
 

 
 

AZURIN AND ITS DERIVATIVES FOR 

PROSTATE CANCER DETECTION AND 

THERAPY 

 

 

RITU BHARDWAJ 

 

 
 

 

 

DEPARTMENT OF BIOCHEMICAL ENGINEERING AND 

BIOTECHNOLOGY 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

MAY 2024 
 



© Indian Institute of Technology Delhi (IITD), New Delhi, 2024



 

 
 

Azurin and its Derivatives for Prostate Cancer 

Detection and Therapy 

by 

RITU BHARDWAJ 

Department of Biochemical Engineering and Biotechnology 

 

Submitted  

in fulfilment of the requirements of the degree of Doctor of Philosophy 

 to the 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

May 2024 

 



 

 
 

 

 

 

 

        To my parents, 

Whose endless love and support have sustained 

me. 

My thanks and love go to my younger brother, 

Ashu for being my pillar of strength. 



 

i | P a g e  
 

CERTIFICATE 

This is to certify that the thesis entitled “Azurin and its Derivatives for Prostate Cancer 

Detection and Therapy” submitted by Ms. Ritu Bhardwaj to the Indian Institute of 

Technology Delhi for the award of the degree of Doctor of Philosophy in Biochemical 

Engineering and Biotechnology, is a record of the authentic research work carried out by her 

under my supervision and guidance. She has fulfilled all the requirements for submission of 

this thesis, which to the best of my knowledge has reached the required standards. The results 

presented in this thesis have not been submitted in part or full to any other university or 

institute for the award of any other degree or diploma.  

 

 

 

 

 

 

 

 

 

 

 

 

Professor Prashant Mishra 

Department of Biochemical Engineering and Biotechnology 

Indian Institute of Technology Delhi 

Hauz Khas – 110016, 

New Delhi, India 

 



 

ii | P a g e  
 

ACKNOWLEDGEMENTS 

My profound gratitude goes out to my supervisor Prof. Prashant Mishra, for his 

constant support and assistance during my research endeavour. His broad knowledge, 

skills and passion have greatly influenced my studies, forced me to exercise critical 

thoughts and motivated me to strive for perfection. His wise words, helpful critisim, 

and constructive input were really helpful in guiding the course of my research and 

honing my concepts. I was fortunate to have a supervisor who always allowed me to 

design the project I wanted to work on. This freedom in our work environment has 

allowed me to grow as an independent researcher which is crucial for my future 

endeavours in this field. He has consistently maintained a calm and upbeat atmosphere 

in the lab. I sincerely appreciate all of his help and mentoring during my academic 

career. His confidence in me has been crucial to my growth on both a personal and 

professional level.  

I would like to express my sincere gratitude to the members of my SRC- Prof. Saroj 

Mishra, Prof. Bishwajit Kundu, Prof. Preeti Srivastava and Prof. Shilpi Sharma, for 

their invaluable contributions and insightful inputs into my research. I am also grateful 

to Dr. Sujata Sinha for her warmth and care during this PhD journey. She is my go-to 

person whenever I face challenges. Her wisdom, support and encouraging words have 

always stirred enthusiasm in me, ensuring that I remained on track.  

I would like to express my heartfelt gratitude to my present and past lab members, for 

creating a positive and enriching lab environment. A special thanks and my heartfelt 

gratitude go to Dr. Senthil for teaching and helping me in learning the basics of 

animal cell culture lab techniques. I've gained valuable insights into proper 

experimental techniques and effective laboratory management through his guidance. 

I thank my colleagues and juniors- Debashree, Kritika, Sumit, Surbhi, Shubham, 

Preetha, Riya, Priyanshu, Shrutika, Kapil, Ashutosh and Archi for their support and 



 

iii | P a g e  
 

contributions in miscellaneous ways. I thank my seniors- Dr. Neeti, Dr. Swati Jaiswal, 

Dr. Sanjay Singh and Dr. Tushar Dash for being so hospitable and patient with me 

during my initial days in the lab.  

Friendship is the comfort of knowing that even on your darkest days, you have 

someone by your side who will never let you face them alone. I would also like to 

express my gratitude to my friend, Dr. Ekta Sachdeva who went all her way to help 

me when resources were scarce at IITD. Her gesture and intentions are deeply 

appreciated. My PhD journey wouldn’t have been the same without my friend and 

batchmate Dr. Pravina. I thank her for being a supportive friend when I needed it the 

most. The coffee and tea sessions with her, where we would vent about our PhD stress, 

discuss life’s purpose beyond this degree making it more meaningful, driven and not 

affected by any setbacks, were incredibly rejuvenating and much needed. Also, I would 

like to thank my friend and batchmate Dr Anjali Dixit from KSBS, IITD who helped me 

in other miscellaneous aspects in my Ph. D project. 

