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Abstract 

Proteins are increasingly recognised as highly dynamic molecules that continuously 

communicate with their surrounding environment to execute their biological functions with 

precision and efficiency. What sets this thesis, Protein Dynamics, Energy Flow, and 

Aggregation Modulation in the Ultrafast Timescale, apart is its unified investigation of 

protein dynamics, by sequentially tracking how proteins fluctuate, reorganise, and respond to 

perturbations arising from a crowded milieu. A key focus lies in uncovering the driving force 

behind these dynamics and conformational fluctuations—specifically, how energy travels 

through protein frameworks and how this flow maintains a delicate balance between the 

internal cavity and the surrounding environment. Probing this balance clarifies why proteins 

remain stable and functional under physiological conditions and what triggers their transition 

toward aggregation when this equilibrium breaks down. The thesis further elucidates the 

mechanistic pathways through which small molecules modulate aggregation and mitigate the 

associated toxicity. Throughout, ultrafast spectroscopy serves as the central tool, capturing the 

earliest molecular events that ultimately shape long-term protein behaviour. 

Chapter 1, entitled Introduction, establishes the conceptual foundation of the thesis by 

discussing how protein dynamics underpin biological function and how these motions are 

influenced by macromolecular crowding. It highlights the roles of excluded-volume effects and 

soft interactions in reshaping conformational landscapes and altering protein behaviour in 

physiologically relevant environments. The chapter then introduces the concept of energy flow 

within proteins, explains its significance, and reviews key studies spanning heme systems, 

small peptides, and non-heme proteins to situate the present work within the broader field. A 

detailed description of protein aggregation, including its molecular steps, its contribution to 

various diseases, and current inhibition strategies, is provided, with special emphasis on the 

role of natural polyphenols and their ESIPT-based photophysical mechanisms. The chapter 

concludes with an overview of the six proteins investigated in this thesis, namely HSA (PDB: 

1AO6), BSA (PDB: 3VO3), β-Lactoglobulin (PDB: 2AKQ), Cytochrome c (PDB: 2B4Z), 

SOD1 (PDB: 1HL5), and the intrinsically disordered Huntingtin exon-1 mutant HD39Q. 

Chapter 2, entitled Materials and Methods,  lists all chemicals, proteins, ligands, and reagents 

used, and describes the recombinant expression and purification of the Huntingtin HD39Q 

mutant and SOD1 proteins. It outlines the use of UV–Vis spectroscopy for concentration 

measurements and binding studies, steady-state fluorescence instruments (FLS920 and 
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Fluoromax) for emission to explore global conformation and binding interactions, circular 

dichroism (CD) for secondary and tertiary structural intrusion, Raman spectroscopy for probing 

vibrational signatures, and the Ultrafast transient absorption setup for tracking excited state 

dynamics. Molecular docking procedures used to analyse ligand–protein interactions are also 

summarised. Together, these techniques provide a comprehensive framework for probing 

structure, dynamics, and interactions across all investigated systems. 

Chapter 3, entitled Bridging Soft Interaction and Excluded Volume in Crowded Milieu 

through Subtle Protein Dynamics, demonstrates how macromolecular crowding affects 

protein dynamics, revealing a transition from soft–interaction–dominated behaviour at low 

crowder concentrations to excluded–volume–dominated effects at higher ones. Using 

temperature-dependent measurements on human serum albumin (HSA), it is shown that both 

local and global protein motions are modulated by the nature and concentration of the crowders, 

with asymmetric domain responses that reveal a “bridging” regime largely independent of 

crowder identity. Interestingly, this study distinguishes between solvent-coupled and decoupled 

motions, indicating a heterogeneous dynamic landscape in crowded environments. Finally, it 

proposes a link between increased global stability and relaxed, finely tuned local dynamics, 

suggesting that crowding-induced stabilisation can paradoxically facilitate subtle internal 

fluctuations.  

Chapter 4, entitled Capturing Ultrafast Energy Flow of a Heme Protein in Crowded 

Milieu, reveals how macromolecular crowding alters the ultrafast relaxation pathways of the 

heme protein, Cytochrome c, by modulating the efficiency and directionality of energy 

dissipation. Using femtosecond transient absorption spectroscopy, the study shows that both 

through-space (ferric) energy transfer and methionine-rebinding (ferrous) kinetics channels are 

strongly solvent-coupled and exhibit pronounced slowing as crowding increases. The crowders 

induce microstructural organisation—mainly transient, cluster formation—around the protein, 

creating a heterogeneous environment that reshapes vibrational energy transport. This study 

demonstrates that synthetic crowders cause only modest delays, whereas protein-based 

crowders produce a significantly larger slowdown due to their more intimate and complex 

interactions with the protein surface, which disrupt the native hydrogen-bonding network of 

biological water. Together, these results demonstrate that the qualitative nature of the crowded 

environment, not just the degree of crowding, dictates how effectively energy migrates through 

the protein framework. 
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Chapter 5, entitled Dynamic Balance Between Solvent Shell and Protein Core: Ultrafast 

Hemin Dynamics Mapping Energy Flow in Non-Heme Proteins,  highlights how the 

interplay between the protein core and its surrounding solvent shell governs the energy flow in 

non-heme proteins through the relaxation of the excited hemin. Using femtosecond transient 

absorption spectroscopy, the study reveals that proteins with buried binding pockets, such as 

HSA, facilitate rapid sub-ps relaxation, whereas proteins with solvent-exposed pockets, like 

BSA and β-LG, display delayed dynamics extending into the nanosecond regime. These 

striking differences highlight how microenvironmental heterogeneity—particularly solvent 

accessibility, hydrophobicity, and local structural organisation—dictates the energy-dissipation 

pathways. The results demonstrate that the surrounding solvent often plays a louder, more 

decisive role than the protein core itself in controlling the fate of energy flow. 

Chapter 6, entitled Polyphenols at the Helm: Excited State Photophysics and Mechanistic 

Insights into Protein Aggregation Modulation through Ultrafast Studies, explores how 

natural polyphenols delay protein aggregation by mapping their excited-state behaviour. 

Ultrafast spectroscopy reveals ESIPT-driven and related photophysical pathways that dictate 

how polyphenols interact with early oligomeric species. A clear correlation emerges that 

polyphenols that bind strongly to the native protein exhibit weaker inhibition, whereas those 

that fail to bind tightly to the native state show markedly stronger aggregation suppression by 

targeting oligomers instead. These findings demonstrate how excited-state reactivity guides 

selective binding to aggregation-prone intermediates. Together, the chapter provides a 

mechanistic framework that links transient photophysics to the long-timescale modulation of 

protein aggregation, whether globular or intrinsically disordered. 

Chapter 7, entitled Conclusion and Future Scope, synthesises how ultrafast spectroscopy 

disentangles the combined influence of macromolecular crowding, solvent dynamics, and 

small-molecule modulators in regulating protein behaviour under physiologically relevant 

conditions. It highlights how crowding-driven soft interactions, heterogeneous caging, and 

solvent coupling collectively shape protein dynamics and energy flow, and ESIPT-mediated 

polyphenol activity modulate aggregation across diverse protein systems. The chapter proposes 

extending these insights to cofactor-containing proteins other than heme, probing LLPS-

induced heterogeneity using hemin as a microenvironmental reporter, and integrating ultrafast 

spectroscopy with in-cell measurements. Together, these future directions aim to achieve real-

time mapping of energy dissipation and aggregation pathways directly within living, crowded 

environments. 
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साराांश 

प्रोटीन को अत्यधिक गधिशील अणुओ ंके रूप में िेजी से पहचाना जा रहा है जो अपने जैधिक कार्यों को 

सटीकिा और दक्षिा के साथ धनष्पाधदि करने के धलए अपने आसपास के िािािरण के साथ धनरंिर संचार 

करिे हैं। इस शोि-प्रबंि, 'अल्ट्र ाफास्ट टाइमसे्कल में प्रोटीन गधिकी, ऊजाा प्रिाह और एकत्रीकरण 

मॉडुलन' को प्रोटीन गधिकी की एकीकृि जााँच द्वारा धिधशष्ट बनार्या गर्या है, जो क्रधमक रूप से र्यह पिा 

लगािा है धक प्रोटीन कैसे उिार-चढाि करिे हैं, पुनगाधिि होिे हैं और एक भीड़भाड़ िाले िािािरण से 

उत्पन्न होने िाले धिक्षोभो ंपर प्रधिधक्रर्या करिे हैं। मुख्य ध्यान इन गधिकी और संरूपणीर्य उिार-चढािो ं

के पीछे की पे्ररक शक्ति को उजागर करने पर है—धिशेष रूप से, कैसे ऊजाा प्रोटीन ढााँचो ंसे होकर गुजरिी 

है और कैसे र्यह प्रिाह आंिररक गुहा और आसपास के िािािरण के बीच एक नाजुक संिुलन बनाए 

रखिा है। इस संिुलन की जााँच र्यह स्पष्ट करिी है धक शारीररक पररक्तिधिर्यो ं में प्रोटीन क्तिर और 

धक्रर्याशील क्ो ंरहिे हैं और जब र्यह संिुलन टूट जािा है िो एकत्रीकरण की ओर उनके संक्रमण को क्ा 

पे्रररि करिा है। र्यह शोि-प्रबंि उन र्यांधत्रक मागों को और स्पष्ट करिा है धजनके माध्यम से छोटे अणु 

एकत्रीकरण को धनरं्यधत्रि करिे हैं और संबंधिि धिषाििा को कम करिे हैं। संपूणा प्रधक्रर्या में, अल्ट्र ाफास्ट 

से्पक्ट्र ोस्कोपी केन्द्रीर्य उपकरण के रूप में कार्या करिी है, जो प्रारंधभक आणधिक घटनाओ ंको पकड़िी 

है, जो अंििः  दीघाकाधलक प्रोटीन व्यिहार को आकार देिी हैं। 

 

अध्यार्य 1, धजसका शीषाक पररचय है, इस शोि-प्रबंि का िैचाररक आिार िाधपि करिा है धक प्रोटीन 

गधिकी जैधिक कार्या को कैसे आिार प्रदान करिी है और रे्य गधिर्यााँ िृहि् आणधिक संकुलन से कैसे 

