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Abstract 

Molecular insight of proteins is fundamental to comprehending the biophysical, chemical and 

physiological processes involved with life. Co-solutes (like ions) can modulate the biomolecular 

function, conformational stability and dynamical arrangements and also lead to pathologically 

imbalanced states or could induce diseases. In this thesis work, we focus on the intricate role of 

ions in shaping the structural stability of proteins and how they regulate the biophysical activities 

of these biomolecules. Additionally, we delve into the associated hydration dynamics, which often 

lead to malfunctions and various diseases. The thesis contains five articles, namely (i) Trivalent 

cation-induced phase separation in proteins: ion specific contribution in hydration also counts, (ii) 

Thermo-Resistive Phase Behavior of Trivalent Ion-Induced Microscopic Protein-Rich Phases: 

Correlating with Ion-Specific Protein Hydration, (iii) Lanthanides driven microphase behaviours 

of proteins: ions hydration matters, (iv) Ion-pairing Propensity in Guanidinium Salts Dictates Their 

Protein (De)Stabilization Behaviour  and (v) Thiocyanate ion (SCN-) offers a major impact in rapid 

protein amyloidosis: a salient role played by the protein solvation. Lanthanide (III) ions are found 

to induce microscopic phases (liquid–liquid phase separation (LLPS), re-entrant condensation) in 

negatively charged globular bovine serum albumin (BSA) proteins at ambient temperature which 

is contrasting as compared to mono- and di-valent cations. These ions also offer distinct signature 

at temperature above the melting temperature of BSA and retain structural integrity that is revealed 

by optical microscopy and turbidity measurements. Terahertz (THz) hydration studies clearly 

demonstrate that consideration of mere charge (+III in this case) on the metal ions is not sufficient 

to explain their behaviour towards proteins, ion-specific hydration should also play a key role in 

such multi-component system. Additionally, the thesis highlights the unique influence of 

guanidinium (Gdm) ions on protein stability, which varies depending on the counter ions. Through 

THz absorption spectroscopy, THz time domain spectroscopy, and simulation, the molecular 

mechanisms underlying this contrasting behavior are elucidated. Furthermore, the impact of SCN- 

ions on naturally occurring proteins (ovalbumin, bovine serum albumin, and lysozyme) is 

investigated, revealing four distinct fibrillar aggregates and demonstrating that the counter-cations 

(Na+ and Gdm+) play a pivotal role in shaping the final arrangements of mature fibrils. 
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Chapter 1 

1. Introduction 

Biological systems are hierarchically organized with some emergent properties. Eukaryotic 

unicellular organisms represent simpler systems that sustain life at the level of individual cells. 

However, multicellular organisms show hierarchically organized complexity in each level.1 

Biomolecules (proteins, nucleic acids, lipids, carbohydrates, metabolites etc.; scheme 1.1) are the 

fundamental organic compounds crucial for the maintenance and metabolic functions within these 

living organisms.2 These biomolecules are not only the 

building blocks of the cellular organelles, they are also 

essential for comprehending the biophysical, chemical and 

physiological processes involved in life.3, 4 Among the 

biomolecules, proteins have the most complexed three 

dimensional structure with diverse functionality. In a brief 

line, twenty natural amino acids are sequentially linked 

together by peptide bonds and form polypeptide chain which 

further thermodynamically stabilized to folded native 

conformation by different covalent (di-sulphide bonds) and non-covalent (H-bonds, electrostatics, 

van der Waals forces, etc.) interactions. In a cell, proteins are associated with cellular membranes, 

including the plasma membrane and internal organelle membranes (membrane proteins), and are 

also located within the nucleus (nuclear proteins), in cytoplasm (cytoplasmic proteins) and inside 

the both membrane-bound and membrane less organelles (organelle specific proteins). Cellular 

proteins contribute to structural support, enzymatic activities and cell signaling. Some proteins are 

also present outside the cell (extracellular proteins), play important role in intercellular 

communication and maintaining the integrity of tissues and organs.5 However, proteins are 

biologically active mostly in its native form and misfolding could often lead to malfunction and 

diseases.6 Therefore, a deep understanding of their conformational stability and dynamical 

arrangements helps to grasp how they maintain cellular equilibrium under healthy and pathological 

conditions. 
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The cellular organisms and body fluids (both intra- and extra-cellular fluids) consist of some 

substances that are known as “co-solutes” which have significant effects on the biomolecular 

structure, stability and function.7-9 Researchers found that the co-solutes like ions, sugars, polyols, 

osmolytes, crowders etc. can modulate the biomolecular activities and lead to pathologically 

imbalanced states or induce diseases.10-15 Among the co-solutes, ions have major contribution in 

interactions between biomolecules to support life. Ions belong to the fundamental charged particles 

in colloidal domain. Beyond non-specific coulombic interactions ions also offer specific effects on 

bio-macromolecular stability.16, 17 They, as co-solutes, are integral to numerous physiological 

processes, ranging from the fundamental cellular functions, nerve signaling, and muscle 

contraction to the maintenance of blood pressure, pH balance, and mineral homeostasis.18-20 Some 

metal (trace metal) ions are naturally abundant in biological systems and are essential nutrients 

which contribute to fundamental biological processes such as enzyme catalysis, oxygen transport, 

antioxidant defense, immune function, neurological activity, and growth and development.21-23 

Maintaining appropriate levels of these metals is essential for optimal health and well-being. In 

this age, technological progress and the surge in industrialization expand routes of exposure to 

toxic metals. Environmental pollution and occupational exposure (such as mining, smelting, 

welding, and manufacturing) lead to a range of adverse health effects.24, 25 Therefore, researchers 

gain interests in investigating the effects of ions at the molecular level. Accordingly, ions have 

been observed to play a key role in many biophysical processes involving proteins.26-28 Inorganic 

salts with metal cations offer intriguing protein phase behaviors depending on ions valency.29 

These phase behaviors encompass various microscopic phenomena, such as re-entrant 

condensation of globular proteins,30 liquid-liquid phase separation (LLPS),31  oligomerization32 as 

well as macroscopic phases like nucleation,33 fibrillation34 and cross-linked gelation.35 

Additionally, some bulky polyatomic positively charged ions (cations) act as chemical denaturants 

and mild stabilizer grouping with negatively charged ions (anions)36 and commonly used in 

biochemistry and molecular biology. Ion induced unfolding and/or misfolding of proteins can have 

significant impact on human health and could lead to the formation of toxic protein aggregates, 

contributing to neurodegenerative diseases.  