Finally, I thank my wonderful family from the bottom of my heart. My appreciation 

goes out to my parents, Mrs. Munesh Sharma and Mr. Brehm Dutt Sharma, for their 

unwavering love, sacrifice, and support during my doctoral journey. I am aware that I 

could not have succeeded in this without their assistance. No matter what, they have 

always been there for me. I would especially like to thank my mother, who has always 

inspired me to pursue my desires and dreams. She helped me to feel better and gave 

me the inspiration to keep trying even on the difficult days when I was depressed and 

anxious. The steadfast faith and capacity of my parents to recognize my potential 

despite my setbacks has been important. They have been the foundation of my 

strength, cheering on every little victory. Everything I have accomplished is a result of 

their love and leadership. I want to thank my siblings, Renu Bhardwaj and Ashu 

Bhardwaj. They've always brought me comfort and affection with their compassionate 

attitude. Even if they didn't understand the root cause, they could always make me feel 

better when I was down. I'm thankful to have them by my side since I know I can always 



 

iv | P a g e  
 

rely on them to support me, no matter what. I would also like to extend my gratitude 

to my brother-in-law, Mr. Rajeev Sharma for always expressing his pride in me so 

loudly and consistently. This has given me the much-needed boost in confidence. 

Lastly, but perhaps most importantly, I am grateful to have the two tiny creations in 

my life, my darling nice Shreeya and my little pet dog Ray. They both have been a 

constant source of joy in my life. They have brought such immense love and affection 

for me since the day they came into my life. Spending time with them was the ideal 

way for me to decompress during this journey. 

I am thankful to IIT Delhi for providing excellent infrastructure and facilities that have 

greatly supported my research journey. The availability of state-of-the-art instruments 

and equipment through the Central Research Facility (CRF) has been instrumental in 

conducting my experiments effectively. I thank MHRD, Govt of India, for granting me 

the fellowship to carry out my research work at IIT Delhi and IIT Delhi for providing the 

travel grant RSTA to attend a conference in Australia during my tenure. 

 

                                                                                                                       Ritu Bhardwaj 

                                          

                                            
 

                                                
 

 

 

  



 

v | P a g e  
 

ABSTRACT 

Despite diagnostic advancements in prostate cancer, early detection of aggressive forms 

remains challenging. Prostate specific antigen (PSA) screening, followed by biopsy, is the 

standard diagnostic method. However, this approach is hampered by over-detection and 

inability to differentiate between dormant and aggressive tumors by PSA, leading to 

unnecessary invasive procedures and overtreatment. Prostate specific membrane antigen 

(PSMA), a tissue-based biomarker linked to prostate cancer aggressiveness has shown promise, 

but heterogeneity in expression necessitates exploration of new biomarkers. Treatments like 

surgery, radiotherapy, hormonal therapy, chemotherapy and immunotherapy have lessened the 

burden of metastatic prostate cancer. Nonetheless, undesirable side effects like recurrence and 

development of insensitive and resistant tumors makes it imperative to search for alternative 

treatment approaches.  

Protein-based nanomedicines have emerged as promising alternative in cancer detection and 

therapy by utilizing diverse functional properties of various proteins to overcome the 

limitations of conventional small molecules drugs. In contrast to conventional chemotherapy, 

protein-based nanomedicines offer precise targeting, reduced off-target effects and enhanced 

therapeutic efficacy. In the present work, novel composite protein engineered nanomedicines 

were designed while conjugating different class of proteins via genetic engineering for prostate 

cancer management.  

Erythropoietin-producing hepatocellular (Eph) receptors a subfamily of receptor tyrosine 

kinases, play a pivotal role in cancer development and progression. Thus, Ephs, have emerged 

as prominent cancer biomarkers due to their aberrant expression with cancer progression. 