प्रभाधिि होिी हैं। र्यह संरूपण पररदृश्ो ंको पुनः  आकार देने और शारीररक रूप से प्रासंधगक िािािरणो ं

में प्रोटीन व्यिहार को बदलने में बधहषृ्कि-आर्यिन प्रभािो ंऔर मृदु अंिः धक्रर्याओ ंकी भूधमकाओ ंपर 

प्रकाश डालिा है। इसके बाद, र्यह अध्यार्य प्रोटीन के भीिर ऊजाा प्रिाह की अििारणा का पररचर्य देिा 

है, इसके महत्व की व्याख्या करिा है, और हीम प्रणाधलर्यो,ं लघु पेप्टाइड्स और गैर-हीम प्रोटीनो ंपर धकए 

गए प्रमुख अध्यर्यनो ंकी समीक्षा करिा है िाधक ििामान कार्या को व्यापक के्षत्र में रखा जा सके। प्रोटीन 

एकत्रीकरण का धिसृ्ति धििरण, धजसमें इसके आणधिक चरण, धिधभन्न रोगो ंमें इसका र्योगदान और 

ििामान अिरोि रणनीधिर्यााँ शाधमल हैं, प्रदान धकर्या गर्या है, धजसमें प्राकृधिक पॉलीफेनोल्स की भूधमका 

और उनके ESIPT-आिाररि प्रकाशभौधिक िंत्रो ंपर धिशेष जोर धदर्या गर्या है। अध्यार्य का समापन इस 

थीधसस में जांचे गए छह प्रोटीनो ंके अिलोकन के साथ होिा है, अथााि् HSA (PDB: 1AO6), BSA (PDB: 
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3VO3), β-Lactoglobulin (PDB: 2AKQ), Cytochrome c (PDB: 2B4Z), SOD1 (PDB: 1HL5), 

और आंिररक रूप से अव्यिक्तिि Huntingtin exon-1 उत्पररििी HD39Q. 

 

अध्यार्य 2, धजसका शीषाक सामग्री और विवियााँ है, सभी प्ररु्यि रसार्यनो,ं प्रोटीनो,ं धलगैंडो ं और 

अधभकमाको ंकी सूची प्रदान करिा है, और हंधटंक्तटटन HD39Q उत्पररििी और SOD1 प्रोटीनो ंकी पुनः  

संर्योजक अधभव्यक्ति और शुक्तिकरण का िणान करिा इसमें सांद्रिा मापन और बंिन अध्यर्यन के धलए 

UV-Vis spectroscopy, िैधिक अनुरूपिा और बंिन अंिः धक्रर्याओ ंका पिा लगाने के धलए उत्सजान हेिु 

क्तिर-अििा प्रधिदीक्ति उपकरणो ं (FLS920 and Fluoromax), धद्विीर्यक और िृिीर्यक संरचनात्मक 

घुसपैि के धलए सकुा लर डाइक्रोइज़्म (CD), कंपन संकेिो ंकी जांच के धलए Raman spectroscopy, और 

उते्तधजि अििा गधिशीलिा पर नज़र रखने के धलए Ultrafast transient absorption सेटअप के उपर्योग 

की रूपरेखा दी गई है।  धलगैंड-प्रोटीन अंिः धक्रर्याओ ंका धिशे्लषण करने के धलए प्ररु्यि आणधिक डॉधकंग 

(Molecular docking) प्रधक्रर्याओ ं का भी सारांश धदर्या गर्या है। साथ में, रे्य िकनीकें  सभी जााँची गई 

प्रणाधलर्यो ंमें संरचना, गधिकी और अंिः धक्रर्याओ ंकी जााँच के धलए एक व्यापक ढााँचा प्रदान करिी हैं।  

 

अध्यार्य 3, धजसका शीषाक है सूक्ष्म प्रोटीन गविकी के माध्यम से भीड़ भरे िािािरण में मृदु अांिः विया 

और अपिवजिि आयिन को जोड़ना, र्यह दशाािा है धक िृहद आणधिक भीड़ प्रोटीन गधिकी को कैसे 

प्रभाधिि करिी है, िथा कम भीड़ सांद्रिा पर मृदु-अंिः धक्रर्या-प्रिान व्यिहार से लेकर उच्च सांद्रिा पर 

अपिधजाि-आर्यिन-प्रिान प्रभािो ंमें पररििान को प्रकट करिी है। मानि सीरम एल्ब्यूधमन (HSA) पर 

िापमान-धनभार मापो ंका उपर्योग करिे हुए, र्यह धदखार्या गर्या है धक िानीर्य और िैधिक दोनो ंप्रोटीन 

गधिर्यााँ भीड़ की प्रकृधि और सांद्रिा द्वारा धनरं्यधत्रि होिी हैं, धजसमें असमधमि डोमेन प्रधिधक्रर्याएाँ  होिी हैं 

जो एक "धिधजंग" व्यििा को प्रकट करिी हैं जो काफी हद िक भीड़ की पहचान से स्विंत्र होिी है। 

धदलचस्प बाि र्यह है धक र्यह अध्यर्यन धिलार्यक-रु्यक्तिि और अपरु्यक्तिि गधिर्यो ंके बीच अंिर करिा है, 

जो भीड़ भरे िािािरण में एक धिषम गधिशील पररदृश् का संकेि देिा है। 

 

अध्यार्य 4, धजसका शीषाक है भीड़ भरे िािािरण में एक हीम प्रोटीन के अल्ट्र ाफास्ट ऊजाि प्रिाह को 

कैप्चर करना, र्यह बिािा है धक मैक्रोमोधलकु्लर क्राउधडंग, ऊजाा अपव्यर्य की दक्षिा और धदशा को 

संशोधिि करके हीम प्रोटीन, Cytochrome c के अल्ट्र ाफास्ट धिश्राम मागों को कैसे बदल देिी है। 

फेमटोसेकंड क्षधणक अिशोषण से्पक्ट्र ोस्कोपी का उपर्योग करिे हुए, अध्यर्यन से पिा चलिा है धक 
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अंिररक्ष के माध्यम से (फेररक) ऊजाा हस्तांिरण और मेधथओधनन-रीबाइंधडंग (फेरस) कैनेटीक्स चैनल 

दोनो ंदृढिा से धिलार्यक-रु्यक्तिि होिे हैं और क्राउधडंग बढने पर स्पष्ट िीमापन प्रदधशाि करिे हैं। क्राउडर 

प्रोटीन के चारो ंओर सूक्ष्म संरचनात्मक संगिन—मुख्य रूप से क्षधणक, क्लस्टर गिन—को पे्रररि करिे हैं, 

धजससे एक धिषम िािािरण बनिा है जो कंपन ऊजाा पररिहन को नर्या रूप देिा है। र्यह अध्यर्यन दशाािा 

है धक धसंथेधटक क्राउडर केिल मामूली देरी का कारण बनिे हैं, जबधक प्रोटीन आिाररि क्राउडर प्रोटीन 

सिह के साथ अपनी अधिक घधनष्ठ और जधटल अंिः धक्रर्याओ ंके कारण काफी बड़ी मंदी पैदा करिे हैं, 

जो जैधिक जल के मूल हाइडर ोजन-बंिन नेटिका  को बाधिि करिे हैं। कुल धमलाकर, रे्य पररणाम दशाािे 

हैं धक भीड़ भरे िािािरण की गुणात्मक प्रकृधि, न धक केिल भीड़ की मात्रा, र्यह धनिााररि करिी है धक 

प्रोटीन ढांचे के माध्यम से ऊजाा धकिनी प्रभािी रूप से प्रिास करिी है। 

 

अध्यार्य 5, धजसका शीषाक है विलायक आिरण और प्रोटीन कोर के बीच गविशील सांिुलन: गैर-

हीम प्रोटीन में ऊजाि प्रिाह का अवि िीव्र हेवमन गविकी मानवचत्रण, इस बाि पर प्रकाश डालिा है 

धक प्रोटीन कोर और उसके आसपास के धिलार्यक आिरण के बीच परस्पर धक्रर्या उते्तधजि हेधमन के 

धशधथलन के माध्यम से गैर-हीम प्रोटीनो ंमें ऊजाा प्रिाह को कैसे धनरं्यधत्रि करिी है। फेमटोसेकंड क्षधणक 

अिशोषण से्पक्ट्र ोस्कोपी का उपर्योग करिे हुए, अध्यर्यन से पिा चलिा है धक दबे हुए बंिन पॉकेट्स िाले 

प्रोटीन, जैसे HSA, िीव्र उप-अिशोषण धशधथलन को सुगम बनािे हैं, जबधक धिलार्यक-उजागर पॉकेट्स 

िाले प्रोटीन, जैसे BSA और β-LG, नैनोसेकंड शासन िक धिस्ताररि धिलंधबि गधिशीलिा प्रदधशाि करिे 

हैं। रे्य उले्लखनीर्य अंिर इस बाि पर प्रकाश डालिे हैं धक कैसे सूक्ष्म-पर्याािरणीर्य धिधिििा—धिशेषकर 

धिलार्यक की सुगमिा, जलभीधि, और िानीर्य संरचनात्मक संगिन—ऊजाा-क्षर्य मागों को धनिााररि करिी 

है। पररणाम दशाािे हैं धक ऊजाा प्रिाह के भाग्य को धनरं्यधत्रि करने में आसपास का धिलार्यक अक्सर प्रोटीन 

कोर की िुलना में अधिक प्रभािशाली, अधिक धनणाार्यक भूधमका धनभािा है। 

 

अध्यार्य 6, धजसका शीषाक है हेल्म पर पॉलीफेनोल्स : अल्ट्र ाफास्ट अध्ययनो ां के माध्यम से प्रोटीन 

एकत्रीकरण मॉडू्यलेशन में उत्सावहि राज्य फोटोवफवजक्स और याांवत्रक अांिर्दिवि, र्यह पिा लगािा 

है धक प्राकृधिक पॉलीफेनोल्स अपने उते्तधजि-अििा व्यिहार का मानधचत्रण करके प्रोटीन एकत्रीकरण 

में देरी कैसे करिे हैं। अल्ट्र ाफास्ट से्पक्ट्र ोस्कोपी ईएसआईपीटी-चाधलि और संबंधिि फोटोधफधजकल 