Water is the base medium of these types of protein aggregation as it is one of the major components 

of body fluids.37, 38 An unusual large dielectric constant is crucial for its solvent activity and a high 

melting and boiling points offers a wide temperature range over which it remains liquid.39 Life, as 
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we understand it, relies on water, or more specifically salty water40, 41 and that water molecules 

affect structure and dynamics of biomolecules within it.37, 41 The interactions between water and 

biomolecules are mostly through H-bond42 and long range Coulombic forces with polar or ionic 

surface residues and weak hydrophobic forces.43 In liquid phase, each water molecule generally 

possesses less than or equal to three H-bonds with the possibility one/two via hydrogen donating 

OH group and two/one via hydrogen acceptor a O atom.44 Such water structure is dynamic and 

from breaking to reforming of one H-bond between two neighboring water molecules takes place 

in picosecond (ps) timescale.45 This dynamic nature involves distinct intra- and inter-molecular 

vibrational modes of water; intramolecular OH bond stretching and bending occurs in 10 and 20 

femtoseconds (fs)46 whereas intermolecular H-bond stretching and bending vibrations have time 

period of 200 fs and 600-800 fs, respectively.46, 47 Again, intermolecular restricted rotation 

(libration) appears within tens to hundreds of fs time-scale in H-bonded environment.46 Water, at 

the immediate vicinity of a biomoleculer surface, has spatial arrangement than that in the bulk48, 

49 and such structural heterogeneity in the hydration layer is caused by H-bond and electrostatic 

interaction between the water molecules and the polar and/or charge moieties of the 

biomolecules.50 Such bound waters are termed as “biological water” or “hydration shell” and 

possess slower rotational and vibrational degrees of freedom with a concomitant increase in the H 

bond lifetime.51 Researchers have developed number of experimental methods to study the water 

structure and dynamics around biomolecules. Those experimental techniques give information 

from different view point like, nuclear magnetic resonance spectroscopy (NMR), neutron 

scattering, and infrared spectroscopy provide the dynamics of individual water molecules 

averaging over the collective response. Nuclear Overhauser effect (NOE) coupled NMR 

spectroscopy offer the hydration around biomolecules52, 53 in response of the long range dipolar 

coupling with the water molecules.54 Again, femtosecond pump probe spectroscopy is one of the 

powerful techniques that has been used to deploy the reorientation water dynamic around 

biomolecular surface.55 Some techniques including optical Kerr-effect (OKE)56 probe different 

collective dynamics of water molecules associated with the biomolecules; small angle X-ray 

scattering (SAXS) and small angle neutron scattering (SANS) can determine the radial distribution 

of counterion around biomolecules and can directly probe the hydration shell structure.57, 58 The 

displacement of individual hydrogen atom of water molecules and the translational and rotational 

dynamical motion of those molecules can be probed by incoherent elastic and quasi-elastic neutron 
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scattering (EINS and QENS) techniques.59 Another widely explored tool is time resolved 

fluorescence spectroscopy (both time correlated single photon counting and fluorescence up-

conversion spectroscopy)51, 60 which indirectly measures the water dynamics at the biomolecular 

local environment by externally employed fluorophore or by the intrinsic fluorophore present in 

the biomolecules (e.g. Trp (Tryptophan), 

Phe (Phenylalanine), Tyr (Tyrosine) 

residues present in the protein.51 All these 

techniques have their own advantages and 

restrictions. Recently, terahertz (THz) 

spectroscopy has emerged as a valuable 

tool for exploring the unique 

characteristics of water molecules within 

the THz region (0.3 THz to 22 THz), 

which lies between the microwave and infrared regions (scheme 1.2) of the electromagnetic 

spectrum (1THz = 1012 Hz = 1ps-1). THz spectroscopy captures ultrafast fluctuations in the 

collective dipole moment of water molecules. This technique enables direct investigation of the 

dynamical and structural responses, as well as the amplitudes of various collective water network 

motions, including translational, rotational diffusion, and librational motion around biomolecular 

surfaces.61-63 One of its main advantages is its label-free, non-invasive nature, with the low power 

of THz radiation (~4 meV) being insufficient to harm biomolecules. Despite our comprehensive 

understanding of the structure and dynamics of bulk water molecules, there remains a notable gap 

in studies concerning the behavior of water molecules buried within biomolecules or within the 

hydration shell surrounding them. 

The primary objective of this thesis is to explore various conformational stability of protein 

molecules and how their dynamical hydration shell picture is perturbed under different charged 

ionic environments using THz spectroscopy. Water molecules surround individual proteins, 

forming a structured hydration shell61 which influences the stability of the protein structure and 

the interactions between proteins.64 De-solvation of protein surface is an important factor in protein 

aggregation both in absence and in presence of co-solutes. Therefore, hydrophobic and hydrophilic 

interactions between water molecules on protein surface are crucial for determining protein 

conformation and aggregation propensity.65 As co-solute, different charged ions or salts have been 
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chosen to investigate the complex interactions between ions and proteins through the following 

studies: I. Trivalent cation-induced phase separation in proteins: ion specific contribution in 

hydration also counts; II. Thermo-Resistive Phase Behavior of Trivalent Ion-Induced Microscopic 

Protein-Rich Phases: Correlating with Ion-Specific Protein Hydration; III. Lanthanides driven 

microphase behaviours of proteins: ions hydration matters; IV. Ion-pairing Propensity in 

Guanidinium Salts Dictates Their Protein (De)Stabilization Behaviour; V. Thiocyanate ion (SCN-

) offers a major impact in rapid protein amyloidosis: a salient role played by the protein solvation. 

Throughout the thesis works, we characterize each protein-ion system using a range of 

spectroscopic techniques and detect the morphologies using some microscopic tools. UV-Visible 

spectroscopy is used to measure the turbidity of protein solutions. Dynamic light scattering 

spectroscopy (DLS) is utilized for the determination of size specifically hydrodynamic diameter 

of bare protein and protein in presence of different salts. Zetapotential measurement using the same 

tool provides the surface charge information of proteins. Steady-state and time resolved 

fluorescence spectroscopy help to probe the local environment of dye staffs in the different protein 

environments. The structural conformation of proteins has been studied using circular dichroism 

(CD) and mid-infrared FTIR techniques. Differential interference contrast (DIC) microscope, 

atomic force microscope (AFM) and field emission scanning electron microscope (FESEM) used 

to monitor morphology of different protein aggregates and to probe structural modifications i.e., 

analysis of height and length distributions. As hydration has an important role in protein 

conformational stability and functions, the thesis explores THz spectroscopy (both time domain 

THz spectroscopy and far infrared Fourier transform spectroscopy in the THz region) as a potential 

tool to probe the changes in collective (sub)ps hydrogen bond structure and dynamics of liquid 

water explicitly associated with the protein surface and of the ions water cage. 

This thesis consists of following chapters as described briefly: 

▪ Chapter 1 deals with the general introduction of biomolecules and how their structure and 

conformational stability are relevant to maintaining healthy life in presence of co-solutes, 

and the necessity of studying their physicochemical response using different spectroscopic 

techniques, especially the state of art THz spectroscopy to probe their hydration behavior. 

▪ Chapter 2 comprises of fundamental theories, mathematical models, and a description of 

the chemicals utilized in the thesis. Additionally, it delves into the operational principles of 
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the instrument and the analysis techniques employed to measure or derive the parameters 

outlined in this study. 

▪ Chapter 3 contains the details investigation of multivalent (specifically trivalent) metal 

ions induced microscopic liquid–liquid phase separation (LLPS) in negatively charged 

globular proteins. We experimentally investigate hydration alteration by FIR-THz 

absorption spectroscopy during the ion-mediated LLPS process in a model protein bovine 

serum albumin (BSA) at ambient temperature. We have used chloride salts of: Na+, K+, 

Ca2+, Mg2+, La3+, Y3+, Ho3+ and Al3+. We visually detect sample turbidity and measure size 

of the protein in absence and in presence of these salts using DLS technique. CD 

measurements confirm compact globular structure of BSA in LLPS state. We observe 

drastic inversion in the protein surface charge in presence of the trivalent salts. We clearly 

demonstrate that consideration of mere charge (III in this case) on the metal ions is not 

sufficient to explain their behaviour towards macromolecules, ion-specific hydrophilic 

hydration needs to count. 

