPCR SYBR-Green 

Master Mix kit (ATLAS Biotechnology, Turkey), samples were also studied in 

triplets. cDNA formation was achieved by using one-step qRT-PCR master mix. 

Normalization of qRT-PCR data was achieved by GAPDH and by its cycle threshold 

(Ct) value. The mean Ct values were used to create graphical data and Ct ratio for 

each group was then determined.  

2.3.9.9 Statistical Analysis 

Statistical analyses were performed by using two-way ANOVA followed by Tukey 

post hoc testing. The level of statistical significance is represented by ns for p>0.05 

* for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.  Error 

bars indicate standard error of mean. 
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CHAPTER 3  

3 SYNTHESIS OF BIPHENYLALANINE  DERIVATIVES AND THEIR 

IMPLEMENTATION ON PSMA PEPTIDES  

3.1 Aim of The Study 

In this part of the thesis, Fmoc-L-biphenylalanine derivatives were synthesized. 

Then, these artificial amino acids (Scheme 3.1) were planned to be used on PSMA-

617 instead of naphthyl-alanine amino acid. Binding affinity of PSMA-617 

biphenylalanine derivatives were aimed to be higher when compared to PSMA-617, 

thus achieving enhanced therapeutic usage for prostate cancer.   

 

Scheme  3.1 Synthesis route for producing Fmoc-L-biphenylalanine derivatives. 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Synthesis of Biphenylalanine Derivatives 

 

Scheme  3.2 First synthesis route for biphenylalanine derivatives. 

The first method to synthesize biphenylalanine derivatives started with iodination of 

L-phenyl alanine (1) at the para position. This iodinated product would be used in 

transmetalation process to couple with phenyl boronic acid derivatives. Since these 

artificial amino acids would be used in Fmoc-based solid phase peptide synthesis, it 

was aimed to protect the 4-iodo-phenyl alanine (1) first with 

fluorenylmethyloxycarbonyl (Fmoc). Then, these Fmoc protected amino acid (2) 

was used in Suzuki-Miyaura Coupling to obtain biphenylalanine derivative (3) 

(Scheme 3.2). However, even the mild reactions conditions (low heat and low 

concentration of the base) that was designed for using Fmoc-protected amino acids94 

were not able to prevent Fmoc deprotection. Throughout the reaction, 
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dibenzofulvene formation and deprotection of both starting material and the product 

were observed, hence the method was inapplicable.  

Same reaction procedure was tried with different bases and monitored via TLC. 

Fmoc deprotection was observed at 0.2 M with different bases (K2CO3, K3PO4, 

NaOH) even at the beginning of the reaction. Though, the Suzuki-Miyaura coupling 

reaction performs better with strong bases, the problem of deprotection was tried to 

be inhibited by using 0.02 M K2CO3. In addition, the reaction took place at 40 °C, 

though with the increased reaction timing. Even with these methods, Fmoc 

deprotection could not be inhibited. 

Since the first route had problems with Fmoc deprotection, it was found inapplicable 

to achieve artificial amino acids. Thus, a new approach was designed to produce 

biphenylalanine derivatives.  

To synthesize biphenylalanine derivatives, unprotected 4-iodo-phenyl alanine was 

coupled with a 4-methoxyphenylboronic acid via Suzuki-Miyaura Coupling. The 

amino acid (4) was then purified with reverse-phase high-performance liquid 

chromatography. However, with this approach, the overall yield was too low, ranged 

between 3-5%, as seen in Scheme 3.3.  
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Scheme  3.3 Second synthesis route for synthesis of biphenylalanine derivatives.  

After the HPLC purification, biphenyl derivatives were planned to be protected with 

Fmoc to get product 5. Even though, the amount of Fmoc-OSu was 0.97 eq., five 

spots appeared on TLC on the course of reaction, including Fmoc-OSu and 

dibenzofulvene. 1H NMR spectra (Figure 3.1) showed a complex mixture of reagents 

and products. Hence, the route was believed to be inapplicable to continue peptide 

synthesis and to produce the derivatives.  



 

 

99 

 

 

Figure 3.1 1H NMR spectrum of Fmoc-4-OMe-L-biphenylalanine (5) in d6-

DMSO. 

To get the final artificial amino acids, after synthesizing 4-iodo-phenyl alanine (1), 

the amino acid was protected with tert-butyloxycarbonyl (Boc) from N-terminal, as 

seen in Scheme 3.4. Then, the Boc protected amino acid (6) was coupled with boronic 

acid derivatives. Yields of 70-90% have been observed for Boc protected derivatives. 

Since the number of reactions in the design was increased, it was decided to continue 

without any purification until Fmoc protection step. After achieving Boc protected 

amino acid products (7a-7g) via Suzuki-Miyaura coupling, Boc group was cleaved 

with 12 eq. trifluoro acetic acid in dry DCM. Then pH was adjusted to between 7-8 

to protect the free amine with Fmoc (8a-8g). After these reactions, Fmoc protected 

biphenylalanine derivatives was obtained by purification via silica gel column 

chromatography. The yield of 8a-8g ranged between 15-45% and were sufficient to 

synthesize PSMA-617 biphenylalanine derivatives. 
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Scheme  3.4 Final synthesis route for biphenylalanine derivatives. 

To explain the final route from start to end, first, 4-iodo-L-phenyl alanine (1) was 

synthesized based on literature with slight modifications (Scheme 3.5). The literature 

methods126,127 use DCM to remove excess iodine during workup to yield desired 

product in high purity. However, in large scale synthesis, the removal of iodine from 

the reaction mixture was not efficient by DCM extraction. This problem was solved 

by crystallization with equal amounts of water and ethanol to get pure 1.   
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Scheme  3.5 Synthesis of 4-iodo-L-phenyl alanine (1). 

The product was not soluble in neutral pH since the pKa of phenyl alanine is 2.20. 

Unlike in the literature, the sample was prepared in D2O with addition of NaOH to 

get clear solution for NMR measurement.  

 

Scheme  3.6 Boc protection of 4-iodo-L-phenyl alanine (6). 

After iodination of L-phenyl alanine, Boc protection was performed based on 

literature with modifications (Scheme 3.6).123 Instead of acidifying the water phase 

during workup with 1 M HCl, aqueous phase was neutralized with saturated NH4Cl 

to prevent Boc cleavage that happens during acidic wash. Furthermore, in the 

literature oily product was formed, however, the product was diluted with hexane 

and condensed under rotary to form white-yellowish solid crude product (6). 

In the final step, Boc protected 4-iodo-L-phenyl alanine was coupled with phenyl 

boronic acids to give biphenylalanine derivatives (7a-7g). Phenyl boronic acid 

derivatives were chosen depending on their commercial availability and for being 

electron withdrawing/donating groups. The coupling reactions were done based on 

the literatures with slight modifications (Scheme 3.8).124,125  First, it was found that 

5 mol% catalyst ratio was not enough for reaction to proceed, thus the ratio changed 
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to 10 mol%. Then, the timing of reactions was changed to overnight to get high 

conversions. It was also found that the inert atmosphere promoted the reaction rate 

by preventing the decomposition of catalysts. K2CO3 in the literature was changed 

with a stronger base, K3PO4 to enhance coupling rate. 