मागों को प्रकट करिी है जो र्यह धनिााररि करिे हैं धक पॉलीफेनोल्स प्रारंधभक ओधलगोमेररक प्रजाधिर्यो ं

के साथ कैसे अंिः धक्रर्या करिे हैं। एक स्पष्ट सहसंबंि उभरिा है धक जो पॉलीफेनोल्स मूल प्रोटीन से 
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मजबूिी से बंििे हैं िे कमजोर अिरोि प्रदधशाि करिे हैं, जबधक जो मूल अििा से कसकर बंि नही ं

पािे हैं िे इसके बजार्य ओधलगोमसा को लधक्षि करके एकत्रीकरण दमन को स्पष्ट रूप से मजबूि धदखािे 

हैं। रे्य धनष्कषा दशाािे हैं धक कैसे उते्तधजि-अििा प्रधिधक्रर्याशीलिा एकत्रीकरण-प्रिण मध्यििी के धलए 

चर्यनात्मक बंिन को धनदेधशि करिी है। कुल धमलाकर, र्यह अध्यार्य एक र्यांधत्रक रूपरेखा प्रदान करिा 

है जो क्षधणक प्रकाशभौधिकी को प्रोटीन एकत्रीकरण के दीघा-काधलक मॉडू्यलेशन से जोड़िा है, चाहे 

िह गोलाकार हो र्या आंिररक रूप से अव्यिक्तिि। 

 

अध्यार्य 7, धजसका शीषाक है वनष्कर्ि और भविष्य का दायरा, र्यह संशे्लधषि करिा है धक कैसे 

अल्ट्र ाफास्ट से्पक्ट्र ोस्कोपी शारीररक रूप से प्रासंधगक पररक्तिधिर्यो ंमें प्रोटीन व्यिहार को धिधनर्यधमि 

करने में मैक्रोमॉधलकु्लर क्राउधडंग, धिलार्यक गधिकी और लघु-अणु मॉडू्यलेटर के संरु्यि प्रभाि को 

अलग करिी है। र्यह इस बाि पर प्रकाश डालिा है धक कैसे क्राउधडंग-चाधलि मृदु अंिः धक्रर्याएाँ , धिषमांगी 

केधजंग और धिलार्यक रु्यिन सामूधहक रूप से प्रोटीन गधिकी और ऊजाा प्रिाह को आकार देिे हैं, और 

ESIPT-मध्यि पॉलीफेनोल गधिधिधि धिधिि प्रोटीन प्रणाधलर्यो ंमें एकत्रीकरण को धनरं्यधत्रि करिी है। 

अध्यार्य इन अंिदृाधष्टर्यो ंको हीम के अलािा अन्य सहकारक-रु्यि प्रोटीनो ंिक धिस्ताररि करने, हेधमन 

को सूक्ष्म-पर्याािरणीर्य ररपोटार के रूप में उपर्योग करके LLPS-पे्रररि धिषमिा की जााँच करने, और 

अल्ट्र ाफास्ट से्पक्ट्र ोस्कोपी को कोधशका-अंिगाि मापो ंके साथ एकीकृि करने का प्रस्ताि करिा है। साथ 

में, इन भधिष्य की धदशाओ ंका उदे्दश् जीधिि, भीड़-भाड़ िाले िािािरणो ंमें सीिे ऊजाा अपव्यर्य और 

एकत्रीकरण मागों का िास्तधिक समर्य मानधचत्रण प्राि करना है। 
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is injected into the system via AZU (blue) and propagates 

along various possible pathways (grey arrows) to AHA 

(green), (B) Schematic structure of the chromophore in 

photoactive yellow protein (PYP), where IR pump and visible 

probe were used to investigate energy flow in PYP. 

13 

Figure 1.6 

(A) Schematic representation of the amyloid formation 

process according to the nucleation–conversion– 

polymerisation model, and (B) Schematic representation of 

the amyloid aggregation process.  

16 

Figure 1.7 Classification of polyphenols. 19 

Figure 1.8 

Schematic representation of the ESIPT process: (A) Ground-

state molecular arrangement showing the intramolecular 

hydrogen bond between the proton donor [D] and acceptor 

[A], (B) Simplified potential energy diagram illustrating the 

ESIPT reaction coordinate. GS and ES denote the ground and 

excited electronic states, respectively. The blue arrow 

20 
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indicates photoexcitation, while the red arrow represents 

Stokes-shifted emission from the excited keto tautomer. 

Figure 1.9 

Crystal structure of Human serum albumin (HSA) obtained 

from the Protein Data Bank (PDB: 1AO6). [Orange- Cystein-

34, Magenta-Tryptophan-214]. Image generated using 

PyMOL software. 

21 

Figure 1.10 

Crystal structure of Bovine serum albumin (BSA) obtained 

from the Protein Data Bank (PDB: 3VO3). [Magenta-

Tryptophan-134 and 214]. Image generated using PyMOL 

software. 

22 

Figure 1.11 

Crystal structure of Beta-lactoglobulin (β-LG) obtained from 

the Protein Data Bank (PDB: 2AKQ). [Magenta-Tryptophan-

19 and 61]. Image generated using PyMOL software. 

23 

Figure 1.12 

Crystal structure of Cytochrome c (Cyt c) obtained from the 

Protein Data Bank (PDB: 2B4Z). Image generated using 

PyMOL software. 

24 

Figure 1.13 

Crystal structure of Human Superoxide Dismutase 1 (SOD1) 

obtained from the Protein Data Bank (PDB: 1HL5). [Blue- 

Copper, Green-Zinc, Red- disulphide bond (Cys57-Cys146), 

Yellow-His-63]. Image generated using PyMOL software. 

25 

Figure 1.14 
Overview of this thesis, showing the four different domains 

of study. 
26 

Figure 2.1 
(A) Schematic of an absorption spectrometer, and (B) UV-Vis 

spectrophotometer (UV-2600, Shimadzu). 
48 

Figure 2.2 
(A) Jablonski diagram, and (B) Steady-state fluorimeter 

(FLS920, Edinburgh, UK). 
50 

Figure 2.3 Schematic representation of TCSPC instrumentation. 54 

Figure 2.4 
Time-correlated single photon count (TCSPC) [Fluo Time 

300, PicoQuant]. 
56 

Figure 2.5 

(A) Dependence of FRET efficiency on distance, (B) 

Simulated efficiency curve for Trp-CPM FRET pair, taking 

R0 ≈ 24 Å. 

57 
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Figure 2.6 
(A) Characteristic CD spectra of proteins, (B) Circular 

Dichroism (CD) spectrometer (MOS-500, Biologic,  France). 
59 

Figure 2.7 

(A) Schematic energy diagrams of Rayleigh, Stokes, and anti-

Stokes Raman scattering, (B) Raman spectrometer (Olympus 

XploRa BX41, Horiba). 

61 

Figure 2.8 

(A) Schematic of optical resonator, (B) Ground state 

absorption and spontaneous fluorescence emission spectra of 

Ti3+ ions embedded as impurities in a sapphire matrix 

[Ti3+:Al2O3]. 

63 

Figure 2.9 

(A) Time evolution of intensity of a modelocked laser, Time 

evolution of the electric field in a (B) free-running laser 

working in multimode regime, and  in a (C) modelocked laser. 

64 

Figure 2.10 
(A) Schematic of femtosecond laser generation, (B) Inner 

view of Astrella, laser powerhouse. 
65 

Figure 2.11 
(A) Intensity-dependent refractive index lens in an active 

medium, (B) Kerr lens amplitude modulation  
67 

Figure 2.12 Principle of chirped pulse amplification.  68 

Figure 2.13 

Optical alignment inside OPA, 1-Input beam, 2-PA2 pump 

beam, 3-WLG pump beam, 4-PA1 pump beam, 5-While light 

beam, 6-seed beam, 7-idler beam, 8-signal beam.  

72 

Figure 2.14 
(A) Femtosecond transient absorption spectrometer set up, 

(B) Tabletop view, image provided by Trokut Solutions. 
74 

Figure 2.15 

(A) Schematic representation of the major signal 

contributions of the transient absorption spectrum, (B) 

Energy-level representation of the transient absorption signal 

contributions. 

75 

Figure 3.1 

Representative time-resolved decays of CPM labeled HSA 

(CPM-HSA) at 25 °C in (A) Buffer and (B) Dextran 40, 100 

g/L. The corresponding time-resolved emission spectra in (C) 

Buffer and (D) Dextran 40, 100 g/L and the associated solvent 

correlation functions for (E) Buffer and (F) Dextran 40, 100 

g/L. 
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Figure 3.2 

Plot of average solvation time, <𝑠>, of CPM bound to HSA 

[A–H] and ANS bound to HSA [I–L] in the presence of 

varying concentrations of the crowders and at different 

temperatures as mentioned in the figure legend. (𝜆𝑒𝑥 = 405 

nm). 

90 

Figure 3.3 

Activation energy trends of (A) CPM bound HSA in high 

crowder concentration range up to 250 g/L at 50 g/L intervals; 

inset shows the low crowder concentration (0-50 g/L) at 5 g/L 

intervals, (B) ANS bound HSA in the crowder concentration 

range of 0-40 g/L, and (C) Trp fluorescence quenching of 

HSA (solid lines) and BSA (dotted lines) for 100 and 200 g/L 

of all crowders. (D) Histograms showing comparative 

activation energies of the two serum proteins. [Error 

propagation in 𝐸𝑎 for panels A and B has been carried out 

based on the experimental error values obtained in 𝑠  (5 %) 

and for panel (C), from the experimental errors obtained in 

𝐾𝐷 (4 %) and 0 (10 %)]. Protein image generated using 

PyMOL software. 

94 

Figure 3.4 

(A) Secondary structure of CPM labeled HSA (CPM-HSA) 

obtained at 5 ℃ in the presence of buffer and crowders (5 

g/L), as mentioned in the panels, with the data points in the 

CD spectra shown being an average of four independent scans 

(error bars not shown for clarity of data), (B) Thermal 

denaturation profile obtained by plotting ellipticity (mdeg) at 

222 nm as a function of temperature (℃) in the presence of 

buffer and crowders (5 g/L). 

96 

Figure 3.5 

Combined trends for the average solvation times of domain-I 

of HSA (CPM-HSA) as a function of crowder concentrations 

at different temperatures. The lines joining the points should 

be treated as visual aids. 