▪ Chapter 4 explores whether trivalent lanthanide ion induced LLPS offer distinct signature 

at temperature above the melting temperature of the protein (T>TM). Optical microscopy 

and turbidity measurements unambiguously reveal that trivalent salt induced LLPS does 

retain their structural integrity while bare and mono- as well as bi-valent ions containing 

protein solutions do undergo conformational rupture followed by phase transition upon 

heating. We finally explore using THz spectroscopy that hydration differs as thermo-

sensitive systems undergo phase transition while M3+ containing systems retain it. 

▪ Chapter 5 reveals the effects of lanthanide ions on the phase behaviour of proteins beyond 

LLPS. We choose La3+, Nd3+, Gd3+, Ho3+ and Lu3+ ions and visualize the change of phases 

with addition of salt in the protein solution and illustrate in phase diagram. Phase diagrams 

are classified in three regimes; regime I (R1) and regime III (R3) are visually transparent 

whereas regime II signifies a turbid phase. The starting (C*) and the end (C**) points of 

regime II are the two critical concentrations and the middle point of that particular zone is 

depicted by Cm. Further, we characterize lanthanide-induced protein phases (protein 

homogeneous phase → turbid phase (metastable) → re-entrant to the homogeneous phase) 

by turbidity (absorption at 400 nm) measurements, zeta-potential measurements and DIC 

morphologies. Our findings reveal that these microscopic phase behaviors of proteins are 
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driven not only by changes in the protein surface charge potential but also by ion-protein 

hydration. 

▪ Chapter 6 covers the experimental validation of guanidinium (Gdm) salts induce 

contrasting effect on proteins depending on the counter ion(s). Through a combination of 

electrochemical impedance spectroscopy (EIS) and THz spectroscopy, we highlight the 

impact of GdmCl and Gdm2SO4 on a model amide molecule N-methyl acetamide (NMA). 

MD simulation studies predict that Gdm2SO4 forms hetero-ion pairing in water which 

inhibits Gdm+ ions to approach NMA molecules however in GdmCl, the Gdm+ ions directly 

interact with NMA. Our experimental results on ion hydration excellently corroborate this 

idea. 

▪ Chapter 7 describes the rapid protein amyloidosis of three naturally occurring proteins: 

ovalbumin (Ova), bovine serum albumin (BSA), and lysozyme (Lys) in presence of SCN- 

ions and investigate the alteration of water network during the fibrillation pathway. 

Amyloidosis is important in pathology as it is associated with many neurodegenerative 

diseases. The study observes that an elevated level of SCN- ions (~0.5 M) induces rapid 

fibrillization of these proteins at pH 2 and ambient temperature, a phenomenon not 

typically observed. Field emission scanning electron microscopy (FESEM) and atomic 

force microscopy (AFM) reveal two distinct initial amyloid-aggregated states: nuclei and 

protofibrils. After 24 hours of incubation, two mature fibril states emerge: a crosslinked 

network or matrix and bundle-like structures. Formation of these morphologies depends on 

the counterion: Na+ and guanidinium (Gdm+). We determine the protein and the salt 

hydration at different phases using THz-FTIR spectroscopy and the findings can be a 

potential foundation for future handling of amyloidosis. 

▪ Chapter 8 summarizes the key finding of chapter 3, 4, 5, 6 and 7. It also consists of some 

ideas of future research in this direction. 

1.I. References. 

1. Y. I. Wolf, M. I. Katsnelson and E. V. Koonin, Proc. Natl. Acad. Sci. U. S. A., 2018, 115, E8678-e8687. 
2. A. J. Bruce Alberts, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter., Molecular Biology 

of the Cell, Garland Science, New York, 4 edn., 2002. 
3. A. L. L. a. M. M. C. D. L. Nelson, Lehninger Principles of Biochemistry, W. H. Freeman, 2008. 
4. D. E. G. a. R. F. Goldberger, Molecular Insights Into the Living Process, Academic Press, 1967. 



Chapter 1: Introduction 
 

8 
 

5. K. Dzobo and C. Dandara, Biomimetics., 2023, 8, 146.6. F. Chiti and C. M. Dobson, Annu. Rev. 
Biochem., 2006, 75, 333-366. 

7. H. Cinar and R. Winter, Sci. Rep., 2020, 10, 17245. 
8. J. R. de Xammar Oro, J. Biol. Phys., 2001, 27, 73-79. 
9. B. Mateos, G. Bernardo-Seisdedos, V. Dietrich, N. Zalba, G. Ortega, F. Peccati, G. Jiménez-Osés, R. 

Konrat, M. Tollinger and O. Millet, Biophys. J., 2021, 120, 2067-2077. 
10. T. Fujii, P. Podbevšek, J. Plavec and N. Sugimoto, J. Inorg. Biochem., 2017, 166, 190-198. 
11. J. Li, J. Chen, L. An, X. Yuan and L. Yao, Commun. Biol., 2020, 3, 528. 
12. W. G. Lilyestrom, S. J. Shire and T. M. Scherer, J. Phys. Chem. B, 2012, 116, 9611-9618. 
13. P. Pyne and R. K. Mitra, J. Phys. Chem. Lett., 2022, 13, 931-938. 
14. M. Senske, D. Constantinescu-Aruxandei, M. Havenith, C. Herrmann, H. Weingärtner and S. 

Ebbinghaus, Phys. Chem. Chem. Phys., 2016, 18, 29698-29708. 
15. A. Tsoga, R. K. Richardson and E. R. Morris, Food Hydrocolloids, 2004, 18, 907-919. 
16. K. P. Gregory, G. R. Elliott, H. Robertson, A. Kumar, E. J. Wanless, G. B. Webber, V. S. J. Craig, G. G. 

Andersson and A. J. Page, Phys. Chem. Chem. Phys., 2022, 24, 12682-12718. 
17. P. Lo Nostro and B. W. Ninham, Chem. Rev., 2012, 112, 2286-2322. 
18. W. Aoi and Y. Marunaka, Biomed. Res. Int., 2014, 2014, 598986. 
19. K. Jomova, M. Makova, S. Y. Alomar, S. H. Alwasel, E. Nepovimova, K. Kuca, C. J. Rhodes and M. 

Valko, Chem. Biol. Interact., 2022, 367, 110173. 
20. U. K. Udensi and P. B. Tchounwou, Int. J. Clin. Exp. Physiol., 2017, 4, 111-122. 
21. N. R. C. U. C. o. D. a. Health., Diet and Health: Implications for Reducing Chronic Disease Risk., 

Washington (DC): National Academies Press (US), 1989. 
22. A. Mehri, Int. J. Prev. Med., 2020, 11, 2. 
23. E. A. B. Pajarillo, E. Lee and D. K. Kang, Anim. Nutr., 2021, 7, 750-761. 
24. J. Briffa, E. Sinagra and R. Blundell, Heliyon, 2020, 6, e04691. 
25. C. Nishida and K. Yatera, Int. J. Environ. Res. Public. Health., 2022, 19. 
26. R. L. Baldwin, Biophys. J., 1996, 71, 2056-2063. 
27. P. Jungwirth and P. S. Cremer, Nat. Chem., 2014, 6, 261-263. 
28. H. I. Okur, J. Hladílková, K. B. Rembert, Y. Cho, J. Heyda, J. Dzubiella, P. S. Cremer and P. Jungwirth, 

J. Phys. Chem. B, 2017, 121, 1997-2014. 
29. O. Matsarskaia, F. Roosen-Runge and F. Schreiber, ChemPhysChem, 2020, 21, 1742-1767. 
30. F. Zhang, M. W. A. Skoda, R. M. J. Jacobs, S. Zorn, R. A. Martin, C. M. Martin, G. F. Clark, S. Weggler, 

A. Hildebrandt, O. Kohlbacher and F. Schreiber, Phys. Rev. Lett., 2008, 101, 148101. 
31. F. Zhang, R. Roth, M. Wolf, F. Roosen-Runge, M. W. A. Skoda, R. M. J. Jacobs, M. Stzucki and F. 