 

Scheme  3.7 Suzuki-Miyaura coupling of phenyl boronic acid derivatives with 

Boc-iodo-L-phenyl alanine to yield biphenylalanine derivatives (7a-7g). 

It was also observed that the yield was better when boronic acids were used as 

reagent, compared to their pinacol ester derivatives. However, due to the commercial 

availability, the phenyl boronic acid pinacol esters with 4-OH, 3-AcNH, 4-AcNH 

substituent were used instead of boronic acid derivatives. During workup, it was 

found that ethyl acetate promotes better phase separation instead of dichloromethane. 

When pinacol ester reagents were used, it was also observed difficulty in workup 

where aqueous phase acidified with saturated ammonium chloride to achieve neutral 

pH. The problem was overcame by acidifying to  pH 5 with 0.1 M HCl.  

Synthesized Boc protected biphenylalanine derivatives are shown in Figure 3.2.  
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Figure 3.2 Synthesized Boc protected biphenylalanine derivatives (7a-7g). 

With 3-amino and 4-amino phenyl boronic acid pinacol ester alternatives, amine 

groups required protection since free amines would interfere N-Fmoc protection and 

cause side products during peptide synthesis. So, these two amine derivatives were 

protected by acetyl group using the same procedure as peptide capping. The phenyl 

boronic acid pinacol ester reagent was dissolved in dry DCM. 1.25 eq. of each dry 

pyridine and acetic anhydride were added and the reaction was stirred for 30 minutes, 

under inert atmosphere (Scheme 3.7). Then, 3-acetamide (9a) and 4-acetamide (9b) 

derivatives were obtained after the complete removal of solvent. The crude products 

were directly used as reagents in the Suzuki-Miyaura coupling reaction with Boc-4-

iodo-phenyl alanine (6) to obtain products 7d and 7g.  
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Scheme  3.8 Acetylation of 3-/4-amino phenyl boronic acid pinacol ester. 

After the coupling reaction, the crude product dried with diethyl ether and Boc group 

was cleaved with dissolving the crude in dry DCM and adding TFA at 0 ºC. The 

reaction was stirred for 3 hours, and then TFA was evaporated. If there was problem 

with evaporation of remaining TFA, the solution was diluted with toluene or diethyl 

ether to get the crude product under vacuum. The route continued with Fmoc 

protection to achieve products 8a-8g (Scheme 3.8).  

 

Scheme  3.9 Boc cleavage and Fmoc protection of biphenylalanine derivatives. 

In the method of Fmoc protection, the same procedure was applied with protection 

of 4-iodo-phenyl alanine (2). However, it was also observed that dibenzofulvene 

formation decreases once Fmoc-OSu solution in acetonitrile was added into the 

reaction, instead of utilizing it as crude.   
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Figure 3.2: Comparison of NMR results between Fmoc-4-NO2-L-biphenylalanine 

and Fmoc-4-iodo-L-phenylalanine to show the difference of adding Fmoc-OSu as 

crude or in acetonitrile solution. 
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Figure 3.3 Synthesized Fmoc protected biphenylalanine derivatives (8a-8g). 

After Fmoc protection reaction, formation of dibenzofulvene and excess Fmoc-Osu 

and the product was stated in 1H NMR. There was no starting material left as 

ninhydrin test indicated. For all the derivatives (8a-8g), the silica gel column 

chromatography was applied with DCM: MeOH: AcOH (97:2:1), and for the cases 

that spots were apart, gradient was applied to DCM: MeOH: AcOH (95:4:1). The Rf 

value for all the derivatives ranged between 0.10-0.30 and the yield was found 

between 10-45%, as seen on the Table 3.1. Preparative TLC was applied for a better 

purification of the target compounds from dibenzofulvene and Fmoc-OSu.  
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Although the yields were low, the amount of biphenylalanine derivatives obtained 

after purification was enough to be used in the synthesis of PSMA-617 derivatives.  

Table 3.1 The yields of biphenylalanine derivatives. 

BIPHENYLALANINE  

DERIVATIVES  
YIELD%  Rf 

4-H 28 0.4 

4-CN 16 0.3 

4-NO2 28 0.3 

3-AC-NH 20 0.1 

4-OH 13 0.2 

4-OMe 44 0.4 

4-AC-NH 40 0.1 

 

For Fmoc-4-OH-L-biphenylalanine derivative (8e), hydroxy group required 

protection since it would interfere the coupling reaction and cause side products 

during peptide synthesis. N-methyl imidazole was chosen as base to prevent the 

deprotection of Fmoc (Scheme 3.9).  

 

Scheme  3.10 TBDMS protection of Fmoc-4-OH-L-biphenylalanine. 
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Figure 3.4 1H NMR spectrum of TBDMS protected 4-OH-Fmoc-Biphenylalanine 

(10). 

However, the purification of TBDMS protected 4-OH-Fmoc-L-biphenyl (10) was 

problematic and complex mixture of products were obtained (Figure 3.4). Hence, 4-

OH derivative was used without any protecting group for the synthesis of PSMA-

617 derivatives. 

The overall synthesis routes to synthesize Fmoc-biphenylalanine derivatives can be 

seen in Scheme 3.10. 

Once each derivative was purified via silica gel column chromatography, they were 

characterized and used in Fmoc/tBu to synthesize PSMA-617 biphenylalanine 

derivatives. 
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Scheme  3.11 All the synthesis routes to synthesize biphenylalanine derivatives. 
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3.2.2 Synthesis of PSMA Peptides 

 

Figure 3.5 PSMA-617 and PSMA-617 biphenylalanine derivatives. 

Table 3.2 PSMA-617 Biphenylalanine derivatives and their sequences. 

 

All the PSMA-617 derivatives were synthesized via Fmoc/tBu solid phase peptide 

synthesis (Table 3.2). Fmoc protected biphenylalanine derivatives were coupled on 

tBu-Glu(tBu)-urea-Lys(Mtt)-wang resin which was gifted by PeptiTeam (Figure 

3.5).  

PEPTIDE 

NAME  

PEPTIDE  

SEQUENCE 

PSMA-617 BIP DOTA-TXA-Biphenylala-Lys-Urea-Glu-OH 

PSMA-617 4-CNBIP DOTA-TXA-4-CN-Biphenylala-Lys-Urea-Glu-OH 

PSMA-617 4-NO2BIP DOTA-TXA-4-NO2-Biphenylala-Lys-Urea-Glu-OH 

PSMA-617 3-AcNHBIP DOTA-TXA-3-AcNH-Biphenylala- Lys-Urea-Glu-OH 

PSMA-617 4-OHBIP DOTA-TXA-4-OH-Biphenylala-Lys-Urea-Glu-OH 

PSMA-617 4-AcNHBIP DOTA-TXA-4-AcNH-Biphenylala-Lys-Urea-Glu-OH 

PSMA-617 4-OMeBIP DOTA-TXA-4-OMe-Biphenylala-Lys-Urea-Glu-OH 
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Resin was swollen in DMF for an hour before synthesis. Then the resin was washed 

with DCM three times. MTT was cleaved with 0.8% TFA in DCM for 30 minutes 

with three-minute intervals. Once MTT was cleaved, the artificial amino was 

activated with HBTU and coupled to peptidyl resin. For all the artificial amino acids, 