99 

Figure 3.6 

Histograms showing the difference in  activation energy 

values (∆𝐸𝑎) obtained from (A) Δ𝛦𝑎 =  𝛦𝑎
𝐶𝑃𝑀 −  𝐸𝑎

𝐴𝑁𝑆, where 

𝐸𝑎
𝐶𝑃𝑀 is the activation energy of solvation dynamics around 

102 
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CPM in domain I and 𝐸𝑎
𝐴𝑁𝑆 is that of ANS in subdomain IIA, 

both in the low crowder concentration range (0-40 g/L); (B) 

Δ𝛦𝑎
′ =  𝐸𝑎

𝐶𝑃𝑀′
− 𝐸𝑎

𝑞
, where 𝐸𝑎

𝐶𝑃𝑀′
 defines the activation 

energy of solvation dynamics around CPM in high crowder 

concentrations (100 and 200 g/L, as mentioned in the panel) 

and E𝑎
𝑞
 is the activation energy pertaining to the global motion 

of HSA. 

Figure 3.7 

(A-D) Changes in FRET efficiency between tryptophan 

(subdomain IIA) and CPM (domain I) of HSA as a function 

of temperature under buffer and crowding conditions (5, 45, 

and 100 g/L), (E) crystal structure of HSA, (F) Activation 

energy trends of FRET between domain I and II. Protein 

image generated using PyMOL software. 

104 

Figure 3.8 

Panels (A-D) showing activation energies of individual 

domains (blue -Domain I; green – Domain II); their 

summations (yellow); and FRET (red) in the presence of 

buffer and crowders (0, 5, and 45 g/L) as mentioned in the 

panels. For domain II, the activation energy at 40 g/L has been 

considered here 

106 

Figure 4.1 

(A) Ground state absorption spectra and (B) Steady state 

fluorescence spectra of ferric and ferrous Cytochrome c in 

buffer, Transient absorption spectra as a function of delay 

times (λ
pump

= 400 nm) of (C) ferric and (D) ferrous Cyt c in 

buffer (Inset of D: ESA band arising in the range 550-620 nm 

showing prominent blue shift as marked by the red arrow), 

Ultrafast transient kinetics of (E) ferric and (F) ferrous form, 

Decay associated spectra of (G) ferric and (H) ferrous Cyt c, 

(I) Through bond energy dissipation route comprising of 

covalently (yellow and red) and hydrogen (orange) bonded 

amino acids to the heme of Cyt c (PDB: 6FF5) and (J) 

Through space energy dissipation route comprising of Arg-38, 

Thr-40, Gly-41, Phe-46 (green) as reported by Bu et al. 

Protein images generated using PyMOL software. 
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Figure 4.2 

Time constants obtained from singular value decomposition 

(SVD) through global analyses of the transient absorption 

data for ferric (top panel, A-D) and ferrous (bottom panel, E-

H) Cyt c in buffer and in the presence of synthetic polymeric 

crowders, as mentioned at the top. 

122 

Figure 4.3 

Time constants obtained from singular value decomposition 

(SVD) through global analyses of the transient absorption 

data for ferric (top panel, A-C) and ferrous (bottom panel, D-

F) Cyt c in buffer and in the presence of synthetic monomeric 

crowders, as mentioned at the top. 

126 

Figure 4.4 

Time constants obtained from singular value decomposition 

(SVD) through global analyses of the transient absorption 

data for ferric (left panel, A-B) and ferrous (right panel, E-F) 

Cyt c in buffer and in the presence of protein crowders. 

Crystal Structures of (C) bovine serum albumin (PDB: 

3VO3), different colour codes specifying three different 

domains, and (D) β-Lactoglobulin (PDB: 2AKQ), different 

colour codes specifying secondary structural components (α-

helices, β-sheets, loops) and space-filling models indicating 

positions of Trp. Protein images generated using PyMOL 

software. 

129 

Figure 4.5 

𝜏4 and relative 𝜏4 plots of (A) ferric and (B) ferrous Cyt c in 

the presence of synthetic and protein-based crowders, and 

similar plots of (C) ferric and (D) ferrous forms in the 

presence of small molecule crowders. Ultrafast transient 

kinetics of ferric Cyt c probed at 600 nm in the presence of 

varying concentrations of (E) BSA and (F) β-LG. 

132 

Figure 5.1 

(A) Chemical structure of hemin chloride, drawn using 

ChemDraw. Ground state absorption spectra of Hemin in (B) 

different solvents and proteins, (C) Methanol-water mixture 

with increasing volume fraction of methanol (as mentioned in 

the legends) and (D) Plot of 𝐴400 𝐴360⁄  in both the binary 

mixtures of water with DMSO and methanol. 
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Figure 5.2 

Transient absorption spectra of hemin in (A) Buffer, (B) 

DMSO, (C) Methanol, (D) Single wavelength kinetics of 

hemin in different solvents, (𝜆𝑝robe = 540 𝑛𝑚), and time 

components of relaxation of hemin obtained from the global 

analyses in binary mixtures of (E) DMSO-water and (F) 

Methanol-water with increasing volume fraction of organic 

solvent (as mentioned in the legends) [𝜆𝑝𝑢𝑚𝑝 = 360 𝑛𝑚]. 

150 

Scheme 5.1 

Schematic representing relaxation pathways of hemin in two 

different solvents upon pumping at 360 nm [Hydrophilic 

aqueous environment favours Pathway-1 and Hydrophobic 

environment favours Pathway-2]. 

153 

Figure 5.3 

Time constants of relaxation of hemin in (A) SDS, (B) Brij 

35, and (C) CTAB. Time components (D) 𝜏1 and 𝜏2 and (E) 

𝜏3 of relaxation of hemin in AOT obtained from global 

analyses. 

158 

Figure 5.4 

(A) Plot of  𝐴400 𝐴360  ⁄ hemin bound to proteins, (B) 

Secondary structure of unbound and hemin-bound proteins 

obtained at 25 ℃ in the presence of buffer, (C) Steady-state 

fluorescence quenching of β-LG by hemin (𝜆𝑒𝑥/𝜆𝑒𝑚= 295 

nm/325 nm), (D) Number of binding sites of the proteins 

obtained from the plot of 𝑙𝑜𝑔(
𝐹0−𝐹

𝐹
) vs 𝑙𝑜𝑔[𝐻𝑒𝑚𝑖𝑛], (E) 

Transient absorption spectra of Hemin-HSA (1:2), (F) 

Overlapped single wavelength kinetics of the ESA bands at 

540 nm of hemin-bound proteins. 

163 

Figure 5.5 

Autodock molecular docking results of interaction between 

hemin ligand with (A) BSA, (B) HSA, and (C) β-LG using 

Discovery Studio and LigPlot software. 

166 

Figure 5.6 

Raman spectra of (A) hemin chloride, (B) hemin (black), BSA 

(red), and hemin-BSA complex (blue), (C) hemin (black), 

HSA (red), and hemin-HSA complex (blue) and (D) hemin 

(black), β-LG (red), and hemin- β-LG complex (blue), 

168 



XXV 
 

displaying various vibrational modes exciting using 785 nm 

laser. 

Figure 5.7 

Hydrogen-bonded energy dissipation route in (A) HSA 

comprising Val-293, Lys-195, Asn-295, and Arg-222 

(PDB:1AO6), (B) BSA comprising Lys-114, Lue-112, and 

Arg144 (PDB:4F5S), and (C) β-LG comprising Gln-5 and 

Thr-6 (PDB:2AKQ) (amino acids that are key contributors to 

energy flow shown in red). Hemin structure drawn using 

ChemDraw, protein images generated using PyMOL 

software. 

176 

Figure 6.1 

Ground state absorption spectra (A-C) [Inset: Chemical 

structures], Transient absorption spectra in ethanol (D-F), 

Single wavelength kinetics (G-I), and Timescales obtained 

from global analyses in organic solvents (J-L) of the 

polyphenol. Each column corresponds to a specific 

polyphenol, as mentioned at the top (of each column). 

191 

Scheme 6.1 

Schematics representing the relaxation pathways of  (A) 

Baicalein, (B) EGCG, and (C) Myricetin upon pumping at 

325, 290, and 375 nm, respectively. 

194 

Figure 6.2 

Ground state absorption spectra (A-C), Transient absorption 

spectra (D-F), and Single-wavelength kinetics (G-I) of 

Baicalein, EGCG, and Myricetin, respectively, in the presence 

of base. 

196 

Figure 6.3 

(A) Ground state absorption spectra and (B) Time constants 

of relaxation of Myricetin obtained from the single 

wavelength kinetics of the transient absorption spectra in the 

presence of surfactants with the respective concentrations (in 

mM) being mentioned against each, (C) Ground state 

absorption spectra and (D) Time constants of relaxation of 

Baicalein obtained from the global analysis of transient 

absorption spectra in reverse micelles with varying water pool 

(𝑤0). 
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Figure 6.4 

Ground state absorption spectra of (A) Baicalein (5 µM) with 

increasing concentrations of SOD1 from 0 to 30 µM, (B) 

EGCG (20 µM) with increasing concentrations of BSA from 

0 to 200 µM, and (C) Myricetin (10 µM) with increasing 

concentrations of Htt from 0 to 55 µM, Steady-state 

fluorescence quenching of (D) SOD1 (10 µM) with 

Myricetin, (E) BSA (10 µM) with EGCG, and (F) Htt (10 µM) 

with Baicalein (𝜆𝑒𝑥= 295 nm), (G) Number of binding sites 

and binding constants of the proteins obtained from the plot 

of 𝑙𝑜𝑔
𝐹0−𝐹

𝐹
 vs 𝑙𝑜𝑔[𝐵𝑎𝑖𝑐𝑎𝑙𝑒𝑖𝑛], Transient absorption spectra 

of (H) SOD1 with Baicalein (𝜆𝑝𝑢𝑚𝑝= 325 nm)and (I) Htt with 

Myricetin (𝜆𝑝𝑢𝑚𝑝= 375 nm), (J) Single wavelength kinetics 

of SOD1 with Baicalein probing at 480 nm, (K) Stacked 

correlation plots between ESIPT timescale (𝜏𝐸𝑆𝐼𝑃𝑇) and 

binding affinity (𝐾𝑎) for EGCG, Myricetin, and Baicalein, in 

the presence of native proteins as indicated. 