Azurin, a bacterial protein isolated from Pseudomonas aeruginosa, has demonstrated its 

potential in inhibiting tumor progression by disrupting Eph–ephrin signaling via its C-terminal 

domain as one of the mechanisms. In prostate cancer, overexpression of EphA6 receptors has 

been associated with prostate cancer metastasis. Thus, for the first-time cell surface receptor, 

EphA6 has been explored as a theranostic biomarker for detecting and simultaneously killing 

of metastatic prostate cancer in in vitro studies. The in silico binding studies, demonstrated that 

the fusion protein, his6EGFP-azu (80–128) exhibited higher binding affinity for the EphA6 

receptor compared to traditional ephrin A ligands via azu (80–128) peptide. Inspired by the in 
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silico binding studies, a novel recombinant protein his6EGFP-azu (80-128) was designed, 

cloned, expressed, and purified. The his6EGFP-azu (80–128) fusion protein, spontaneously 

self-assembled as nanoparticles, effectively targeted EphA6 receptors on prostate cancer cells 

(LNCaP) and demonstrated remarkable imaging potential, antiproliferative, apoptotic, 

antimigratory, and anti-invasive effects, while sparing EphA6-negative human normal lung 

cells (WI-38). 

Further, to enhance the therapeutic efficacy of azurin via it’s nanodelivery as cross-linked 

azurin-ELP micelles, a fusion protein composed of azurin and a thermally responsive structural 

cationic elastin-like protein (ELP), was designed, cloned, expressed, and purified.  A simple 

method of inverse transition cycle (ITC) was employed to purify the fusion protein azurin-ELP 

diblock copolymer (d-bc). Further, it’s self-assembly properties were investigated. 

Interestingly, the engineered azurin-ELP d-bc in response to increasing temperature shows a 

dual step phase separation into bio-functional nanostructures. Around physiological 

temperature azurin-ELP d-bc formed stable coacervates which was dependent on the 

concentration and time of incubation. These coacervates were formed below the lower critical 

solubility temperature (LCST) of the ELP block at physiological temperature. Above LCST 

micelles of size ranging from 25-30 nm are formed. The cytotoxicity of azurin-ELP d-bc 

depends on the size of coacervates formed and their cellular uptake at physiological 

temperature. Further, MTT assay of azurin-ELP d-bc in the cross-linked micelles prepared ex 

situ showed > six times higher killing of LNCaP cells than the unimeric form of azurin-ELP at 

5 µM concentration. The flow cytometric results of these micelles at 20 µM concentration 

showed, ~97 % LNCaP cells in apoptotic phase. Thus, azurin-ELP cross-linked micelles 

enhanced potential for anticancer therapy due to their higher avidity. 

Thus, in retrospect protein-engineered nanomedinces based on the recombinant proteins, 

azurin-ELP and his6EGFP-azu (80–128) were designed by fusing, an anticancer bacterial 

protein, azurin with a thermoresponsive structural protein, ELP and azurin’s peptide azu (80-

128) with fluorescent protein EGFP, respectively. The unique functions of both the components 

in the fusion systems aided in the nanoscale self-assembly of the recombinant proteins to 

achieve enhanced therapeutic effect along with real time imaging of the prostate cancer cells. 

The work collectively represents innovative approaches for targeting prostate cancer aiming to 

overcome the limitations associated with conventional approach. These findings contribute 
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valuable insights to the evolving field of protein-based nanotherapeutics and nanotheranostics 

with significant potential for precision cancer therapy. 
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सार 

प्रोसे्टट कैं सर में नैदाननक प्रगनि के बावजूद, आक्रामक रूपोों का शीघ्र पिा लगाना चुनौिीपूर्ण बना हुआ 

है। प्रोसे्टट नवनशष्ट एों टीजन (पीएसए) स्क्रीननोंग, उसके बाद बायोप्सी, मानक ननदान पद्धनि है। हालााँनक, 

पीएसए द्वारा अनि-पहचान और ननष्क्रिय और आक्रामक टू्यमर के बीच अोंिर करने में असमर्णिा के 

कारर् यह दृनष्टकोर् बानिि होिा है, नजससे अनावश्यक आक्रामक प्रनक्रयाएों  और अत्यनिक उपचार 

होिा है। प्रोसे्टट नवनशष्ट निल्ली एों टीजन (पीएसएमए), प्रोसे्टट कैं सर की आक्रामकिा से जुडा एक ऊिक 

आिाररि बायोमाकण र ने वादा नदखाया है, लेनकन अनिव्यष्क्रि में नवनवििा के कारर् नए बायोमाकण र की 

खोज की आवश्यकिा होिी है। सजणरी, रेनियोरे्रेपी, हामोनल रे्रेपी, कीमोरे्रेपी और इमू्यनोरे्रेपी जैसे 

उपचारोों ने मेटासै्टनटक प्रोसे्टट कैं सर के बोि को कम कर नदया है। बहरहाल, असोंवेदनशील और 