2 or 3 eq. were used, depending on the yield of each artificial amino acids. Then the 

coupling was left overnight, checked with Kaiser test. To ensure that there were no 

uncoupled free amines, peptide was capped with DMF/Ac2O/Pyridine. (10:1:1, 

v/v/v). All the Fmoc/tBu peptide synthesis was followed and tranexamic acid was 

then coupled for an hour, whereas DOTA-tri(tBu ester) was coupled overnight. Once 

all the sequences were completed and the resin was dried, the peptide was cleaved 

for 4 hours. Then the analytical HPLC spectra of peptides were recorded on a Dionex 

UltiMate 3000 HPLC system (Sunnyvale, CA, USA) equipped with a HYPERSIL 

GOLD C18 column- dimensions 200 Ĭ 2.1 mm, particle size 1.9 ɛm, pore size 175 

 (Thermo, Waltham, Massachusetts, U.S.A) and 20 µL injection loop. 

PSMA-617 derivatives with biphenylalanine derivatives (8a-8g) were synthesized 

and purified with a purity of 96-100%.  
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Figure 3.6 HPLC chromatogram of PSMA-617 4-OHBIP after synthesis at 214 

nm. 

The synthesis of PSMA-617 derivative with 4-OH-L-biphenylalanine was not 

succesfull(Figure 3.6). Since, capping was applied after coupling of the 

biphenylalanine derivative, the final peptide was obtained as a mixture of esters. 

 

Figure 3.7 Mass spectrometry data of the first peak (retention time: 13.19). 

The chromatogram showed formation of two peaks (Figure 3.6). It was found that 

the first peak is acetylated version of 4-OH, thus yielding PSMA-617-4-OAc-L-

Biphenylalanine (Figure 3.7). Mass spectrometry (ESI+) m/z: [M+H]+ (calculated 

mass: 1126.52, observed mass: 1126.40) 

 

Figure 3.8 Acetylated derivative of PSMA-617-4-OHBIP. 
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The second peak, on the other hand, is found to be a product of esterification between 

tranexamic acid and 4-OH group of biphenylalanine. This might be caused 

unfinished acetylation of OH- group, making peptide synthesis to continue from 4-

OH side of the biphenyl group. Thus, creating the PSMA-617 derivative in the 

Figure 3.10. Mass spectrometry (ESI+) m/z: [M+2H]2+ (calculated mass: 805.89, 

observed mass: 805.5) (Figure 3.9) 

 

Figure 3.9 Mass spectrometry data of the second peak (retention time: 13.40). 

 

Figure 3.10 Esterificated derivative of PSMA-617-4-OHBIP. 
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3.2.3 Purification of PSMA Peptides 

Table 3.3 PSMA-617 derivatives and their purities. 

 

 

 

 

 

 

 

PSMA-617 derivatives were purified with a linear gradient of acetonitrile and water 

containing 0.08% TFA (v/v) and 0,1% (v/v) respectively (15-40%, 1 - 90 min.) and 

a flow of 2 mL/min. To dissolve the peptides, 1:5 (Milli Q:Acetonitrile) was used, 

and the solution was filtered before purifying on RP-HPLC. All peptides were 

successfully purified with a purity of 96-100% (Table 3.3). 

 

 

 

 

 

 

PEPTIDE 

NAME  

PURITY  

[%]  

PSMA-617 BIP 99.0 

PSMA-617 4-CNBIP 96.1 

PSMA-617 4-NO2BIP 99.6 

PSMA-617 3-AcNHBIP 100 

PSMA-617 4-OMe 99 

PSMA-617 4-AcNHBIP 99 
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3.2.4 Binding Affinity of PSMA -617 Biphenylalanine Derivatives 

After the synthesis of PSMA-617 biphenylalanine derivatives, their IC50 (half-

maximal inhibitory concentration) values were evaluated with PSMA Inhibitor 

Screening Kit (ABCAM ab283384), in which the samples were tested against pure 

PSMA protein. The values shown in Table 3.4 and Figure 3.11.  

Table 3.4 PSMA-617 derivatives and their inhibition percentages. 

PEPTIDES INHIBITION%  

PSMA-617 BIP 20 

PSMA-617 4-CNBIP 15 

PSMA-617 4-NO2BIP 29 

PSMA-617 3-AcNHBIP 32 

PSMA-617 4-OMe 36 

PSMA-617 4-AcNHBIP 38 

PSMA-617 25 

 

Figure 3.11 Inhibition% of PSMA-617 derivatives. The level of statistical 

significance is represented by ns for p>0.05 * for p < 0.05, ** for p < 0.01, *** for 
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p < 0.001, and **** for p < 0.0001 (one-way ANOVA).  Error bars indicate standard 

error of mean. Statistic values were adjusted to PSMA-617. 

It has been found that the PSMA with biphenylalanine derivatives was able to inhibit 

PSMA protein between 15-30% at 0.5 nM, as seen in Table 3.4. The percentage of 

inhibition PSMA-617 derivatives were as follows, BIP (20%), 4-CN (15%), 4-NO2 

(29%) 4-AcNH (38%), 3-AcNH (32%), 4-OMe (36%). When compared with 

PSMA-617 (25% inhibition), it was found that statistically there was no significant 

difference (ns, p>0.05, via one-way ANOVA) between PSMA-617 derivatives and 

PSMA-617, as seen in Figure 3.11. Thus, PSMA-617 derivatives show inhibition 

activity similar to PSMA-617. Still, the derivatives show promising result and their 

uptake by cells and image quality needs to be assessed for further studies.  

3.2.5 Conclusion 

In this project, the aim was to synthesize of Fmoc-L-biphenylalanine derivatives to 

explore the derivatives of the PSMA-617 and to change its naphthalene group with 

biphenylalanine derivatives. In addition, it was also planned to have higher binding 

affinity with these PSMA-617 biphenylalanine derivatives compared to original 

PSMA-617. To achieve biphenylalanine derivatives, various synthesis routes were 

applied, and they were centred around Suzuki-Miyaura coupling since the method 

allows for C-C formation between halogenated compound and boronic acid 

alternatives. All the synthesis routes started with the same compound; 4-iodo-L-

phenyl alanine. First, the molecule was protected with Fmoc group to be used in 

Suzuki coupling to achieve Fmoc protected biphenylalanine derivatives.  However, 

even in mild basic conditions, reaction failed due to unexpected Fmoc removal. 

Another synthesis route was applied by starting with the unprotected iodinated 

phenylalanine, and it was coupled with boronic acid derivatives via Suzuki reaction 

to give unprotected desired product. Even though, this seems working, yields were 

too low to continue for further reactions.  Therefore, the method changed to couple 
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tBoc protected 4-iodo-L-phenyl alanine to use in Suzuki coupling. After Suzuki 

coupling, Boc group was removed, and amine was re-protected with base-labile 

Fmoc group, and the desired product was isolated by column chromatography 

between 15-45% yields. These biphenylalanine derivatives that were synthesized in 

this strategy were then used in Fmoc/tBu peptide synthesis to produce PSMA-617 

derivatives, then purified to have 98-100% purity. The PSMA-617 derivatives 

exhibited the following inhibition percentages BIP (20%), 4-CN (15%), 4-NO2 

(29%), 4-AcNH (38%), 3-AcNH (32%), and 4-OMe (36%). Comparing them to 

PSMA-617 (25% inhibition) via one-way ANOVA showed no significant difference 

(ns, p>0.05). Hence, the inhibition activity of PSMA-617 derivatives is similar to 

that of PSMA-617. 