Schreiber, Soft Matter, 2012, 8, 1313-1316. 
32. L. Xin, X. Duan and N. Liu, Nat. Comm., 2021, 12, 3207. 
33. W. F. Xue, Biophys. J., 2015, 109, 1999-2000. 
34. P. C. Ke, R. Zhou, L. C. Serpell, R. Riek, T. P. J. Knowles, H. A. Lashuel, E. Gazit, I. W. Hamley, T. P. 

Davis, M. Fändrich, D. E. Otzen, M. R. Chapman, C. M. Dobson, D. S. Eisenberg and R. Mezzenga, 
Chem. Soc. Rev., 2020, 49, 5473-5509. 

35. B. Li, K. Ren, Y. Wang, Y. Qi, X. Chen and Y. Huang, ACS Appl. Mater. Interfaces, 2016, 8, 30788-
30796. 

36. S. K. Jha and S. Marqusee, Proc. Natl. Acad. Sci. U.S.A., 2014, 111, 4856-4861. 
37. Y. Levy and J. N. Onuchic, Annu. Rev. Biophys. Biomol. Struct., 2006, 35, 389-415. 
38. G. M. Cooper, The Cell: A molecular approach, Oxford University press, U. S. A.: New York, 8 edn., 

2001. 
39. N. E. Levinger, Science, 2002, 298, 1722-1723. 
40. L. J. Rothschild and R. L. Mancinelli, Nature, 2001, 409, 1092-1101. 



Chapter 1: Introduction 
 

9 
 

41. P. Ball, Chem. Rev., 2008, 108, 74-108. 
42. E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C. Clary, R. H. Crabtree, J. 

J. Dannenberg and P. Hobza, Pure Appl. Chem., 2011, 83, 1619-1636. 
43. D. Chandler, Nature, 2005, 437, 640-647. 
44. D. Laage and J. T. Hynes, Science, 2006, 311, 832-835. 
45. T. Steinel, J. B. Asbury, J. Zheng and M. Fayer, J. Phys. Chem. A, 2004, 108, 10957-10964. 
46. D. Laage, T. Elsaesser and J. T. Hynes, Chem. Rev., 2017, 117, 10694-10725. 
47. C. Fecko, J. Eaves, J. Loparo, A. Tokmakoff and P. Geissler, Science, 2003, 301, 1698-1702. 
48. B. Bagchi, Chem. Rev., 2005, 105, 3197-3219. 
49. L. Fumagalli, A. Esfandiar, R. Fabregas, S. Hu, P. Ares, A. Janardanan, Q. Yang, B. Radha, T. Taniguchi 

and K. Watanabe, Science, 2018, 360, 1339-1342. 
50. B. Schneider, K. Patel and H. M. Berman, Biophys. J., 1998, 75, 2422-2434. 
51. S. K. Pal and A. H. Zewail, Chem. Rev., 2004, 104, 2099-2124. 
52. G. Otting, E. Liepinsh and K. Wüthrich, Science, 1991, 254, 974-980. 
53. E. Liepinsh, G. Otting and K. Wüthrich, Nucleic Acids Res., 1992, 20, 6549-6553. 
54. B. Halle, J. Chem. Phys., 2003, 119, 12372-12385. 
55. Z. Brotzakis, C. Groot, W. H. Brandeburgo, H. Bakker and P. Bolhuis, J. Phys. Chem. B, 2016, 120, 

4756-4766. 
56. Q. Zhong and J. T. Fourkas, J. Phys. Chem. B, 2008, 112, 15529-15539. 
57. S. A. Pabit, S. P. Meisburger, L. Li, J. M. Blose, C. D. Jones and L. Pollack, J. Am. Chem. Soc., 2010, 

132, 16334-16336. 
58. D. Svergun, S. Richard, M. Koch, Z. Sayers, S. Kuprin and G. Zaccai, Proc. Natl. Acad. Sci. U. S. A., 

1998, 95, 2267-2272. 
59. S. HsináChen, Faraday Discuss., 1996, 103, 281-294. 
60. S. K. Pal, J. Peon and A. H. Zewail, Proc. Natl. Acad. Sci. USA, 2002, 99, 1763-1768. 
61. S. Ebbinghaus, S. J. Kim, M. Heyden, X. Yu, U. Heugen, M. Gruebele, D. M. Leitner and M. Havenith, 

2007, 104, 20749-20752. 
62. M. Heyden, S. Ebbinghaus and M. Havenith, in Encycl. Anal. Chem., 2010. 
63. M. Heyden, J. Sun, S. Funkner, G. Mathias, H. Forbert, M. Havenith and D. Marx, Proc. Natl. Acad. 

Sci. U.S.A., 2010, 107, 12068-12073. 
64. H. Vondracek, J. Dielmann-Gessner, W. Lubitz, M. Knipp and M. Havenith, J. Chem. Phys., 2014, 

141, 22d534. 
65. B. Qiao, F. Jiménez-Ángeles, T. D. Nguyen and M. Olvera de la Cruz, Proc. Natl. Acad. Sci. U.S.A., 

2019, 116, 19274-19281. 



 

10 
 

Chapter 2 

2. Theories, Chemicals, Experimental instrumentations and 

Analyses 

2.I. Basic Theories. 

2.I.A. Protein surface charge density from Zeta potential. 

Zeta-potential (𝜁) measurements by Nano S Malvern instrument are mainly based on the basic 

mean-field approach of the Poisson-Boltzmann (PB) theory. The ion distribution around the 

dispersed charged object creates an electrostatic double layer (EDL), which is a reason for charge 

screening in electrolyte solutions, over the Debye screening length. 

The Debye Huckel parameter (𝜅) in m-1 is first calculated by,1 

𝜅 = √4𝜋𝜆𝐵𝑁𝐴 ∑ 𝑛𝑖𝑍𝑖
2

𝑖      (2.I.A1) 

with the Bjerrum length2 in m, 

𝜆𝐵 =
𝑒2

4𝜋𝜀0𝜀𝐻2𝑂𝑘𝐵𝑇
      (2.I.A2) 

Here, i-th number of ionic species are accounted with 𝑍𝑖 , valences and 𝑛𝑖, number concentration. 

𝑒 is the elementary charge, 𝑘𝐵𝑇 denotes the product of Boltzmann constant and absolute 

temperature. 𝜀0 and 𝜀𝐻2𝑂 are the vacuum dielectric permittivity and the total dielectric permittivity 

of water at the respective temperature.3 The value of 𝜀0and 𝜀𝐻2𝑂 are taken 8.85 ×

10−12𝐶2𝑁−1𝑚−2 and 80, respectively. 

Electrophoretic mobility 𝜇 of the charged colloidal particle with spherical in shape towards the 

oppositely charged electrodes under an external electric field relates to the measured 𝜁 by Henry’s 

equation,4 

𝜇 =
2

3

𝜀𝑟𝜀0

𝜂
𝜁𝑓(𝜅𝑎)      (2.I.A3) 

where 𝜂 is the viscosity of the medium and 𝑎 is the radius of the spherical particle. 
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Here we have measured the 𝜁 of BSA with 𝑎 value of 3.3 nm. The default Henry function 𝑓(𝜅𝑎) =

1.5 used in Zetasizer settings, which does not show the distinct effect on the investigated systems. 