205 

Figure 6.5 

Thioflavin-T fluorescence aggregation kinetics of BSA (A, E, 

I), β-LG (B, F, J), Htt mutant (C, G, K) and SOD1 (D, H, L) 

protein in the presence of polyphenols. Aggregation kinetics 

of the proteins monitored via ThT fluorescence in the absence 

(control) and presence of increasing concentrations (25 μM, 

50 μM, 75 μM) of (A-D) Baicalein, (E-H) EGCG and (I-L) 

Myricetin. Arrows indicate shifts in half-time (𝑡1 2⁄ ) values 

relative to the control, illustrating delayed/facile aggregation 

onset and elongation. (Experiments were performed in 

triplicate, and the data are presented as mean ± standard 

deviation (n = 3). Error bars represent the standard deviation 

obtained from independent measurements.) 

207 

Figure 6.6 

Time constants of (A-D) Baicalein, (E-H) EGCG, and (I-L) 

Myricetin obtained from global analyses of transient 

absorption spectra, exciting at 325 nm, 290 nm and 375 nm 

respectively, in the presence of evolving aggregates of BSA 
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(A, E, I), β-LG (B, F, J), Htt mutant (C, G, K) and SOD1 (D, 

H, L). 

Figure 6.7 

(A) Variation in protein aggregation kinetics in the presence 

of polyphenols, (B) Variation in the change in ESIPT 

timescale of the polyphenols during the course of aggregation, 

(C) Binding constants (𝐾𝑎) of the polyphenols with native 

proteins. [𝛥𝑡1/2 = Delay in aggregation kinetics obtained from 

ThT Assay in hours, defined as the difference between the 

aggregation half-time of the protein in the presence and 

absence of the polyphenol, (Δ𝑡1 2⁄  = 𝑡1/2
𝑃𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙

− 𝑡1/2
𝐶𝑜𝑛𝑡𝑟𝑜𝑙),   

𝜏𝐸𝑆𝐼𝑃𝑇
𝑃𝑙𝑎𝑡𝑒𝑎𝑢 = ESIPT Timescale in ps  of the polyphenols in the 

plateau region, where protein aggregation has reached 

saturation, and  𝜏𝐸𝑆𝐼𝑃𝑇
0  = ESIPT Timescale in ps of the 

polyphenols before starting protein aggregation.] 

214 

Scheme 6.2 
Mechanistic approach of polyphenols towards interacting 

with native proteins and protein aggregates. 
218 

SI Figure 3.1 

Time-resolved normalised fluorescence decay profiles of 

ANS attached to subdomain-IIA measured by TCSPC using 

an excitation laser of 405 nm, showing the effect of 

temperature on blue (435 nm) and red end (555 nm) of 

emission wavelengths. 

247 

SI Figure 3.2 
Temperature dependence of solvation dynamics for CPM-34 

in HSA for different crowder concentrations. 
248 

SI Figure 3.3 
Temperature dependence of solvation dynamics for ANS in 

HSA for different crowder concentrations. 
248 

SI Figure 3.4 

Plot of linear fit of the solvation time of CPM in (A) Dextran 

40, (B) Dextran 70, (C) Ficoll 70 and (D) PEG 8 as a function 

of their concentration in the range of 40-50 g/L. (E) 

Histogram shows the slopes of the solvation time in the same 

range of crowder concentration. 

249 

SI Figure 3.5 

Temperature dependence of solvation dynamics- Arrhenius 

plots of ln(1/𝜏𝑠) against 1/T for CPM-34 in HSA for different 

crowder concentrations. 

249 



XXVIII 
 

SI Figure 3.6 

Temperature dependence of solvation dynamics- Arrhenius 

plots of ln(1/𝜏𝑠) against 1/T for ANS in HSA for different 

crowder concentrations. 

250 

SI Figure 3.7 
 

(A) Plot of linear fit of the activation energy as a function of 

crowder concentration in the range of 40-50 g/L. (B) 

Histogram shows the slopes of the activation energy in the 

same range of crowder concentration. Slopes of the activation 

energy of domain I in the presence of (C) Dextran 40, (D) 

Dextran 70, (E) Ficoll 70 and (F) PEG 8 in the concentration 

range of 0 - 250 g/L. 

251 

SI Figure 3.8 

Emission spectra of (A) HSA and (B) BSA at different 

acrylamide concentrations (0 to 0.5 M, at intervals of 0.1 M) 

at 25 ℃. (𝜆𝑒𝑥 = 295 nm, 𝜆𝑒𝑚 = 310 - 500 nm). 

252 

SI Figure 3.9 
Stern-Volmer plot of (A) HSA and (B) BSA as a function of 

quencher concentration, at different temperatures. 
252 

SI Figure 

3.10 
 

𝐾𝐷 plots for acrylamide-induced quenching of HSA as a 

function of temperature, at different concentrations of 

crowding agents as mentioned in the panels. 

253 

SI Figure 

3.11 

𝐾𝐷 plots for acrylamide-induced quenching of BSA as a 

function of temperature, at different concentrations of 

crowding agents as mentioned in the panels. 

253 

SI Figure 

3.12 

Changes in the secondary structure obtained under buffer and 

crowding conditions, (A) 25 g/L and (B) 50 g/L at 5 ℃, where 

the data points in CD spectra are shown as an average of four 

independent scans (error bars not shown for clarity of data). 

254 

SI Figure 

3.13 

Thermal melting point determination of HSA in (A) buffer 

and (B-D) 5 g/L of crowders from the plot of differential 

ellipticity vs temperature. 
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SI Figure 

3.14 
 

Thermal melting point determination of HSA in (A) buffer 

and (B-D) 25 g/L of crowders from the plot of differential 

ellipticity vs temperature. 
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SI Figure 

3.15 

Thermal melting point determination of HSA in (A) buffer 

and (B-D) 45 g/L of crowders from the plot of differential 

ellipticity vs temperature. 

255 

SI Figure 

3.16 

Changes in the tertiary structure of HSA obtained under (A) 

45 g/L and (B) 100 g/L crowding conditions at 5 ℃, where 

the data points in CD spectra are shown as an average of four 

independent scans (error bars not shown for clarity of data). 

256 

SI Figure 

3.17 
 

Normalised absorption spectra of the acceptor, 7-

diethylamino-3-(4/-maleimidylphenyl)-4-methylcoumarin 

(CPM), and emission spectrum of donor (Trp-214) in 

phosphate buffer. 

256 

SI Figure 

3.18 
 

Temperature dependence of the rate of FRET- Arrhenius plot 

of ln 𝑘𝐸𝑇 against 1/T of FRET between Trp-214 and CPM-34 

in the presence of different crowders. 

257 

SI Figure 

4.1.1 

Ground state absorption spectra of ferric Cytochrome c in the 

presence of (A) Dextran 40, (B) Ficoll 70, (C) PEG 8 and (D) 

Dextran 70 (Dashed arrow in blue indicating the pump 

wavelength 400 nm). 

281 

SI Figure 

4.1.2 

Ground state absorption spectra of ferrous Cytochrome c in 

the presence of (A) Dextran 40, (B) Ficoll 70, (C) PEG 8 and 

(D) Dextran 70 (Dashed arrow in blue indicating the pump 

wavelength 400 nm). 

281 

SI Figure 

4.1.3 

Ground state absorption spectra of ferric Cytochrome c in the 

presence of (A) Glucose, (B) Sucrose, and (C) Ethylene 

Glycol (Dashed arrow in blue indicating the pump wavelength 

400 nm). 

282 

SI Figure 

4.1.4 

Ground state absorption spectra of ferrous Cytochrome c in 

the presence of (A) Glucose, (B) Sucrose, and (C) Ethylene 

Glycol (Dashed arrow in blue indicating the pump wavelength 

400 nm). 
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SI Figure 

4.1.5 

Ground state absorption spectra of (A) ferric and (B) ferrous 

Cytochrome c in the presence of BSA as a crowder and (C) 

ferric and (D) ferrous Cyt c in the presence of β-LG as a 
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crowder (Dashed arrow in blue indicating the pump 

wavelength 400 nm). 

SI Figure 4.2 

Transient Absorption Spectra of Fe3+ cyt c in the presence of 

Crowders, (A-D) Dextran 40, (E-H) Ficoll 70, (I-L) PEG 8 

and (M-P) Dextran 70 at varying concentration from 50 to 

200 g/L. 

283 

SI Figure 4.3 

Single Wavelength Kinetics Spectra of Fe3+ cytochrome c 

probed at 600 nm in the presence of synthetic crowders, (A) 

Dextran 40, (B) Dextran 70, (C) Ficoll 70, (D) PEG 8, (E) 

Glucose, (F) Sucrose and (G) Ethylene glycol. 

284 

SI Figure 4.4 

Comparison of (i) ground state absorption spectra and DAS 

of excited state decay (𝜏1) of heme of (A) ferric, (B) ferrous 

in the buffer.  (ii)  transient absorption spectra at early time 

delay (0.15 ps) and DAS of 𝜏2 component for (C) ferric and 

(D) DAS of both 𝜏2 and 𝜏3 components for Ferrous. (iii)  

Methionine rebinding DAS (𝜏4) of ferrous with (E) 

Differential ground state absorption of ferric and ferrous and 

(F) Ground state absorption spectra of ferrous Cyt c in the 

buffer. 
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SI Figure 4.5 

Transient absorption spectra of (A) ferric and (B) ferrous Cyt 

c in buffer exhibiting vibrational cooling through spectral blue 

shift and narrowing of bands. 

286 

SI Figure 4.6 

Overlapped transient absorption decay of (A-J) ferric (435 

and 600 nm) and (K-T) ferrous Cyt c  (430 and 575 nm) in 

buffer and in the presence of PEG 8 [(B-F) and (L-O)] and 

BSA [(F-J) and (P-T)]. 

286 

SI Figure 4.7 

Normalised Decay Associated Spectra of ferric Cytochrome c 

in the presence of buffer, (A - D) PEG 8, (E - H) Ficoll 70, (I 

– L) Dextran 40 and (M - P) Dextran 70. 

287 

SI Figure 4.8 

Normalised Decay Associated Spectra of ferrous Cytochrome 

c in the presence of buffer, (A - D) PEG 8, (E - H) Ficoll 70, 

(I – L) Dextran 40 and (M - P) Dextran 70.  