To sum up, all the PSMA-617, derivatives demonstrate potential results, and it is 

necessary to evaluate their uptake by cells and therapeutic image quality for further 

research. 
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3.3 MATERIAL AND METHOD  

3.3.1 Materials  

Fmoc-L-tranexamic acid and DOTA-tri(tBu ester) were purchased from Chem-

Impex International Inc. Solvents like DCM, MeCN, THF, Et2O, DMF, ethanol and 

methanol were supplied from Merck. EtOAc, hexane and DCM were purchased as 

technical grade and dried with magnesium sulphate in distillation system. 

Pd(dppf)Cl2, Pd(PPh3)Cl2 , Phenyl boronic acid, 4-CN-phenyl boronic acid, 4-NO2-

phenyl boronic acid, 3-NH2-phenyl boronic acid pinacol ester, 4-OH-phenyl boronic 

acid pinacol ester, 4-OMe-phenyl boronic acid, 4-NH2-phenyl boronic acid pinacol 

ester were purchased from Acros Organics.  

Merck Silica gel 60 (0.063-0.20 mm) was purchased and purification of organic 

molecules performed.  

Reaction progress was monitored via TLC plates and were purchased from Merck. 

Silica gel TLC plates, in which contain F254 fluorescent indicator enabled the 

visualization at 254 nm. 

FT-IR measurements were applied via Thermo Scientific Nicolet is 10 instruments. 

LC/MSD was performed in positive and negative mode (ES+/ES-) in scan speed of 

10400 Da/s with Agilent G6125B. 

HRMS analysis was performed in positive and negative mode (ES+/ES-) in the range 

of 50 ï1000 Da (ESI-TOF-MS) with Waters SYNAPT G1 MS. 

Fluorescence measurements were done with SpectraMax® Paradigm ®Multi-Mode 

Microplate Reader (Molecular Devices). 
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3.3.2 Experimental 

3.3.2.1 Synthesis of 4-iodo-L-phenyl alanine (1) 

 The product was synthesized based on literature with 

slight modifications.126,127 4.00 g (24.2 mmol) of L-

phenylalanine was dissolved in 22 mL of acetic and 2.9 

mL sulphuric acid. The mixture was heated to 70 ºC. 

Once, starting is fully dissolved, 2.45 g (9.68 mmol) iodine was added. After addition 

of 0.95 g (4.84 mmol) sodium iodate, the mixture was allowed to stir at the same 

temperature overnight. The reaction was left one hour more, after the addition of 

0.19 g (0.87 mmol) of sodium periodate, resulting in pink-orange colour. Mixture 

was condensed under vacuum and diluted with 80-100 mL water. The aqueous layer 

was extracted with DCM (50 mL x 5) to remove any remaining iodine. Water phase 

was then neutralized, and precipitation was filtered. Pink crude product was 

observed, crystallized in Ethanol: Water (1:1) and obtained 3.20 g (11.0 mmol, 45%) 

as a white solid.   

1H NMR (D2O+NaOH, 400 MHz): ŭ (ppm) 7.52 (d, J = 7.9 Hz, 2H), 6.85 (d, J = 

7.9 Hz, 2H), 3.28 (t, J = 6.6 Hz, 1H), 2.73 (dd, J = 13.5, 5.6 Hz, 1H), 2.61 (dd, J 

=13.6, 7.3 Hz, 1H). 

3.3.2.2 Synthesis of Fmoc-4-iodo-L-phenyl alanine (2) 

 Based on literature with slight modifications,128 1.00 

grams (10.8 mmol) of 4-iodo-Lphenylalanine was 

dissolved in 60 mL of water and 60 mL of acetonitrile, 

at room temperature. Once, starting material is fully 

dissolved, 1.12 g (3.31 mmol) Fmoc-Osu was added. 

After addition of 0.90 g (4.8 mmol) sodium 
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bicarbonate, the mixture was allowed to stir at the same temperature overnight. 

Mixture was condensed under vacuum, washed with 1 M HCl. The aqueous layer 

was extracted with Ethyl acetate (50 mL x 5). Organic phase was condensed under 

rotary to yield white-yellow product. The product purified via Column 

Chromatography. (Rf: 0.5, DCM: MeOH: AcOH, 97:2:1) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.89 (d, J = 7.5, 2H), 7.74 (dd, J = 8.6, 

2.4 Hz, 1H), 7.69-7.59 (m, 4H), 7.41 (td, J = 7.4, 2.6 Hz, 2H), 7.38-7.25 (m, 2H), 

7.09 (d, J = 8.2 Hz, 2H), 4.25-4.09 (m, 4H), 3.05 (dd, J =  13.8, 4.3 Hz, 1H), 2.82 

(dd, J = 13.7, 10.6 Hz, 1H) 

3.3.2.3 Synthesis of 4-OMe-L-biphenylalanine (4). 

Based on the literature125, 565 mg (5.11 mmol, 5 

eq.) K2CO3 was dissolved in isopropyl alcohol 

and water (1:1, 0.05 M) and heated to 80 °C under 

N2 atmosphere. After the addition of 200 mg (1.0 

mmol) 4-iodo-L-phenyl alanine, 4-OMe-phenyl boronic acid (1.2 eq.), and 59.3 mg 

(10 mmol%) of [1,1ǋ-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), the 

reaction was stirred overnight under flow of inert atmosphere. Isopropyl alcohol was 

evaporated, and aqueous phase was extracted with DCM (10 mL x 5). Then, aqueous 

phase was lyophilised to give brown crude product containing both the product and 

potassium salt. Analytical HPLC spectra of the product recorded on a Dionex 

UltiMate 3000 HPLC system (Sunnyvale, CA, USA) equipped with HYPERSIL 

GOLD C18 column- dimensions 200 Ĭ 2.1 mm, particle size 1.9 ɛm, pore size 175 

ᴠ (Thermo, Waltham, Massachusetts, U.S.A) and 20µL injection loop. The product 

was eluted in acetonitrile containing 0.08% TFA (v/v) and water containing 0.1% 

TFA (v/v) gradient  (5- 100%, 1 ï 35 min., flow 0.5 mL/min). Preparative HPLC of 

peptides was performed on a Dionex UltiMate 3000 Hplc system (Sunnyvale, CA, 

USA) equipped with a semi-preparative Thermo Scientific Hypersil Gold C18 
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column-dimensions 250 Ĭ 10 mm, particle size 12 ɛm, (Thermo, Massachusetts, 

U.S.A) and 2 mL injection loop. The crude was dissolved in Milli Q -Acetonitrile 

(3:1). A linear gradient of acetonitrile and water containing 0.08 % TFA (v/v) and 

0.1% (v/v) respectively (20-60%, 1 - 70 min.) and a flow of 2.0 mL/min were used. 