प्रनिरोिी टू्यमर की पुनरावृनि और नवकास जैसे अवाोंछनीय दुष्प्रिाव वैकष्क्रिक उपचार दृनष्टकोर् की 

खोज करना अननवायण बनािे हैं। 

पारोंपररक छोटे अरु्ओों वाली दवाओों की सीमाओों को दूर करने के नलए नवनिन्न प्रोटीनोों के नवनवि 

कायाणत्मक गुर्ोों का उपयोग करके प्रोटीन-आिाररि नैनोमेनिनसन कैं सर का पिा लगाने और उपचार में 

एक आशाजनक नवकि के रूप में उिरी है। पारोंपररक कीमोरे्रेपी के नवपरीि, प्रोटीन-आिाररि 

नैनोमेनिनसन सटीक लक्ष्यीकरर्, कम-लक्ष्य प्रिाव और बढी हुई नचनकत्सीय प्रिावकाररिा प्रदान करिी 

है। विणमान कायण में, प्रोसे्टट कैं सर प्रबोंिन के नलए आनुवोंनशक इोंजीननयररोंग के माध्यम से प्रोटीन के 

नवनिन्न वगण को सोंयुष्क्रिि करिे हुए नवीन नमनिि प्रोटीन इोंजीननयर नैनोमेनिनसन निजाइन नकए गए रे्। 

एररथ्रोपोइनटन-उत्पादक हेपैटोसेलुलर (ईएफ) ररसेप्टसण, ररसेप्टर टायरोनसन नकनेसेस का एक उपपररवार, 

कैं सर के नवकास और प्रगनि में महत्वपूर्ण िूनमका ननिािे हैं। इस प्रकार, कैं सर की प्रगनि के सार् उनकी 

असामान्य अनिव्यष्क्रि के कारर् इफ़्स प्रमुख कैं सर बायोमाकण र के रूप में उिरे हैं। सू्यिोमोनास 

एरुनगनोसा से अलग नकया गया एक जीवारु् प्रोटीन, अजुररन, ने एक िोंत्र के रूप में अपने सी-टनमणनल 

िोमेन के माध्यम से एफ़-एनिन नसग्ननलोंग को बानिि करके टू्यमर की प्रगनि को रोकने में अपनी क्षमिा 

का प्रदशणन नकया है। प्रोसे्टट कैं सर में, EphA6 ररसेप्टसण की अनिक अनिव्यष्क्रि प्रोसे्टट कैं सर मेटासे्टनसस 

से जुडी हुई है। इस प्रकार, पहली बार कोनशका सिह ररसेप्टर, EphA6 को इन नवटर ो अध्ययनोों में 

मेटासै्टनटक प्रोसे्टट कैं सर का पिा लगाने और सार् ही मारने के नलए एक नचनकत्सीय बायोमाकण र के रूप 

में खोजा गया है। नसनलको बाइोंनिोंग अध्ययनोों से पिा चला है नक सोंलयन प्रोटीन, his6EGFP-azu (80-

128) ने azu (80-128) पेप्टाइि के माध्यम से पारोंपररक एनिना नलगैंि की िुलना में EphA6 ररसेप्टर के 
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नलए उच्च बाध्यकारी सोंबोंि प्रदनशणि नकया है। नसनलको बाइोंनिोंग अध्ययनोों से पे्रररि होकर, एक नवीन 

पुनः  सोंयोजक प्रोटीन his6EGFP-azu (80-128) को निजाइन, क्लोन, व्यि और शुद्ध नकया गया र्ा। 

his6EGFP-azu (80-128) सोंलयन प्रोटीन, नैनोकर्ोों के रूप में स्विः  एकनत्रि होकर, प्रोसे्टट कैं सर 

कोनशकाओों (LNCaP) पर EphA6 ररसेप्टसण को प्रिावी ढोंग से लनक्षि करिा है और EphA6-नकारात्मक 

मानव सामान्य फेफडोों की कोनशकाओों (WI-38) को बख्शिे हुए उले्लखनीय इमेनजोंग क्षमिा, 

एों टीप्रोनलफेरेनटव, एपोप्टोनटक, एों टीमाइगे्रटरी और एों टी-इनवेनसव प्रिावोों का प्रदशणन करिा है।  

इसके अलावा, क्रॉस-नलोंक्ि एजुररन-ईएलपी नमसेल्स के रूप में नैनोनिलीवरी के माध्यम से अजुररन की 

नचनकत्सीय प्रिावकाररिा को बढाने के नलए, अजुररन से बना एक सोंलयन प्रोटीन और एक र्मणल 