Therefore, 𝑓(𝜅𝑎)can be calculated as given by Ohshima,5 

𝑓(𝜅𝑎) = 1 +
1

2
[1 + (

2.5

𝜅𝑎[1+2𝑒𝑥𝑝(−𝜅𝑎)]
)]

−3

   (2.I.A4) 

To get the corrected zeta-potential (𝜁𝑐𝑜𝑟𝑟), 𝜁 for each system was multiplied by its corresponding 

calculated 𝑓(𝜅𝑎) value. Then 𝜁𝑐𝑜𝑟𝑟 was multiplying with 
𝑒

𝑘𝐵𝑇
 to rescale it as to 𝜁∗.6 

The surface charge density of BSA protein, 𝜎 (𝐶/𝑚2), was obtained by,7 

𝜎 =
𝜀0𝜀𝐻2𝑂𝜅𝑘𝐵𝑇

𝑒
(2𝑠𝑖𝑛ℎ (

𝜁∗

2
) + (

4

(𝜅𝑎)
𝑡𝑎𝑛ℎ (

𝜁∗

4
)))   (2.I.A5) 

2.I.B. Dielectric polarization: theory behind the use of Debye model. 

Dielectric relaxation is a phenomenon essential to understand the polarization of a dielectric 

material changes over time in response to an applied electric field.8 In the thesis work, we use the 

terahertz (THz) time domain technique which helps to measure the dielectric relaxation of 

collective water dipoles under THz electric field.9 Here the time or frequency domain response of 

the water dipoles or free charges with electric field variation measures polarization that is the 

orientation of the dipoles or the charges in the system and provides a dimensionless quantity, the 

complex dielectric constant. This phenomenon is characterized by a relaxation time, which 

represents the time it takes for the polarization to reach equilibrium after the removal of the electric 

field. A brief discussion (detail is found elsewhere8) about the basic principle of dielectric 

polarization is discussed in the following section. 

Dielectric polarization (linear) in static electric field: Polarization (𝑃⃗ ) is well described as the 

dipole moment < 𝑀⃗⃗ > (ensemble average) per unit volume of the sample. 

𝑃⃗ =
<𝑀⃗⃗ >

𝑉
     (2.I.B1) 

The macroscopic dipole moment arises due to the charge displacement within the dielectric 

materials in an external electric field (𝐸⃗ ). If the external electric field applied to an isotropic and 
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uniform dielectric material of dielectric susceptibility 𝜒 is static, then the collective polarization 

can be explained as,  

𝑃⃗ = 𝜀0𝜒𝐸⃗      (2.I.B2) 

where 𝜀0 is the dielectric permittivity of the free space (8.85 × 10−12𝐶2𝑁−1𝑚−2).  

The electric displacement vector (𝐷⃗⃗ ) can be written in terms of polarization by the following 

relation, 

𝐷⃗⃗ = 𝜀0𝐸⃗ + 𝑃⃗ = 𝜀0(1 + 𝜒)𝐸⃗ = 𝜀𝐸⃗   (2.I.B3) 

ε is the permittivity of the material as the relative dielectric permittivity or dielectric constant (a 

dimensionless quantity) is defined as, 𝜀𝑟 =
𝜀

𝜀0
= 1 + 𝜒.  

Dielectric polarization also depends on the frequency of the applied electric field. Total 

polarization is additive of the polarization arises from three different types of mechanisms in 

different frequency regions; termed as: i) Ionic polarization (𝑃⃗ 𝑖) in , ii) Orientation or dipolar 

rotation polarization (𝑃⃗ 𝑜), iii) Deformation (Atomic (𝑃⃗ 𝑎) and Electronic (𝑃⃗ 𝑒)) polarization. 

Now, total polarization is 𝑃⃗ = 𝑃⃗⃗ 𝑜 + 𝑃⃗⃗ 𝑎 + 𝑃⃗⃗ 𝑒 + 𝑃⃗⃗ 𝑖. 𝑃⃗  also, can be written as the sum of induced 

dipole polarization (𝑃⃗ 𝛼) and permanent dipole polarization (𝑃⃗ 𝜇). 

Therefore,                                        𝑃⃗ 𝛼 + 𝑃⃗ 𝜇 = 𝜀0(𝜀𝑟 − 1)𝐸⃗⃗     (2.I.B4) 

In polar dielectrics, individual molecules inherently possess a permanent dipole moment, even 

without an external electric field. However, nonpolar dielectrics lack a dipole moment unless 

subjected to an electric field. The long range of dipolar forces makes precise calculation of 

interactions among dipoles (within a sample) highly complex. A reasonable approximation can be 

achieved by treating dipoles beyond a certain distance as a continuum with macroscopic dielectric 

properties. Considering a continuum with a dielectric constant 𝜀∞, within which point dipoles with 

a moment μd are embedded then we can express the induced polarization as, 

𝑃⃗ 𝛼 = 𝜀0(𝜀∞ − 1)𝐸⃗⃗     (2.I.B5) 

And dipole polarization (𝑃⃗ 𝜇) can be written as follows, 
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𝑃⃗ 𝜇 =
<𝑀⃗⃗ 𝑑>

𝑉
=

∑ (𝜇⃗⃗ 𝑑)𝑖𝑖

𝑉
    (2.I.B6) 

Dielectric polarization (linear) in time dependent electric field: In dynamic scenarios, when a 

time-dependent electric field is introduced, the molecules within the material require some time to 

reach a stable polarization state. This differs from the static case, where polarization instantly 

aligns with the applied field. The time-dependent displacement vector, proportional to the time-

dependent applied electric field, can be expressed as follows: 

𝐸⃗ ∗(𝑡) = 𝐸0𝑒
𝑖𝜔𝑡     (2.I.B7) 

𝐷⃗⃗ ∗(𝑡) = 𝐷0𝑒
𝑖(𝜔𝑡−𝛿(𝜔))    (2.I.B8) 

where 𝛿(𝜔) is the phase difference between the 𝐸⃗  and 𝐷⃗⃗ . In line with the relationship (𝐷⃗⃗ = 𝜀𝐸⃗ ) 

observed in the static case, in dynamic scenarios, we can introduce a complex frequency-dependent 

dielectric permittivity to express this relationship as, 

𝜀∗(𝜔) =
𝐷0

𝐸0
𝑒−𝑖𝛿(𝜔)     (2.I.B9) 

By using Euler’s relations, 𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔)    (2.I.B10) 

where 𝜀′(𝜔) =
𝐷0(𝜔)

𝐸0(𝜔)
cos[𝛿(𝜔)], 𝜀′′(𝜔) =

𝐷0(𝜔)

𝐸0(𝜔)
sin[𝛿(𝜔)], 𝐷0(𝜔) = 𝐸0(𝜔)√𝜀′(𝜔)2 + 𝜀′′(𝜔)2 

and tan[𝛿(𝜔)] =
𝜀′′(𝜔)

𝜀′(𝜔)
. 

Origin of Debye relaxation model: When the time dependent field is suddenly removed the 

relaxation function or decay function of the dielectric polarization is given by, 

𝜙(𝑡) =
𝑃⃗ (𝑡)

𝑃⃗ (0)
      (2.I.B11) 

where 𝑃⃗ (𝑡) is the time dependent polarization decay vector.  