(tR: 13.6) Mass spectrometry [M+H] + (calculated: 272.1, observed: 272.2). 

3.3.2.4 Synthesis of 4-iodo-tert-Butyloxycarbonyl-phenyl alanine (6). 

The molecule was synthesized based on the literature with 

slight modifications.123 0.28 g (6.87 mmol, 1 eq.) NaOH was 

dissolved in 30 mL water and 90 mL THF was added. Into 

the mixture, 2.00 g (6.87 mmol) 4-iodo-L-phenyalanine was 

added and waited until fully dissolved. The reaction flask 

was bubbled with N2 gas and capped. Then, 1.9 mL (8.2 mmol, 1.2 eq.) di-tert-butyl 

decarbonate was added dropwise. The reaction was stirred at room temperature 

overnight under inert atmosphere. The reaction was monitored by thin layer 

chromatography and ninhydrin test. After completion, THF was evaporated under 

vacuum. Aqueous phase was neutralized with saturated ammonium chloride and 

extracted with ethyl acetate (x5). Organic phase was dried over MgSO4, followed by 

filtration and evaporation to get oily product. Then, 50 mL hexane was added and 

condensed via rotary evaparator to get 2.25 g (5.7 mmol, 84%) white crude product. 

(DCM: MeOH: AcOH, 97:2:1 Rf: 0.25) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.59 (d, J = 7.8 Hz, 2H), 7.03 (d, J = 7.9 

H, 2H), 4.08-4.04 (m, 1H), 3.05 (dd, J = 14.6, 4.3 Hz, 1H), 2.80 (dd, J = 13.6, 8.9 

Hz, 1H), 1.32 (s, 9H) 
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3.3.2.5 General Procedure for Synthesizing tBoc Protected Biphenylalanine 

Derivatives via Suzuki-Miyaura Coupling (7a-7g) 

Based on the literature, 1.1 g (5.1 mmol, 5 eq.) K3PO4 was dissolved in isopropyl 

alcohol and water (1:1, 20 eq.) and heated to 80 °C under N2 atmosphere. After the 

addition of 0.4 g (1.02 mmol) tert-Butyloxycarbonyl-iodo-phenylalanine, Boronic 

acid (1.2 eq.) and 10% mmol [1,1ǋ-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) or 

Bis(triphenylphosphine)palladium(II) dichloride, the reaction was stirred overnight 

under flow of inert atmosphere. Isopropyl alcohol was evaporated, and aqueous 

phase was acidified to pH 5 with saturated ammonium chloride solution. Then, 

aqeous phase was extracted with ethyl acetate (x5), dried with Magnesium Sulphate, 

filtered and evaporated to give brownish crude product (70-90% yield, 99% 

conversion). Continued to the next step without any purification. 

3.3.2.5.1 Synthesis of tBoc-L-biphenylalanine (7a) 

The compound was prepared according to the general 

procedure and purified with silica column 

chromatography to achieve brown-black product (90% 

yield). (Petroleum ether: Ethyl Acetate, 6:2 2% AcOH, 

Rf: 0.42) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.69 (d, J = 17.3 Hz, 3H), 7.59 (d, J = 

7.5 Hz, 2H), 7.54-7.33 (m, 5H), 4.08 (q, J = 7.1 Hz, 1H), 3.20 (dd, 1H), 2.98 (dd, 

1H), 1.37 (s, 9H). 
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3.3.2.5.2 Synthesis of tBoc-4-CN-L-biphenylalanine (7b) 

The compound was prepared according to the 

general procedure and purified with silica column 

chromatography to achieve brown product (90% 

yield). (DCM: MeOH: AcOH, 97:2.1, Rf: 0.26) 

1H NMR (CDCl 3, 400 MHz): ŭ (ppm) 7.60 (d, J = 8.2 Hz, 2 H), 7.51 (d, J = 8.1 Hz, 

2H), 7.38 (d, J = 7.6 Hz, 2H), 7.20 (d, J = 7.5 Hz, 2H), 4.53-4.28 (m, 1H) 3.16 (dd, 

J = 13.8, 1H), 2.97 (dd, J = 15.32, 1H), 1.29 (s, 9H) 

3.3.2.5.3 Synthesis of tBoc-4-NO2-biphenylalanine (7c) 

The compound was prepared according to the 

general procedure and purified with silica column 

chromatography to achieve yellow product (86% 

yield). (Petroleum ether: Ethyl Acetate, 6:2, 2% 

AcOH, Rf: 0.31) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 8.29 (d, J = 8.7 Hz, 2H), 7.94 (d, J = 8.6 

Hz, 2H), 7.71 (d, J = 7.8 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 4.03 (q, J = 7.1 Hz, 1H), 

3.12 (dd, J = 13.4, 3.2 Hz, 1H), 2.92 (dd, J = 9.4 Hz, 3.1 Hz, 1H), 1.32 (s, 9H). 

3.3.2.5.4 Synthesis of tBoc-3-AcNH-L-biphenylalanine (7d) 

The compound was prepared according to the general 

procedure and purified with silica column 

chromatography to achieve brown product (80% yield). 

(DCM: MeOH: AcOH, 97:2:1, Rf: 0.34) 
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1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 10.04 (s, 1H), 7.87 (s, 1H), 7.63-7.45 (m, 

4H), 7.40-7.26 (m, 3H), 4.03 (q, J = 7.1 Hz, 1H), 3.06 (dd, J = 11.73, 3.30 Hz 1H), 

2.87 (dd, J = 11.40, 3.78 Hz 1H), 1.34 (s, 9H). 

3.3.2.5.5 Synthesis of tBoc-4-OH-L-biphenylalanine (7e) 

The compound was prepared according to the 

general procedure and purified with silica column 

chromatography to achieve brown product (87% 

yield). (DCM: MeOH: AcOH, 97:2:1, Rf: 0.11) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 9.49 (s, 

1H), 7.47 (t, J = 8.9 Hz, 4H), 7.27 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 7.96, 1H), 6.83 

(d, J = 8.4 Hz, 2H), 4.14-4.07 (m, 1H), 3.01 (dd, J = 10.97, 1.3 Hz, 1H), 2.85 (dd, J 

= 12.51, 2.7 Hz, 1H), 1.32 (s, 9H).  

3.3.2.5.6 Synthesis of tBoc-4-OMe-L-biphenylalanine (7f) 

 The compound was prepared according to the 

general procedure and purified with silica 

column chromatography to achieve brown 

product (72% yield). (DCM: MeOH: AcOH, 

97:2:1, Rf: 0.33) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.57 (m, 6H), 7.29 (d, J = 7.02 Hz, 2H), 

7.00 (d, J = 6.45 Hz, 2H), 4.12-4.04 (m, 1H), 3.79 (s, 3H), 3.05 (dd, J = 14.1, 2.4 Hz, 

1H), 2.85 (dd, J = 12.1, 2.2 Hz, 1H), 1.32 (s, 9H). 
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3.3.2.5.7 Synthesis of tBoc-4-AcNH-L-biphenylalanine (7g) 

 The compound was prepared according to the 

general procedure and purified with silica 

column chromatography to achieve brown 

product (88% yield). (DCM: MeOH: AcOH, 

97:2:1, Rf:0.10) 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 10.07 (s, 1H), 7.74-7.56 (m, 8H), 7.35 

(d, J = 7.7 Hz, 2H), 4.15-4.05 (m, 1H), 3.12 (dd, J = 13.8, 4.9 Hz, 1H), 2.93 (dd, J = 

9.5, 3.7 Hz, 1H), 1.39 (s, 9H).  