प्रनिनक्रयाशील सोंरचनात्मक िनायननि इलाष्क्रस्टन-जैसे प्रोटीन (ईएलपी) को निजाइन, क्लोन, व्यि और 

शुद्ध नकया गया र्ा।  सोंलयन प्रोटीन अजुररन-ईएलपी िाइब्लॉक कॉपोलीमर (िी-बीसी) को शुद्ध करने 

के नलए वु्यत्क्रम सोंक्रमर् चक्र (आईटीसी) की एक सरल नवनि को ननयोनजि नकया गया र्ा। इसके 

अलावा, इसकी सेल्फ-असेंबली सोंपनियोों की जाोंच की गई। नदलचस्प बाि यह है नक बढिे िापमान के 

जवाब में इोंजीननयिण अजुररन-ईएलपी िी-बीसी जैव-कायाणत्मक नैनोस्टर क्चर में दोहरे चरर् चरर् 

पृर्क्करर् को दशाणिा है। शारीररक िापमान के आसपास अजुररन-ईएलपी िी-बीसी ने ष्क्रिर 

कोएसवेट्स का ननमाणर् नकया जो ऊष्मायन की एकाग्रिा और समय पर ननिणर र्ा। ये कोएसवेट शारीररक 

िापमान पर ईएलपी ब्लॉक के ननचले महत्वपूर्ण घुलनशीलिा िापमान (एलसीएसटी) से नीचे बने रे्। 

एलसीएसटी के ऊपर 25-30 एनएम आकार के नमसेल बनिे हैं। अजुररन-ईएलपी िी-बीसी की 

साइटोटॉष्क्रिनसटी गनिि कोएसवेट्स के आकार और शारीररक िापमान पर उनके सेलुलर अवशोषर् 

पर ननिणर करिी है। इसके अलावा, क्रॉस-नलोंक्ि नमसेलस िैयार पूवण सीटू में अजुररन-ईएलपी िी-बीसी 

के एमटीटी परख से पिा चला नक 5 µM साोंद्रिा पर अजुररन-ईएलपी के यूननमेररक रूप की िुलना में 

एलएनसीएपी कोनशकाओों की छह गुना अनिक हत्या हुई है। 20 µM साोंद्रिा पर इन नमसेलोों के प्रवाह 

साइटोमेनटर क पररर्ामोों से पिा चला, एपोप्टोनटक चरर् में ~97 % LNCaP कोनशकाएों । इस प्रकार, 

अजुररन-ईएलपी क्रॉस-नलोंक्ि नमसेलस ने अपनी उच्च अम्लिा के कारर् कैं सर रोिी नचनकत्सा की क्षमिा 

बढा दी। 

इस प्रकार, पुनः  सोंयोजक प्रोटीन पर आिाररि पुनः  सोंयोजक प्रोटीन इोंजीननयर नैनोमेनिनसन में, एजुररन-

ईएलपी और उसके (80-128) को फ़्यूनजोंग द्वारा निजाइन नकया गया र्ा, एक एों टीकैं सर बैक्टीररयल 

प्रोटीन, र्मोरेस्पॉष्क्रिव सोंरचनात्मक प्रोटीन के सार् एजुररन, ईएलपी और एजुररन के पेप्टाइि azu (80 -

128) क्रमशः  फ्लोरोसेंट प्रोटीन ईजीएफपी के सार्। सोंलयन प्रर्ानलयोों में दोनोों घटकोों के अनूिे कायों ने 
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प्रोसे्टट कैं सर कोनशकाओों की वास्तनवक समय इमेनजोंग के सार्-सार् उन्नि नचनकत्सीय प्रिाव प्राप्त करने 

के नलए पुनः  सोंयोजक प्रोटीन के नैनोसे्कल स्व-सोंयोजन में सहायिा की। यह कायण पारोंपररक दृनष्टकोर् 

से जुडी सीमाओों को दूर करने के उदे्दश्य से प्रोसे्टट कैं सर को लनक्षि करने के नलए सामूनहक रूप से 

नवीन दृनष्टकोर् का प्रनिनननित्व करिा है। ये ननष्कषण सटीक कैं सर रे्रेपी के नलए महत्वपूर्ण क्षमिा वाले 

प्रोटीन-आिाररि नैनोरे्रापू्यनटि और नैनोरे्रानोष्क्रस्टि के नवकनसि के्षत्र में मूल्यवान अोंिदृणनष्ट प्रदान 

करिे हैं। 
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