Therefore, time dependent displacement vector can be written like, 𝐷⃗⃗ (𝑡) = 𝜀0𝐸⃗ (𝑡) + 𝑃⃗ (𝑡). The 

polarization of a material cannot instantaneously respond to an external electric field, its response 

depends on the characteristics of the material. A more general formulation of 𝑃⃗ (𝑡) is provided as 

follows: 
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𝑃⃗ (𝑡) = 𝜀0 ∫ Φ(𝑡′)
𝑡

−∞
𝐸⃗ (𝑡 − 𝑡′)𝑑𝑡′   (2.I.B12) 

𝐷⃗⃗ (𝑡) = 𝜀0[𝜀∞𝐸⃗ (𝑡) + ∫ Φ(𝑡′)
𝑡

−∞
𝐸⃗ (𝑡 − 𝑡′)𝑑𝑡′] (2.I.B13) 

where Φ(t) is the dielectric response function of the material, Φ(t) = (𝜀𝑠 − 𝜀∞)/[1 − φ(t)]. 𝜀𝑠 

and 𝜀∞ are the dielectric permittivity at very low and high frequency, respectively. The relationship 

between the frequency-dependent complex permittivity (𝜀∗(𝜔)) and the time derivative of the 

relaxation function is established via Laplace transformation,10 

𝜀∗(𝜔)−𝜀∞

𝜀𝑠−𝜀∞
= 𝐿̂[−

𝑑

𝑑𝑡
φ(t)]     (2.I.B14) 

where 𝐿̂ is the Laplace operator, which is defined for the arbitrary time dependent function f(t) as, 

𝐿̂[𝑓(𝑡)] ≡ 𝐹(𝜔) = ∫ 𝑒−𝑝𝑡𝑓(𝑡)𝑑𝑡
∞

0
   (2.I.B15) 

where 𝑝 = 𝑥 + 𝑖𝜔 and 𝑥 → 0. 

Equation 2.I.B14 gives equivalent information on dielectric relaxation properties of the sample 

both in frequency domain and time domain measurements. Consequently, dielectric response can 

be experimentally determined as a function of either frequency or time. It provides data in the form 

of a dielectric spectrum 𝜀∗(𝜔) or the macroscopic relaxation function φ(t). For instance, 

neglecting inertia effects we assume that the change of the polarization is directly proportional to 

its actual value (only in first order), 

𝑑𝑃⃗ (𝑡)

𝑑𝑡
= −

1

𝜏𝐷
𝑃⃗ (𝑡)     (2.I.B16) 

where 𝜏𝐷 indicates the relaxation time. The macroscopic relaxation function follows a simple 

exponential law, 

φ(t) = exp (−
𝑡

𝜏𝐷
)      (2.I.B17) 

Equation 2.I.B15 and 2.I.B17 give rise to the following relation, 

𝜀∗(𝜔)−𝜀∞

𝜀𝑠−𝜀∞
=

1

1+𝑖𝜔𝜏𝐷
     (2.I.B18) 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1+𝑖𝜔𝜏𝐷
     (2.I.B19) 
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This is referred to as the Debye relaxation model for frequency-dependent dielectric permittivity. 

However, it's rare for this relaxation behavior to precisely match experimentally measured 

dielectric data. While the Debye conjecture is simple and elegant, in many instances, a 

superposition of multiple Debye functions with varying relaxation times must be employed. This 

approach considers both the dispersion (real part) and the loss factors (imaginary contribution) in 

terms of, 

𝜀′(𝜔) = 𝜀∞ +
𝜀−𝜀∞

1+𝜔2𝜏𝐷
2    (2.I.B20) 

𝜀′′(𝜔) = 𝜔𝜏
𝜀−𝜀∞

1+𝜔2𝜏𝐷
2     (2.I.B21) 

The real part exhibits a monotonically decreasing trend, whereas the imaginary part reaches a 

maximum at 𝜔 =
1

𝜏𝐷
. 

2.I.C. Quantum mechanical approach to determine the isotropic absorption 

coefficient in the far-IR (THz) window. 

As mentioned earlier (Introduction section), THz absorption spectroscopy has emerged as a 

potential tool to probe the changes in the ultrafast fluctuations of water collective dipole moments11 

and any change of water network structure at biomolecular surface offers contrasting features 

compared to bulk water.12 Lineshape computation of the THz spectra depends on the assumption 

that the Thz field (external field) employed to probe the system is only weakly coupled to the 

system itself.13  

Here, we employ a two-state model within the framework of quantum mechanics to assess how 

the absorption coefficient of molecules depends on their dipole moments.13 Let H0 denotes the 

Hamiltonian of the unperturbed time-independent system, initially in the state 𝜓𝑖 with energy 𝐸𝑖. 

The molecules can transit from the initial state to the final state 𝜓𝑓 (with energy 𝐸𝑓) upon 

interacting weekly with an external electric field of frequency ω (≈
𝐸𝑓−𝐸𝑖

ℎ
). A monochromatic field 

can be described as 𝐸⃗ (𝑡) = 𝜖𝐸0𝑐𝑜𝑠𝜔𝑡. where 𝜖 is the unit vector that defines the direction of the 

incident radiation. 
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If the wavelength of the light is much larger than the molecular dimension, the interaction between 

the molecule and the light can be written as:  

𝑉̂(𝑡) = −𝜇̂ . 𝐸⃗ (𝑡)     (2.I.C1) 

where 𝜇̂ is the dipole moment operator relates with the collective dipole moment of the system. 

Now, we can write the total Hamiltonian of the system as 𝐻 = 𝐻0 + 𝑉̂(𝑡), where the explicit time 

dependence is due to the oscillatory external field, and not to the operator itself (Schrödinger 

picture) 

Therefore, the transition probability from 𝜓𝑖 to 𝜓𝑓 (according to the time dependent perturbation 

theory) is 

𝑃𝑖𝑓(𝜔) =
1

ℏ2 | ∫ < 𝜓𝑓|𝑉̂(𝑡)|𝜓𝑖 > 𝑒𝑖𝜔𝑓𝑖𝑡𝑑𝑡|
∞

0

2
   (2.I.C2) 

Here we can apply the Fermi Golden rule as IR light source excites vibrational states and these 

states are almost continuum 

𝑃𝑖𝑓(𝜔) =
𝜋𝐸0

2

2ℏ2 | < 𝜓𝑓|𝜖𝜇̂|𝜓𝑖 > |2[𝛿(𝜔𝑓𝑖 + 𝜔) + 𝛿(𝜔𝑓𝑖 − 𝜔)]  (2.I.C3) 

As the 𝛿 term corresponds to energy conservation, to prevent energy loss, 𝛿(𝜔𝑓𝑖 + 𝜔) will be 

invalid, and equation (2.I.C3) leads to 

𝑃𝑖𝑓(𝜔) =
𝜋𝐸0

2

2ℏ2 | < 𝜓𝑓|𝜖𝜇̂|𝜓𝑖 > |2[𝛿(𝜔𝑓𝑖 − 𝜔)]     (2.I.C4) 

The transition rate for all molecules is given by the average of 𝑃𝑖𝑓(𝜔) over the initial state. 