3.3.2.6 Synthesis of Fmoc Protected Biphenylalanines from Boc protected 

Derivatives. (8a-8g) 

Derivative of tBoc protected biphenylalanine was dissolved in dry DCM at 0 °C. 

Then, into this solution, TFA (12 eq.) was added and stirred for 3 hours. Solvent was 

evaporated under reduced pressure, dried with diethyl ether. The residue was diluted 

with water (10 mL) and acetonitrile (5mL), then sodium bicarbonate (3.18 eq.) was 

added to have final pH between 7-8. Fmoc-OSu (1.2 eq.) was dissolved in 

acetonitrile (5 mL) and added into the reaction mixture drop by drop with 10-minute 

intervals. Reaction was then stirred overnight. Acetonitrile was evaporated and 

aqueous phase was acidified to pH 3 with 1 M HCl, then extracted with ethyl acetate 

5 times. Organic phase dried over magnesium sulphate, filtered, and dry-loaded on 

a silica gel column to purify with silica column chromatography.  
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3.3.2.6.1 Synthesis of Fmoc-L-biphenylalanine (8a) 

The compound was prepared according to the 

general procedure and purified with silica column 

chromatography to achieve white product (28% 

yield). (DCM: MeOH: AcOH, 97: 2: 1, Rf: 0.44 )   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.88 (d, 

J = 7.6 Hz, 2H), 7.81 (d, J = 8.5 Hz, 1 H), 7.70-

7.53 (m, 5H), 7.50-7.23 (m, 9H), 4.34 ï 4.17 (m, J = 13.4, 7.3 Hz, 4H), 3.13 (dd, J 

= 13.8, 4 Hz, 1 H), 2.92 (dd, J = 13.8, 10.7 Hz, 1 H) 

3.3.2.6.2 Synthesis of Fmoc-4-CN-L-biphenylalanine (8b) 

The compound was prepared according to the 

general procedure and purified with silica 

column chromatography to achieve white 

product (16% yield). (DCM: MeOH: AcOH, 

97: 2: 1, Rf: 0.29)   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 

7.92-7.77 (m, 7H), 7.71-7.61 (m, 4H), 7.41 (t, J = 7.5 Hz, 4H), 7.28 (dt, J = 14.7, 7.4 

Hz, 2H), 4.28-4.11 (m, 4H), 3.16 (dd, J = 13.9 Hz, 4.3 Hz, 1H), 2.93 (dd, J = 13.8, 

10.7 Hz, 1H) 

13C NMR (DMSO, 100 MHz): ŭ (ppm) 173.2, 155.9, 144.3, 143.6, 140.6, 138.8, 

136.2, 132.7, 129.9, 127.5, 127.2, 127.0, 126.8, 125.2, 120.0, 118.8, 109.7, 65.5, 

55.3, 46.5, 36.0 

HRMS C31H24N2O4 [M-H]- calculated: 487.1736 [M-H]- observed: 487.1670.  
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3.3.2.6.3 Synthesis of Fmoc-4-NO2-L-biphenylalanine (8c) 

The compound was prepared according to 

the general procedure and purified with silica 

column chromatography to achieve white 

product (28% yield). (DCM: MeOH: AcOH, 

97: 2: 1, Rf: 0.3 )   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 

8.28 (d, J = 8.5 Hz, 2 H), 8.03-7.79 (m, 4H), 7.78-7.61 (m, 4 H), 7.56-7.18 (m, 7H), 

4.30-4.06 (m, 4H), 3.17 (dd, J = 13.7, 4.3 Hz, 1H), 2.94 (dd, J = 13.8, 10.8 Hz, 1H) 

13C NMR (d6-DMSO, 100 MHz): ŭ (ppm) 173.5, 156.3, 146.8, 146.7, 144.0, 141.0, 

139.5, 136.1, 130.3, 127.9, 127.8, 127.4, 125.6, 124.4, 120.4,118.2, 117.8, 65.9, 

55.6, 46.8, 36.4. 

HRMS C30H24N2O6  [M-H]- calculated: 507.1634 [M-H]- observed: 508.1578. 

3.3.2.6.4 Synthesis of Fmoc-3-AcNH-L-biphenylalanine (8d) 

The compound was prepared according to the 

general procedure and purified with silica column 

chromatography to achieve white product (20% 

yield). (DCM: MeOH: AcOH, 97: 2: 1, Rf:0.1)   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 10.04 

(s, 1H), 7.88 (q, J = 4.9 Hz, 3H), 7.76 (d, J = 8.4 

Hz, 1H), 7.72-7.61 (m, 2H), 7.56-7.47 (m, 3H), 7.45-7.22 (m, 8H), 4.12-4.28 (m, 

4H), 3.13 (dd, J = 14.1, 4.2 Hz, 1H), 2.92 (dd, J = 13.8, 10.4 Hz, 1H) 

13C NMR (d6-DMSO, 100 MHz): 173.1, 168.7, 156.2, 144.0, 141.0, 140.7, 140.1, 

138.5, 130.0, 129.5, 127.9, 127.3, 126.6, 125.5, 121.5, 120.3, 118.2, 117.4, 73.8, 

65.8, 55.8, 46.9, 36.4. 
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HRMS C32H28N2O5 [M+H]+ calculated: 521.2032 [M+H]+ observed: 521.2076. 

3.3.2.6.5 Synthesis of Fmoc-4-OH-L-biphenylalanine (8e) 

The compound was prepared according to the 

general procedure and purified with silica 

column chromatography to achieve white 

product (13% yield). (DCM: MeOH: AcOH, 

97: 2: 1, Rf: 0.21)   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 

9.56 (s, 1H), 7.97-7.85 (m, 3H), 7.82-7.62 (m, 3H), 7.56-7.19 (m, 9H), 6.82 (d, J = 

8.2 Hz, 1H), 4.39-4.08 (m, 4H), 3.10 (dd, J =13.9, 3.5 Hz, 1H), 2.96-2.83 (m, 1H) 

13C NMR (d6-DMSO, 100 MHz): ŭ (ppm) 173.3, 156.9, 155.9, 143.9, 143.7, 142.5, 

140.6, 130.7, 129.5, 128.8, 127.5, 127.0, 125.6, 125.3, 121.3, 120.0, 115.6, 65.5, 

46.6, 30.3, 28.9 

HRMS C30H25NO5 [M-H]- calculated: 478.1733 [M-H]- observed: 478.1649. 