287 



XXXI 
 

SI Figure 4.9 

Comparison of transient absorption spectra at early time delay 

(0.15 ps) and (i) DAS of 𝜏2 component for ferric (A-H), (ii) 

DAS of both 𝜏2 and 𝜏3 components for ferrous (I-L) 

Cytochrome c in the presence of crowders as mentioned at the 

top (concentrations as mentioned to the left of the figure 

panels). 

288 

SI Figure 

4.10 

Secondary structure of Fe3+ Cyt c obtained at 25 ℃ in the 

presence of buffer and synthetic polymeric crowders of (A) 

100 g/L, (B) 200 g/L and Fe2+ Cyt c in the presence of 

crowders of (C) 100 g/L, (D) 200 g/L. Active site structure of 

Fe3+ Cyt c in the presence of buffer and crowders of (E) 100 

g/L, (F) 200 g/L and Fe2+ Cyt c in the presence of crowders 

of (G) 100 g/L, (H) 200 g/L as mentioned in the panels, with 

the data points in the CD spectra shown being an average of 

four independent scans (error bars not shown for clarity of 

data). 

288 

SI Figure 

4.11 

Steady-state fluorescence spectra of ferric Cytochrome c (top 

panel) and ferrous Cytochrome c (bottom panel) in the 

presence of buffer and crowders. 

289 

SI Figure 

4.12 

Variation in 𝜏4 of ferric Cyt c as a function of crowder 

concentrations comparing the effects of (A) Glucose, Dextran 

40 and Dextran 70, (B) Sucrose and Ficoll 70, (C) Ethylene 

glycol and PEG 8 and the similar comparison of ferrous Cyt 

c comparing (D) Glucose, Dextran 40 and Dextran 70, (E) 

Sucrose and Ficoll 70, (F) Ethylene glycol and PEG 8. 

289 

SI Figure 

4.13 

Secondary structure of Fe3+ Cyt c obtained at 25 ℃ in the 

presence of buffer and small molecule crowders of (A) 100 

g/L, (B) 200 g/L and Fe2+ Cyt c in the presence of crowders 

of (C) 100 g/L, (D) 200 g/L. Active site structure of Fe3+ Cyt 

c in the presence of buffer and crowders of (E) 100 g/L, (F) 

200 g/L and Fe2+ Cyt c in the presence of crowders of (G) 100 

g/L, (H) 200 g/L as mentioned in the panels, with the data 

290 
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points in the CD spectra shown being an average of four 

independent scans (error bars not shown for clarity of data). 

SI Figure 

4.14 

Active site structure of Cyt c in the presence of buffer and 

protein-based crowders (BSA and β-LG) of (A) ferric and (B) 

ferrous form at 50 and100 g/L as mentioned in the panels, with 

the data points in the CD spectra shown being an average of 

four independent scans (error bars not shown for clarity of 

data). 

290 

SI Figure 

4.15 

Ground state absorption spectra of ferric Cytochrome c in the 

presence of (A) BSA and (B) β-LG as crowder (Dashed arrow 

in black indicating the shift in soret band as a function of 

crowder concentration) [Inset: Variation in absorbance of Q-

band]. 

291 

SI Figure 

4.16 

Comparison of (A) ground state absorption spectra of ferric 

Cyt c in buffer before and after exposure to pump laser and its 

chemically reduced form after 1 hour of laser exposure, (B) 

Transient absorption spectra of the ferric form at a later time 

delay of 20 ps with the difference in the ground state 

absorption spectra of both ferric and ferrous Cyt c. Panel B 

was used to calculate the quantum yield of photoreduction. 

291 

SI Figure 

4.17 

Comparison of the decay kinetics of ferric Cyt c probed at 600 

nm in the ambient and aerobic conditions in the presence of 

(A) buffer and (B-E) synthetic polymeric crowders (200 g/L) 

as mentioned.  

292 

SI Figure 

4.18 

Comparison of (A) ground state absorption spectra of ferrous 

Cyt c in buffer before and after exposure to pump laser and its 

oxidised form before laser exposure, (B) Transient absorption 

spectra of the ferrous form at a later time delay of 20 ps with 

the difference in the ground state absorption spectra of both 

ferric and ferrous Cyt c. Panel B was used to calculate the 

quantum yield of photooxidation. 

292 

SI Figure 

4.19 

(A) Variation in ground state bleach signal (ΔA at 530 nm) for 

ferric Cyt c in buffer (transient absorption spectra provided as 
293 
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inset) and (B) Transient kinetics probed at 600 nm as a 

function of increasing pump power. 

SI Figure 

4.20 

(A) Variation in ground state bleach signal (ΔA at 550 nm) for 

ferrous Cyt c in buffer (transient absorption spectra provided 

as inset) and (B) Transient kinetics probed at 575 nm as a 

function of increasing pump power. 

293 

SI Figure 5.1 

(A) Ground state absorption spectra of Hemin in a mixture of 

DMSO-water with increasing volume fraction of DMSO (as 

mentioned in the legends), Crystal structures of (B) β-

Lactoglobulin (PDB: 2AKQ), (C) Bovine serum albumin 

(PDB: 4F5S), (D) Human serum albumin (PDB: 1AO6) 

obtained from protein data bank. Protein images generated 

using PyMOL software. 

310 

SI Figure 5.2 

Overlapped single wavelength kinetics of the ESA bands at 

corresponding maxima of hemin in buffer, MeOH and DMSO 

(A-C). Normalised Decay-associated spectra of Hemin in (D) 

Buffer, (E) MeOH and (F) DMSO. 

311 

SI Figure 5.3 

Comparison of (i) transient absorption spectra (black curve) 

at early time delay (0.20 ps), (ii) DAS of 𝜏2  component (red 

curve) and (iii) ground state absorption spectra (blue curve) 

of hemin in (A) Methanol, (B) DMSO, and (C) Buffer. 

(Scaled by a factor for overlapping the spectra). 

311 

SI Figure 5.4  

Transient absorption spectra of hemin in binary mixture of 

DMSO and water as a function of increasing volume fraction 

of DMSO. (Volume fractions are mentioned in the figure 

panels, [A-F]). 

312 

SI Figure 5.5 

Transient absorption spectra of hemin in binary mixture of 

MeOH and water as a function of increasing volume fraction 

of MeOH. (Volume fractions are mentioned in the figure 

panels [A-I]). 

312 

SI Figure 5.6  

Single Wavelength Kinetics Spectra of hemin probed at 540-

580 nm in binary mixture of DMSO and water as a function 
313 
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of increasing volume fraction of DMSO. (Volume fractions 

are mentioned at the top of every figure, [A-F]). 

SI Figure 5.7 

Single Wavelength Kinetics Spectra of hemin probed at 540 

nm in binary mixture of MeOH and water as a function of 

increasing volume fraction of MeOH. (Volume fractions are 

mentioned at the top of every figure, [A-I]). 

313 

SI Figure 5.8 

Normalised Decay-associated spectra of hemin in binary 

mixture of DMSO and water as a function of increasing 

volume fraction of DMSO. (Volume fractions are mentioned 

at the top of every figure, [A-D]). 

314 

SI Figure 5.9  

Normalised Decay-associated spectra of hemin probed at 540 

nm in binary mixture of MeOH and water as a function of 

increasing volume fraction of MeOH. (Volume fractions are 

mentioned at the top of every figure, [A-F]). 

314 

SI Figure 

5.10 

(A) Chemical structures of the surfactants, SDS, CTAB, and 

Brij 35, drawn using ChemDraw, (B) Plot of 𝐴400 𝐴360⁄  of 

hemin in surfactants as a function of their concentration. 

Ground state absorption spectra of hemin in (C) SDS, (D) Brij 

35, and (E) CTAB (top panel), Transient absorption spectra 

of hemin in (F) SDS (20 mM), (G) Brij 35 (2 mM) and (H) 

CTAB (5 mM) (middle panel) at above CMC. 

315 

SI Figure 

5.11 

Transient absorption spectra of hemin in surfactants SDS (A-

F) as a function of its increasing concentration. 

(concentrations are mentioned at the top of every figure) 

(𝜆𝑝𝑢𝑚𝑝 = 360 𝑛𝑚). 

315 

SI Figure 

5.12 

Single Wavelength Kinetics Spectra of hemin probed at 525 

nm (A-F), and 660 nm (G-L) in surfactant SDS, as a function 

of its increasing concentration. (concentrations are mentioned 

at the top of every figure). 

316 

SI Figure 

5.13 

Decay-associated spectra of (A) 𝜏1, (B) 𝜏2, and (C) 𝜏3 of 

hemin in SDS as a function of their increasing concentration. 

(concentrations are mentioned in the legend). 

317 
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SI Figure 

5.14 

Transient absorption spectra of hemin in surfactants CTAB 

(A-D) and Brij 35 (E-H) as a function of their increasing 

concentration. (concentrations are mentioned at the top of 

every figure). (𝜆𝑝𝑢𝑚𝑝 = 360 𝑛𝑚) 

317 

SI Figure 

5.15  

Single Wavelength Kinetics Spectra of hemin in surfactants 

Brij 35 (A-F), and CTAB (G-L), probed at 520-530 nm and 

640-650 nm as a function of their increasing concentration. 

(concentrations are mentioned at the top of every figure). 

318 

SI Figure 

5.16 

Decay-associated spectra of 𝜏1, 𝜏2, and 𝜏3 of hemin in Brij 35 

(A-C, top panel) and CTAB (D-F, bottom panel) as a function 

of their increasing concentration. (concentrations are 

mentioned in the legend). 

318 

SI Figure 

5.17  

(A) Schematic of hemin in reverse micelle, (B) Plot of 

𝐴400 𝐴360⁄  of hemin in surfactants as a function 𝑤0values, 

(Inset: ground state absorption spectra of hemin in varying 

𝑤0), Transient absorption spectra of hemin in the reverse 

micelle of varying 𝑤0 from 4 to 28 (C-J). (𝑤0 are mentioned 

at the top of every figure) (𝜆𝑝𝑢𝑚𝑝 = 360 𝑛𝑚). 