Therefore, for a canonical ensemble, the average transition rate is 

𝑃(𝜔) =
𝜋𝐸0

2

2ℏ2
∑ 𝜌𝑖| < 𝜓𝑓|𝜖𝜇̂|𝜓𝑖 > |2[𝛿(𝜔𝑓𝑖 − 𝜔)]𝑖      (2.I.C5) 

where 𝜌𝑖(=
𝑒−𝛽𝐸𝑖

𝑇𝑟(𝑒−𝛽𝐻0)
) is the density matrix eigenvalue. 

Now, we can switch to interaction picture from the Schrödinger picture as 

𝑃(𝜔) =
𝐸0

2

4ℏ2
∫𝑑𝑡 ∑𝜌𝑖 < 𝜓𝑖|𝜖𝜇̂|𝜓𝑓 >< 𝜓𝑓|𝜖𝜇̂|𝜓𝑖 >

𝑖

𝑒𝑖(𝜔𝑓𝑖−𝜔)𝑡 
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⟹ 𝑃(𝜔) =
𝐸0

2

4ℏ2 ∫𝑑𝑡 𝑒−𝑖𝜔𝑡 ∑ 𝜌𝑖 < 𝜓𝑖|𝜖𝜇̂|𝜓𝑓 >< 𝜓𝑓|𝜖𝜇̂|𝜓𝑖 >𝑖   (2.I.C6) 

Now, they form a complete basis of Hilbert space as 𝜓𝑓 is the eigenstate of unperturbed 

Hamiltonian. Therefore, the closure relationship |𝜓𝑓 >< 𝜓𝑓| = 𝕝 (𝕝 is the identity operator) holds 

good and the equation (2.I.C6) reduces to, 

𝑃(𝜔) =
𝐸0

2

4ℏ2 ∫𝑑𝑡 𝑒−𝑖𝜔𝑡 ∑ 𝜌𝑖 < 𝜓𝑖|𝜖𝜇̂(0)𝜖𝜇̂(𝑡)|𝜓𝑖 >𝑖    (2.I.C7) 

Finally, putting the value of 𝜌𝑖 and summing over we get an equilibrium ensemble average 

𝑃(𝜔) =
1

3

𝐸0
2

4ℏ2 ∫𝑑𝑡 𝑒−𝑖𝜔𝑡 ∑ < 𝜇̂(0)𝜇̂(𝑡) >𝑖      (2.I.C8) 

The "1/3" term arises from considering an isotropic system, where the response is independent of 

the direction of the radiation. 

Another case that may arise is for 𝜔 < 0; in this scenario, 𝛿(𝜔𝑓𝑖 − 𝜔) will be invalid. Physically, 

this case implies an emission process, and the transition rate for such a process can be recalculated 

by replacing 𝜓𝑖 to 𝜓𝑓 and interchanging the indices 𝑖 to 𝑓 in equation (2.I.C5) (when the system 

is in thermal equilibrium), 

𝑃(−𝜔) =
𝜋𝐸0

2

2ℏ2 𝑒−𝛽ℏ𝜔 ∑ 𝜌𝑖| < 𝜓𝑖|𝜖𝜇̂|𝜓𝑓 > |2[𝛿(𝜔𝑓𝑖 − 𝜔)]𝑖,𝑓 = 𝑒−𝛽ℏ𝜔𝑃(𝜔)   (2.I.C9) 

[As 𝜌𝑓 =
𝑒

−𝛽𝐸𝑓

𝑇𝑟(𝑒−𝛽𝐻0)
=

𝑒−𝛽(𝐸𝑖+ℏ𝜔)

𝑇𝑟(𝑒−𝛽𝐻0)
= 𝜌𝑖𝑒

−𝛽ℏ𝜔] 

Therefore, net energy absorbed per unit time, Π(𝜔) = ℏ𝜔[𝑃(𝜔) − 𝑃(−𝜔)] 

⇒ Π(𝜔) =  
𝐸0

2

12ℏ
∫𝑑𝑡 𝑒−𝑖𝜔𝑡 < 𝜇̂(0)𝜇̂(𝑡) > (1 − 𝑒−𝛽ℏ𝜔)    (2.I.C10) 

Now the absorption coefficient can be estimated as α(𝜔) =
Π(𝜔)

𝑉|𝑆|
 , where V is the volume of the 

system, and |S| the magnitude of the incident flux of the radiation, the Poynting vector. 

Putting the value of Poynting vector, |S| and assuming (1 − 𝑒−𝛽ℏ𝜔) ≈ 𝛽ℏ𝜔, we finally get,  

α(𝜔) =
1

4𝜋𝜀0

2𝛽𝜔2𝜋

3𝑉𝑐𝑛(𝜔)
∫𝑑𝑡𝑒−𝑖𝜔𝑡 < 𝜇̂(0)𝜇̂(𝑡) >  (2.I.C11) 
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Hence, equation (2.I.C11) establishes a direct correlation between the absorption coefficient 

(measured directly from THz spectroscopy) and the collective dipole moment of the sample. 

2.I.D. How THz absorption co-efficient related to Damped Harmonic Oscillator 

model? 

Due to the significant difference in mass between the nucleus and the electron, the bond between 

two atoms in a molecule behaves analogously to a spring. This bond holds an intrinsic frequency, 

and as a result, the molecule exhibits simple harmonic oscillator motion with a natural frequency.14 

The natural frequency of oscillation can be derived from Hooke's law and Newton's second law. 

When molecules are in motion, frictional forces or damping become relevant, which is 

proportional to the velocity of molecular motion. If the THz radiation is applied on the sample, 

THz field driven one dimensional equation of motion of atoms can be written as,15 

𝑑2𝑥

𝑑𝑡2 + 2𝛾
𝑑𝑥

𝑑𝑡
+ 𝜔0

2𝑥 = 𝑓𝑐𝑜𝑠𝜔𝑡   (2.I.D1) 

with 𝛾 =
𝑏

2𝑚
;  𝜔0 = √

𝑘

𝑚
; 𝑓 = −

𝑒𝐸

𝑚
. 

Now, the solution of equation (2.I.D1) provides: 𝑥(𝑡) =
𝑓𝑐𝑜𝑠(𝜔𝑡−𝜓)

√(𝜔0
2−𝜔2)2+4𝛾2𝜔2

 with 𝜓 = 𝑡𝑎𝑛−1(
2𝛾𝜔

𝜔0
2−𝜔2) 

Again, the absorption of radiation by the ions per unit time is 

𝑃 = −𝑁 < 𝐹 . 𝑣 >     (2.I.D2) 

where 𝐹 = −𝑒𝐸⃗ cos (𝜔𝑡) and 𝑣 =
𝑑𝑥 

𝑑𝑡
 

We can calculate the power by putting the value of 𝑥(𝑡) in equation 2.I.D2 and get, 

𝑃(𝜔) =
𝑁(𝑒𝐸)2𝜔2𝛾

𝑚[(𝜔0
2−𝜔2)2+4𝛾2𝜔2]

    (2.I.D3) 

Again, the absorption coefficient, 𝛼(𝜔) is related with the dissipation as 

𝑃(𝜔) =  𝛼(𝜔)
𝑐

𝑛
∙
1

2
𝜖𝐸2;    (2.I.D4) 
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where “n” is the refractive index of the medium, “c” is the velocity of the light; "𝜖" is the dielectric 

constant of the medium. 

From simplifying equations 2.I.D3 and 2.I.D4, we get, 

𝛼(𝜔) = 𝐴
𝜔2𝛾

[(𝜔0
2−𝜔2)2+4𝛾2𝜔2]

    (2.I.D5) 

where 𝐴 = 2
𝑛

𝑐

𝑁𝑒2

𝑚𝜖
. 