3.3.2.6.6 Synthesis of Fmoc-4-OMe-L-biphenylalanine (8f) 

The compound was prepared according to 

the general procedure and purified with 

silica column chromatography to achieve 

white product (44% yield). (DCM: MeOH: 

AcOH, 97: 2: 1, Rf: 0.40) 

 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 7.88 (d, J = 7.5 Hz, 2H), 7.69-7.47 (m, 

6H), 7.33 (m, 6H), 7.44-7.24 (d, J = 8.4 Hz, 2H), 4.25-4.10 (m, 4H), 3.78 (s, 3H), 

3.12 (dd, J = 13.8, 2.35 Hz 1H), 2.90 (dd, J = 13.9, 10.4 Hz 1H) 
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13C NMR (d6-DMSO, 100 MHz): ŭ (ppm) 159.0, 156.2, 144.1, 141.0, 138.1, 137.0, 

132.7, 130.0, 127.9, 127.8, 127.3, 126.2, 125.6, 120.3, 114.6, 65.9, 56.0, 55.4, 46.9, 

29.3. 

HRMS [M+H]+ calculated: 494.1923 [M+H]+ observed: 494.1977. 

3.3.2.6.7 Synthesis of Fmoc-4-AcNH-L-biphenylalanine (8g) 

The compound was prepared according to 

the general procedure and purified with 

silica column chromatography to achieve 

white product (40% yield). (DCM: MeOH: 

AcOH, 97: 2: 1, Rf: 0.12) 

 

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 10.02 (s, 1H), 7.87 (d, J = 7.6 Hz, 2H), 

7.76 (d, J = 8.5 Hz, 1H), 7.70-7.51 (m, 8H), 7.45-7.23 (m, 5H), 4.10-4.30 (m, 4H), 

3.12 (dd, J = 14.1, 4.4 Hz, 1H), 2.91 (dd, J = 13.8, 10.6 Hz, 1H) 

13C NMR (d6-DMSO, 100 MHz): ŭ (ppm) 173.6, 172.7, 168.3, 155.9, 143.7, 140.6, 

138.9, 138.1, 137.0, 134.8, 130.0, 129.64, 127.5, 127.0, 126.6, 125.9, 125.2, 120.0, 

119.3, 73.5, 65.5, 55.4, 46.5. 

HRMS [M-H]- calculated: 519.1998 [M-H]- observed: 519.1917. 
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3.3.2.7 Synthesis of 3-Ac-NH-phenyl boronic acid pinacol ester (9a) 

 3-Amino phenyl boronic acid was dissolved in 0.04 eq. DCM. 

Mixture was bubbled with N2, and capped. Then, 1.2 eq. Ac2O, 

along with 1.2 eq. dry pyridine was added and the reaction was 

stirred under N2 for 30 minutes. Solvent was evaporated under 

vacuum and dried with diethyl ether to get white crude product. 

(100% yield) (DCM: MeOH: AcOH, 97: 2: 1, Rf: 0.66)   

1H NMR (d6-DMSO, 400 MHz): ŭ (ppm) 10.01 (s, 1H), 7.96 (s, 1H), 7.79(dt, J = 

7.2, 2.0 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H), 2.09 (d, J = 1.5 Hz, 3H), 1.35 (s, 12H)  

13C NMR (d6-DMSO, 100 MHz): ŭ (ppm) 168.8, 139.2, 129.2, 128.6, 125.2, 122.2, 

83.9, 25.0, 24.2 

HRMS [M+H]+ calculated: 262.1573 [M+H]+ observed: 262.1614. 

3.3.2.8 Synthesis of 4-Ac-NH-phenyl boronic acid pinacol ester (9b) 

 4-Amino phenyl boronic acid was dissolved in 0.04 

eq. DCM. Mixture was bubbled with N2, and capped. 

Then, 1.2 eq. Ac2O, along with 1.2 eq. dry pyridine 

was added and the reaction was stirred under N2 for 30 

minutes. Solvent was evaporated under vacuum and dried with diethyl ether to get 

white crude product. (100% yield, DCM: MeOH: AcOH, 97: 2: 1) 

1H NMR (CDCL 3, 400 MHz): ŭ (ppm) 7.68 (d, J = 8.1, 2H), 7.45 (d, J = 8.0 Hz, 

2H), 2.09 (s, 3H), 1.26 (s, 12H) 
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3.3.2.9  Synthesis and Purification of PSMA Peptides  

3.3.2.9.1 Materials 

All amino acids, O-(7-azabenzotriazol-1-yl)-N,N,N'N'-tetramethyluronium 

hexafluorophosphate (HATU), 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium 

hexafluorophosphate (HBTU), WANG resin (1.16 mmol/g), rink amide MBHA 

resin (0.48 mmol/gram, 100 - 200 mesh) were purchased from Chem-Impex 

International (Wood Dale, IL, USA). tBu-Glu(tBU)-urea-Lys(Mtt)-wang resin was 

purchased from PeptiTeam (Ankara, Turkey).  Trifluoro acetic acid (TFA), isopropyl 

silane (TIS) and piperidine were acquired from Acros (Beijing, China). Milli-Q 

water (18.2 MÝ) was obtained by purifying distilled water via Millipore simplicity 

185 purification system (Darmstadt, Germany). 

3.3.2.9.2 General Peptide synthesis 

All the peptides were synthesized via manual Fmoc-based solid-phase peptide 

synthesis (SPPS under atmospheric conditions at room temperature. Manuel SPPS 

was carried out in a glass-fritted reaction vessel. Resin was swollen in DMF for an 

hour before synthesis. Then the resin was washed with DCM three times. MTT was 

cleaved with 0.8% TFA in DCM (10×) for 30 minutes. All the artificial amino acids 

were coupled after that, with coupling reagent HBTU and switched to HATU in case 

of coupling errors. Couplings were conducted with 3.0 eq. of artificial amino acids 

(fmoc-L-biphenylalanine derivatives) and 5.0 equivalents of fmoc-tranexamic acid 

and DOTA, 2.90 or 4.90 eq. of coupling reagent (HBTU or HATU), 6 equivalents 

of N, N-diisopropylethylamine (DIPEA) in dimethylformamide (DMF). Cleavage of 

fmoc was achieved with 5 mL solution of 20% piperidine in DMF (10 min x 2 )  for 

0.5 gram of resin. The progress of Fmoc cleavage and the couplings was checked 

with a Kaiser test at 110 °C. To block the remaining free amine groups after amino 

acid coupling, N-terminal of peptides were capped with solution of 
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DMF/Ac2O/Pyridine (10:1:1, v/v/v) for 5 minutes. After each step, the resin was 

washed using excess DMF.  After peptide elongation was complete, peptidyl resin 

was  washed with DMF (×3), DCM (×3), MeOH (×3) and Et2O (×3) after which it 

was airdried for at least 2 h. Cleavage of the peptide from the resin  was achieved by 

suspending the resin in a mixture of trifluoroacetic acid (TFA) /Triisopropylsilane 

(TIS)/H2O (95: 2.5: 2.5  ratio, v/v/v) for 4 hours at room temperature. Free peptides 

were separated from the resin by filtration and the resin was further washed with 

TFA. Collected filtrate was precipitated in cold diethyl ether and centrifuged.  The 

supernatant was removed, and diethyl ether was further added to repeat the washing 

step up to three times.  The precipitate was air-dried to yield crude peptides. and 

purified Purification by reversed-phase HPLC, followed by lyophilization yielded 

pure peptides as powders. 