319 

SI Figure 

5.18 

Single Wavelength Kinetics Spectra of hemin in reverse 

micelle of varying 𝑤0 from 4 to 28 [A-H], probed at 650 nm 

(𝑤0 are mentioned at the top of every figure). 

319 

SI Figure 

5.19 

Decay-associated spectra of 𝜏1, 𝜏2, and 𝜏3 of hemin in Brij 35 

(A-C, top panel) and CTAB (D-F, bottom panel) as a function 

of their increasing concentration. (concentrations are 

mentioned in the legend). 

320 

SI Figure 

5.20  

Ground state absorption spectra of hemin-protein complex 

increasing concentrations of (A) HSA, (B) BSA, and (C) β-

LG from 0.5 µM to 200 µM, keeping hemin concentration 

fixed at 20 µM. Changes in the secondary structure of (D) 

HSA, (E) BSA, and (F) β-LG upon hemin binding varying 

ration between the two, at 25 ℃ where the data points in CD 

spectra are shown as an average of four independent scans 

(error bars not shown for clarity of data).  
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SI Figure 

5.21  

(A) Steady-state fluorescence quenching of HSA (20 µM) 

with increasing hemin concentrations (𝜆𝑒𝑥= 295 nm), (B) 

Stern-Volmer Plot of all three proteins as a function of 

quencher concentration, Relative fluorescence, and lifetime 

plots of (C) β-LG (𝜆𝑒𝑥/𝜆𝑒𝑚= 295 nm / 327 nm), 𝜏0 = 1.27 ns 

(D) HSA (𝜆𝑒𝑥/𝜆𝑒𝑚= 295 nm / 337 nm), 𝜏0 = 5.86 ns  and (E) 

BSA (𝜆𝑒𝑥/𝜆𝑒𝑚= 295 nm / 341 nm), 𝜏0 = 6.13 ns as a function 

of increasing [Hemin]/[Protein], (F) Modified Lehrer’s plot to 

calculate the binding constant of hemin with proteins. [All the 

fluorescence lifetime decays were collected exciting by 268 

nm laser,  IRF = ~ 670 ps] 

321 

SI Figure 

5.22 

(A) Binding isotherm of hemin with the proteins, (B) double-

logarithmic plots of binding fraction and protein 

concentration obtained from UV-Vis titration data. 

321 

SI Figure 

5.23 

Transient absorption spectra of hemin bound to (A) BSA and 

(B) β-LG, pumping at 360 nm. 
322 

SI Figure 

5.24  

Single Wavelength Kinetics Spectra of hemin bound to HSA 

(1:2) probed at respective maxima of excited state absorption 

bands. 

322 

SI Figure 

5.25 

Normalised Decay-associated spectra of Hemin bound to (A) 

HSA, (B) BSA and (C) β-LG (top panel). Comparison of (i) 

transient absorption spectra (black curve) at early time delay 

(0.20 ps), (ii) DAS of 𝜏2 component (red curve) and (iii) 

ground state absorption spectra (blue curve) of hemin in (D) 

HSA, (E) BSA and (F) β-LG (middle panel). (Scaled by a 

factor for overlapping the spectra) and Comparison of (i) 

transient absorption spectra (black curve) at later time delay 

(30 ps), (ii) DAS of 𝜏3  component (red curve) of hemin in (G) 

Buffer, (H) BSA and (I) β-LG (bottom panel). 

323 

SI Figure 

5.26 

Single Wavelength Kinetics Spectra of hemin bound to BSA 

(A-C) and β-LG (D-F) (1:2) probed at respective maxima of 

excited state absorption bands. 

324 
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SI Figure 

5.27  

RMSD plot of (A) BSA, (B) HSA, and (C) β-LG (top panel), 

and potential energy curves of (D) BSA, (E) HSA, and (F) β-

LG, respectively (bottom panel). 

324 

SI Figure 

5.28 

Peaks obtained from Raman spectra of the aromatic amino 

acid residues, Phenyl alanine peaks at 1005 cm⁻¹ and 1030 

cm⁻¹ of (A) BSA, (B) HSA and (C) β-LG (top panel) and 

Tyrosine doublet peaks at ~820 cm⁻¹ and 850 cm⁻¹ of (D) 

BSA, (E) HSA and (F) β-LG in absence (Blue curve) and 

presence of hemin (Red curve) (bottom panel).  

325 

SI Figure 

5.29 

Comparison of ground state absorption spectra of hemin 

before and after exposure to pump laser and its chemically 

reduced form in (A) Buffer, (B) DMSO, and (C) HSA (top 

panel), Variation in ground state bleach signal (ΔA) for hemin 

at (D) 470 nm in buffer, (E) 500 nm in DMSO and (F) 600 

nm bound to HSA (transient absorption spectra provided as 

inset) and Transient kinetics probed at 540 nm as a function 

of increasing pump power after 1 hour of laser exposure in 

(G) Buffer, (H) DMSO and (I) HSA (bottom panel). 

325 

SI Figure 6.1 

(A) Steady-state fluorescence spectra of polyphenols in 

ethanol and chemical structures of (B) Baicalein, (C) EGCG 

and (D) Myricetin drawn using ChemDraw. 

352 

SI Figure 6.2 

Transient absorption spectra of (A, B) Baicalein, (C, D) 

EGCG, and (E, F) Myricetin in acetonitrile (A, C, E) and 

dimethylformamide (B, D, F), respectively. 

353 

SI Figure 6.3 

Single wavelength kinetics of the transient absorption spectra 

of (A, B) Baicalein, (C, D) EGCG, and (E, F) Myricetin in 

acetonitrile (A, C, E) and dimethylformamide (B, D, F), 

respectively. 

354 

SI Figure 6.4 

Decay-associated spectra obtained from global analysis of the 

transient absorption spectra of Baicalein in (A) EtOH, (B) 

ACN, and (C) DMF, EGCG in (D) EtOH, (E) ACN, and (F) 

DMF, and Myricetin in (G) EtOH, (H) ACN, and (I) DMF.  

355 
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SI Figure 6.5 

(A, E, I) Transient absorption spectra of EGCG, Baicalein and 

Myricetin in deuterated ethanol (EtOD). (B, F, J) 

Representative single-wavelength kinetics of the transient 

absorption spectra. (C, G, K) Overlapped normalised decay 

profiles in EtOH and EtOD showing isotope-dependent 

slowing of the fastest relaxation component. (D, H, L) 

Corresponding decay-associated spectra (DAS) obtained 

from global analysis. The identities of the polyphenols are 

indicated at the left of each row. 

356 

SI Figure 6.6 

(A) Chemical structure of DBU base, Crystal structures of (B) 

β-Lactoglobulin (PDB: 2AKQ), (C) Bovine serum albumin 

(PDB: 4F5S), (D) Superoxide dismutase 1 (PDB: 1HL5) 

obtained from the protein data bank. Protein images generated 

using PyMOL software. 

356 

SI Figure 6.7 

Transient absorption spectra of Myricetin in (A, B) Brij 35, 

(C, D) CTAB, and (E, F) SDS in Pre-CMC (left panel) and 

Post-CMC (right panel). 

357 

SI Figure 6.8 

Single wavelength kinetics of the transient absorption spectra 

of Myricetin in (A, B) Brij 35, (C, D) CTAB, and (E, F) SDS 

in Pre-CMC (left panel) and post-CMC (right panel). 

358 

SI Figure 6.9 

Transient absorption spectra (Top panel) of (A) Baicalein, (B) 

EGCG, (C) Myricetin, Single wavelength kinetics (middle 

panel) of (D) Baicalein, (E) EGCG, (F) Myricetin and Decay-

associated spectra (bottom panel) of (G) Baicalein, (H) 

EGCG, (I) Myricetin in buffer. 

359 

SI Figure 

6.10  

Ground state absorption spectra (top panel) of (A) Baicalein, 

(B) EGCG, and Time constants of relaxation obtained from 

the global analysis of transient absorption spectra (bottom 

panel) of (C) Baicalein and (D) EGCG in the presence of 

surfactants. 

360 

SI Figure 

6.11 

Transient absorption spectra of Baicalein in (A, B) Brij 35, 

(C, D) CTAB, and (E, F) SDS in Pre-CMC (left panel) and 

post-CMC (right panel). 

361 
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SI Figure 

6.12 

Single wavelength kinetics of the transient absorption spectra 

of Baicalein in (A, B) Brij 35, (C, D) CTAB, and (E, F) SDS 

in Pre-CMC (left panel) and post-CMC (right panel). 

362 

SI Figure 

6.13 

Transient absorption spectra of EGCG in (A, B) Brij 35, (C) 

CTAB, and (D, E) SDS in Pre-CMC (left panel) and post-

CMC (right panel). 

363 

SI Figure 

6.14 

Single wavelength kinetics of the transient absorption spectra 

of EGCG in (A, B) Brij 35, (C) CTAB, and (D, E) SDS in 

Pre-CMC (left panel) and post-CMC (right panel). 

364 

SI Figure 

6.15 

Ground state absorption spectra (top panel) of (A) Myricetin, 

(B) EGCG, and Time constants of relaxation obtained from 

the global analysis of transient absorption spectra (bottom 

panel) of (C) Myricetin and (D) EGCG in the presence of 

reverse micelles. 

365 

SI Figure 

6.16 

Transient absorption spectra of (A-D) Baicalein, (E-H) 

EGCG, and (I-L) Myricetin in reverse micelles with 

increasing 𝑤0 from 4 to 16. 

366 

SI Figure 

6.17 

Single wavelength kinetics of the transient absorption spectra 

of (A-D) Baicalein, (E-H) EGCG, and (I-L) Myricetin in 

reverse micelles with increasing 𝑤0 from 4 to 16. 

366 

SI Figure 

6.18 

Decay-associated spectra of (A-D) Baicalein, (E-H) EGCG, 

and (I-L) Myricetin in reverse micelles with increasing 𝑤0 

from 4 to 16. 

367 

SI Figure 

6.19 

Ground state absorption spectra of (A-C) Baicalein, (D-F) 

EGCG, and (G-I) Myricetin with increasing concentrations of 

BSA (A, G), and β-LG (B, D, H) from 0 to 200 µM, Htt (C, 

E) from 0 to 55 µM, and SOD1 (F, I) from 0 to 30 µM. 