3.3.2.9.3 High-performance liquid chromatography (HPLC) 

Analytical HPLC spectra of peptides were recorded on a Dionex UltiMate 3000 Hplc 

system (Sunnyvale, CA, USA) equipped with a HYPERSIL GOLD C18 column- 

dimensions 200 Ĭ 2.1 mm, particle size 1.9 ɛm, pore size 175  (Thermo, Waltham, 

Massachusetts, U.S.A) and 20 µL injection loop. Peptides were eluted in acetonitrile 

containing 0.08% TFA (v/v) and water containing 0.1% TFA (v/v) gradient  (5 - 

100%, 1 ï 35 min., flow 0.5 mL/min).  

Preparative HPLC of peptides was performed on a  Dionex UltiMate 3000 Hplc 

system (Sunnyvale, CA, USA) equipped with Luna C18 LC column-dimensions 

250x10 mm, particle size 5 ɛm, pore size 100 ¡ (Phenomenex, Torrance, California, 

U.S.A) and 2 mL injection loop. For elution of peptides, a linear gradient of 

acetonitrile  and water containing 0.08 % TFA (v/v)and 0,1% (v/v) respectively  (15-

40%, 1 - 90 min.) and a flow of 2.0 mL/min were used. 
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3.3.2.10 Binding Affinity of PSMA -617 Biphenylalanine Derivatives 

The inhibitor activity of PSMA-617 derivatives were evaluated with ABCAM 

ab283384 PSMA Inhibitor Screening Kit (Cambridge, United Kingdom). 1 mM 

from each peptide were prepared, then diluted two times to achieve 5 nm.   Then, all 

the samples were added according to kit procedure to have 0.5 nm as final 

concentration.  The samples were incubated for 20 minutes at 37 ºC. After addition 

of fluorescence probe mix, the sample analysed for 90 minutes with kinetic loop 

mode on in Fluorescence Microplate Reader. The activity and inhibition of peptides 

were calculated as %Relative Inhibition and %Relative Activity.  

% Relative Inhibition = (ἡἴἷἸἭ ἷἮ[ ἏἍ]īἡἴἷἸἭ ἷἮ [ἡ])/ ἡἴἷἸἭ ἷἮ[ἏἍ] x 100  

% Relative Activity = (ἡἴἷἸἭ ἷἮ [ἡ] / ἡἴἷἸἭ ἷἮ [ἏἍ] ) x 100 
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4 APPENDICES 

A.  Amino Acids and Their One- And Three- Letter Notations 
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 B. HPLC and Mass Analysis of Peptides in Chapter 2 

Table B.1 HRMS analysis of PEP1. 

         

 

Figure B.1 RP-HPLC chromatogram of PEP1 (214 nm).  

Peptide Name PEP1 

Sequence Fmoc-GIGKFLKKAKKFGKAFVKILKK -NH2 

Exact Mass 2,697.6978 

[M+ 2H]2+ calculated 1349.8489 [M+ 2H]2+ observed 1350.2971 

[M+3H]3+ calculated 900.2326 [M+3H]3+ observed 900.5238 

[M+4H]4+ calculated 675.4244 [M+4H]4+ observed 675.6383 

[M+5H]5+ calculated 540.5395 [M+5H]5+ observed 540.7081 

Retention Time 15.47 
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Figure B.2 HRMS result of PEP1. 

 

Table B.2 HRMS analysis of PEP2 

 

 

Figure B.3 HRMS result of PEP2. 

Peptide Name PEP2 

Sequence Ac- IKFQFHFD-NH2 

Exact Mass 1,121.5658 

[M+ H]+ calculated 1122.5658 [M+ H]+ observed 1122.5155 

[M+2H]2+ calculated 561.7829 [M+2H]2+ observed 561.7481 

Retention Time 13.36 



 

 

153 

 

 

Figure B.4 RP-HPLC chromatogram of PEP2 at 214 nm. 

 

Table B.3 HRMS analysis of PEP3. 

 

Peptide Name PEP3 

Sequence Ac- IKYLSVN -NH2 

Exact Mass 876.5069 

[M+ H]+ calculated 877.5069 [M+ H]+ observed 877.4627 

[M+2H]2+ calculated 439.2534 [M+2H]2+ observed 439.2228 

Retention Time 15.12 
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Figure B.5 HRMS result of PEP3. 

 

 

Figure B.6 RP-HPLC chromatogram of PEP3 (214 nm). 
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Table B.4 HRMS analysis of PEP4 

 

 

Figure B.7 HRMS result of PEP4. 

Peptide Name PEP4 

Sequence Ac-RKKWFW-NH2 

Exact Mass 990.5552 

[M+ H]+ calculated 991.5552 [M+ H]+ observed 991.5083 

[M+2H]2+ calculated 496.2776 [M+2H]2+ observed 496.2447 

Retention Time 14.97 
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Figure B.8 RP-HPLC chromatogram of PEP4 (214 nm). 

 

Table B.5 HRMS analysis of PEP5. 

 

 

Peptide Name PEP5 

Sequence Naphthalene-FFKK-OH 

Exact Mass 736.3948 

[M+ H]+ calculated 737.3948 [M+ H]+ observed 737.3533 

[M+2H]2+ calculated 369.1974 [M+2H]2+ observed 369.1688 

Retention Time 15.2 
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Figure B.9 HRMS result of PEP5. 

 

Figure B.10 RP-HPLC chromatogram of PEP5 at 214 nm.
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C. NMR Spectra of Chapter 3 

 

Figure C.1 1H NMR spectrum of 4-iodo-L-phenyl alanine (2) in D2O+NaOH. 

 

Figure C.2 1H NMR spectrum of Fmoc-4-iodo-L-phenyl alanine (3) in d6-DMSO. 
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Figure C.3 1H NMR spectrum of tBoc-4-iodo-L-phenyl alanine (6) in d6-DMSO. 

 

Figure C.4 1H NMR spectrum of tBoc-L-biphenylalanine (7a) in d6-DMSO. 
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Figure C.5 1H NMR spectrum of tBoc-4-CN-L-biphenylalanine (7b) in d6-DMSO. 

 

Figure C.6 1H NMR spectrum of tBoc-4-NO2-biphenylalanine (7c) in d6-DMSO. 
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Figure C.7 1H NMR spectrum of tBoc-3-Ac-NH-biphenylalanine (7d) in d6-

DMSO. 

 

Figure C.8 1H NMR spectrum of tBoc-4-OH-biphenylalanine (7e) in d6-DMSO. 
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Figure C.9 1H NMR spectrum of tBoc-4-OMe-biphenylalanine (7f) in d6-DMSO. 

 

Figure C.10 1H NMR spectrum of tBoc-4-AcNH-biphenylalanine (7g) in d6-

DMSO. 
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Figure C.11 1H NMR spectrum of Fmoc-L-biphenylalanine (8a) in d6-DMSO. 

 

Figure C.12 1H NMR spectrum of Fmoc-L-4-CN-biphenylalanine (8b) in d6-

DMSO. 










