367 

SI Figure 

6.20 

(A-D) Binding isotherm of polyphenols with the proteins, (E-

H) double-logarithmic plots of binding fraction and protein 

concentration obtained from UV-Vis titration data. 

368 

SI Figure 

6.21 

Steady-state fluorescence quenching of (A) BSA, (B) β-LG, 

and (C) SOD1 by Baicalein, of  (D) BSA, (E) β-LG, (F) Htt 
368 
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by Myricetin, and of (G) β-LG, (H) Htt, and (I) β-LG by 

EGCG (𝜆𝑒𝑥= 295 nm), keeping protein concentration 10 µM. 

SI Figure 

6.22 

Normalised absorption spectra of the acceptor, polyphenols 

(Baicalein, Myricetin and EGCG), and emission spectrum of 

donor (Trp) of BSA (A-C), β-LG (D-F), Htt mutant (G-I) and 

SOD1 (J-L) in phosphate buffer. 

369 

SI Figure 

6.23 

Number of binding sites and binding constants of the proteins 

with polyphenols obtained from the plot of 𝑙𝑜𝑔
𝐹0−𝐹

𝐹
 vs 

𝑙𝑜𝑔[𝑃𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙] of steady state fluorescence quenching. 

369 

SI Figure 

6.24 

Transient absorption data of (top panel) Baicalein bound (A) 

BSA (2:1), (B) β-LG (2:1), (C) Htt (3:1), and (D) SOD1 (3:1) 

[𝜆𝑝𝑢𝑚𝑝= 325 nm], (middle panel) EGCG bound to (E) BSA 

(2:1), (F) β-LG (2:1), (G) Htt (3:1), and (H) SOD1 (3:1) 

[𝜆𝑝𝑢𝑚𝑝= 290 nm], and (bottom panel) Myricetin bound (I) 

BSA (2:1), (J) β-LG (2:1), (K) Htt (3:1), and (L) SOD1 (3:1) 

[𝜆𝑝𝑢𝑚𝑝= 375 nm]. 

370 

SI Figure 

6.25 

Single wavelength kinetics of the transient absorption data of 

(top panel) Baicalein bound (A) BSA (2:1), (B) β-LG (2:1), 

(C) Htt (3:1), and (D) SOD1 (3:1) [𝜆𝑝𝑢𝑚𝑝= 325 nm], (middle 

panel) EGCG bound to (E) BSA (2:1), (F) β-LG (2:1), (G) 

Htt (3:1), and (H) SOD1 (3:1) [𝜆𝑝𝑢𝑚𝑝= 290 nm], and (bottom 

panel) Myricetin bound to (I) BSA (2:1), (J) β-LG (2:1), (K) 

Htt (3:1), and (L) SOD1 (3:1) [𝜆𝑝𝑢𝑚𝑝= 375 nm]. 

370 

SI Figure 

6.26 

Decay-associate spectra obtained from the global analysis of 

the transient absorption data of (top panel) Baicalein bound 

(A) BSA (2:1), (B) β-LG (2:1), (C) Htt (3:1), and (D) SOD1 

(3:1) [𝜆𝑝𝑢𝑚𝑝= 325 nm], (middle panel) EGCG bound to (E) 

BSA (2:1), (F) β-LG (2:1), (G) Htt (3:1), and (H) SOD1 (3:1) 

[𝜆𝑝𝑢𝑚𝑝= 290 nm], and (bottom panel) Myricetin bound (I) 

BSA (2:1), (J) β-LG (2:1), (K) Htt (3:1), and (L) SOD1 (3:1) 

[𝜆𝑝𝑢𝑚𝑝= 375 nm]. 
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SI Figure 

6.27 

(A–C) Decay-associated spectra (DAS) of the fastest 

component (𝜏1) for EGCG, Baicalein, and Myricetin in neat 

ethanol and protein environments, showing qualitative 

spectral similarity across conditions. (D–F) Overlapped 

normalised transient absorption kinetics at representative 

probe wavelengths, highlighting delayed early-time dynamics 

in proteins. (G–I) Extracted 𝜏1 values demonstrating 

systematic slowing of the fastest relaxation channel upon 

protein binding. 

371 

SI Figure 

6.28 

Changes in the secondary structure of (A, D, G) BSA, (B, E, 

H) β-LG, and (C, F, I) SOD1 upon polyphenol binding of 

varying ration between the two, at 25 ℃ where the data points 

in CD spectra are shown as an average of four independent 

scans (error bars not shown for clarity of data) 

372 

SI Figure 

6.29 

Emission spectra of Thioflavin-T, excited at 420 nm in the 

presence of evolving protein aggregates of (A-D) SOD1 and 

(E-H) Htt mutant with polyphenols. 

372 

SI Figure 

6.30 

Transient absorption spectra of (A–D) Baicalein, (E–H) 

EGCG, and (I–L) Myricetin recorded in the presence of 

evolving BSA aggregates. The time labels above each panel 

correspond to the incubation time during aggregation, 

representing different stages of the aggregation process. The 

spectra are shown as a function of increasing pump–probe 

delay time (colour gradient) and illustrate the evolution of 

ESIPT dynamics and subsequent excited-state relaxation 

during aggregation. 

373 

SI Figure 

6.31 

Single wavelength kinetics of the Transient absorption data of 

(A-G) Baicalein, (H-N) EGCG, and (O-U) Myricetin in the 

presence of evolving BSA aggregates. The time labels above 

each panel correspond to the incubation time during 

aggregation, representing different stages of the aggregation 

process. The kinetic profiles highlight aggregation-dependent 

374 
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changes in ESIPT relaxation time constants and excited-state 

decay components. 

SI Figure 

6.32 

Decay-associate spectra obtained from the global analysis of 

the transient absorption data of (A-G) Baicalein, (H-N) 

EGCG, and (O-U) Myricetin in the presence of evolving BSA 

aggregates. The time labels above each panel correspond to 

the incubation time during aggregation, representing different 

stages of the aggregation process. The extracted spectral 

components reveal aggregation-dependent variations in 

ESIPT-associated time constants and subsequent excited-state 

relaxation pathways, including proton transfer, vibrational 

cooling, and solvation dynamics. 
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Transient absorption data of (A-D) Baicalein, (E-H) EGCG, 

and (M-P) Myricetin recorded in the presence of evolving β-

LG aggregates. The time labels above each panel correspond 

to the incubation time during aggregation, representing 

different stages of the aggregation process. The spectra are 

shown as a function of increasing pump–probe delay time 

(colour gradient) and illustrate the evolution of ESIPT 

dynamics and subsequent excited-state relaxation during 

aggregation. 
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6.34 

Single wavelength kinetics of the Transient absorption data of 

(A-G) Baicalein, (H-M) EGCG, and (N-T) Myricetin in the 

presence of evolving β-LG aggregates. The time labels above 

each panel correspond to the incubation time during 

aggregation, representing different stages of the aggregation 

process. The kinetic profiles highlight aggregation-dependent 

changes in ESIPT relaxation time constants and excited-state 

decay components. 
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Decay-associate spectra obtained from the global analysis of 

the transient absorption data of (A-G) Baicalein, (H-M) 

EGCG, and (N-S) Myricetin in the presence of evolving β-

LG aggregates. The time labels above each panel correspond 
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to the incubation time during aggregation, representing 

different stages of the aggregation process. The extracted 

spectral components reveal aggregation-dependent variations 

in ESIPT-associated time constants and subsequent excited-

state relaxation pathways, including proton transfer, 

vibrational cooling, and solvation dynamics. 
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Transient absorption data of (A-F) Baicalein, (G-J) EGCG, 

and (K-P) Myricetin recorded in the presence of evolving Htt 

aggregates. The time labels above each panel correspond to 

the incubation time during aggregation, representing different 

stages of the aggregation process. The spectra are shown as a 

function of increasing pump–probe delay time (colour 

gradient) and illustrate the evolution of ESIPT dynamics and 

subsequent excited-state relaxation during aggregation. 
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Single wavelength kinetics of the Transient absorption data of 

(A-G) Baicalein, (H-K) EGCG, and (L-R) Myricetin in the 

presence of evolving Htt aggregates. The time labels above 

each panel correspond to the incubation time during 

aggregation, representing different stages of the aggregation 

process. The kinetic profiles highlight aggregation-dependent 

changes in ESIPT relaxation time constants and excited-state 

decay components. 
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6.38 

Decay-associate spectra obtained from the global analysis of 

the transient absorption data of (A-G) Baicalein, (H-K) 

EGCG, and (L-R) Myricetin in the presence of evolving Htt 

aggregates. The time labels above each panel correspond to 

the incubation time during aggregation, representing different 

stages of the aggregation process. The extracted spectral 

components reveal aggregation-dependent variations in 

ESIPT-associated time constants and subsequent excited-state 

relaxation pathways, including proton transfer, vibrational 

cooling, and solvation dynamics. 
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SI Figure 

6.39 

Transient absorption data of (A-F) Baicalein, (G-L) EGCG, 

and (M-R) Myricetin recorded in the presence of evolving 

SOD1 aggregates. The time labels above each panel 

correspond to the incubation time during aggregation, 

representing different stages of the aggregation process. The 

spectra are shown as a function of increasing pump–probe 

delay time (colour gradient) and illustrate the evolution of 

ESIPT dynamics and subsequent excited-state relaxation 

during aggregation. 
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SI Figure 

6.40 

Single wavelength kinetics of the Transient absorption data of 

(A-F) Baicalein, (G-L) EGCG, and (M-R) Myricetin in the 

presence of evolving SOD1 aggregates. The time labels above 

each panel correspond to the incubation time during 

aggregation, representing different stages of the aggregation 

process. The kinetic profiles highlight aggregation-dependent 

changes in ESIPT relaxation time constants and excited-state 

decay components. 
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SI Figure 

6.41 

Decay-associate spectra obtained from the global analysis of 

the transient absorption data of (A-E) Baicalein, (F-K) EGCG, 

and (L-Q) Myricetin in the presence of evolving SOD1 

aggregates. The time labels above each panel correspond to 

the incubation time during aggregation, representing different 

stages of the aggregation process. The extracted spectral 

components reveal aggregation-dependent variations in 

ESIPT-associated time constants and subsequent excited-state 

relaxation pathways, including proton transfer, vibrational 

cooling, and solvation dynamics. 
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