If the molecule undergoes multiple underdamped motions, then the absorption coefficient can be 

expressed as the sum of these damping motions as 

𝛼(𝜔) = ∑ 𝐴𝑖
𝜔2𝛾𝑖

[(𝜔0
2−𝜔2)2+4𝛾2𝜔2]𝑖    (2.I.D6) 

2.I.E. Significance of THz absorption spectroscopy to probe the solute hydration: 

Three components model. 

Water, as the primary solvent and a major constituent of body fluids, exerts a significant influence 

on shaping the structure and stability of bio-molecules. Solutes (here, proteins and co-solutes) 

immersed in an aqueous environment feature a unique hydration sheath (nearest water layer 

surrounding the solute) that significantly differs from the properties of bulk water. The hydration 

of protein surfaces plays a central role in regulating key processes involved in protein aggregation. 

THz spectroscopy is a label free tool which can directly probe the hydration sheath and provides 

the response of water dipole fluctuations in terms of absorption co-efficient.11, 16 Therefore, any 

alteration in collective dipole moment of the solution will reflect on the change in absorption 

coefficient (already explained in the section 2.I.C). For any solute, absorption coefficient can be 

written as the average weight of absorption coefficient of each component; for solute itself 

(𝛼𝑠𝑜𝑙𝑢𝑡𝑒), for dynamical hydration shell around the solute (𝛼𝑠ℎ𝑒𝑙𝑙) and for bulk water (𝛼𝑏𝑢𝑙𝑘). 

𝛼𝑡𝑜𝑡𝑎𝑙(𝜈) = 𝛼𝑠𝑜𝑙𝑢𝑡𝑒(𝜈)
𝑉𝑠𝑜𝑙𝑢𝑡𝑒

𝑉𝑡𝑜𝑡𝑎𝑙
+ 𝛼𝑠ℎ𝑒𝑙𝑙(𝜈)

𝑉𝑠ℎ𝑒𝑙𝑙

𝑉𝑡𝑜𝑡𝑎𝑙
+ 𝛼𝑏𝑢𝑙𝑘(𝜈)

𝑉𝑏𝑢𝑙𝑘

𝑉𝑡𝑜𝑡𝑎𝑙
   (2.I.E1) 

where 𝑉𝑡𝑜𝑡𝑎𝑙 is total volume of the solution and 𝑉𝑠𝑜𝑙𝑢𝑡𝑒, 𝑉𝑠ℎ𝑒𝑙𝑙 and 𝑉𝑏𝑢𝑙𝑘 are the volume occupied 

by the solute molecule, dynamical hydration shell and bulk water, respectively. 

The three components model (equation 2.I.E1) can also rewrite as, 
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𝛼𝑡𝑜𝑡𝑎𝑙(𝜈) = 𝛼𝑠𝑜𝑙𝑢𝑡𝑒(𝜈)𝜙𝑠𝑜𝑙𝑢𝑡𝑒 + 𝛼𝑠ℎ𝑒𝑙𝑙(𝜈)𝜙𝑠ℎ𝑒𝑙𝑙 + 𝛼𝑏𝑢𝑙𝑘(𝜈)𝜙𝑏𝑢𝑙𝑘   (2.I.E2) 

where 𝜙𝑖 is the volume fraction of the i-th component.  

 

 

Scheme 2.I.E1. Schematic representation of solute (defined by orange circle) solvation with 

dynamical hydration shell (dark blue) in bulk water environment (light blue).  

 

2.I.F. Molecular Dynamics simulations: Background and technique. 

The first computer simulation study in 1953 computed the thermodynamic properties of liquids 

modeled as hard spheres, laying the foundation for the Metropolis Monte Carlo simulation.17 Alder 

and Wainright conducted the initial molecular dynamics study,18 using hard spheres to obtain 

dynamic properties from Newton's equations of motion. In 1964, Rahman's molecular dynamics 

simulation of liquid Argon with a soft sphere potential marked a significant advancement.19 

Following these early studies, the first protein molecular dynamics simulation in 1977 led to rapid 

progress in the field,20 now enabling simulations of systems with over a million atoms and long 

production runs (ns-µs). 

Molecular dynamics simulation calculates the positions and velocities of atoms in an N-particle 

system using Newton's equations of motion: 

𝐹𝑖(𝑡) = 𝑚𝑖𝑟̈𝑖(𝑡)     (2.I.F1) 

Here, 𝐹𝑖is the force on the ith atom at time t, 𝑟𝑖(𝑡) is its position, and 𝑚𝑖 is its mass. The force is 

derived from the potential energy function based on particle interactions: 

𝐹𝑖(𝑡) = −
𝛿𝑉(𝑟𝑖)

𝛿𝑟𝑖
    (2.I.F2) 

where 𝑉(𝑟𝑖)
 is the potential of the system. 
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By numerically solving Newton's equations, the positions, velocities, and accelerations of atoms 

are updated over discrete time steps, generating an ensemble of successive conformations to 

explore the system's energy landscape. 

Steps in Running Molecular Dynamics Simulation 

1) System Setup 

• Generate the initial conformation of the system from structural data or by randomly 

placing molecules in a simulation box. 

• Select an appropriate force field to assign non-bonded and bonded parameters. 

• Solvate the system by adding water and ions to replicate biological conditions. 

2) Energy Minimization and Equilibration 

• Perform energy minimization using steepest descent or conjugate gradient methods to 

remove atom overlaps and steric stress. 

• Assign initial velocities randomly from a Maxwellian distribution and scale to the 

desired temperature. 

• Conduct NVT and NPT equilibration steps by coupling the system to a thermostat and 

barostat, respectively, to reach equilibrium. 

• Optionally, restrain the solute to equilibrate the solvent. 

3) Production Run 

• Allow the equilibrated system to evolve through conformational space. 

• Use a time step (~2 fs) adequate for the fastest events in the simulation. 

• Ensure the production run is long enough for proper sampling of phase space. 

4) Data Analysis 

• Analyze the data on atomic positions and velocities to calculate physical properties. 

2.II. Chemicals used. 

2.II.A. Proteins. 

a. Bovine Serum Albumin (BSA). Serum albumin is the most abundant protein in the 

mammal bloodstream.21 The heart-shaped globular protein (~65% α-helix) Bovine serum 

albumin (extracted from cow) molecules are analogous to human serum albumin (~70% 
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similar) with three homologous domains (I, II, and III; each domain consists of two 

subdomains IIA and IIIA)22 and has two fluorescence active tryptophan moieties (Trp 134 

and Trp 213). ~66 KDa average molecular weight contained BSA molecule has 583 amino 

acid residues with 17 disulphide bridges. Isoelectric point of BSA is ~4.6.23 

b. Hen Egg White Lysozyme (Lys) is a hydrolytic glycosidase and 129 amino acid residues 

containing single chain polypeptide with ~ 14.3 KDa average molecular weight. Isoelectric 

point of Lys is 11.24 

c. Ovalbumin (OVA) is the main protein of egg white and 55% of the total protein content.25 

It is also a globular protein with average molecular weight 45 kDa and 385 amino acid 

residues. Ovalbumin has an isoelectric point of 4.5.26 It belongs to the serpin superfamily.27 

 

 

Scheme 2.II.1. Crystallin structures of Lysozyme (Lys; 1LYZ), Bovine Serum Albumin (BSA; 4F5S) and 

Ovalbumin (OVA; 1OVA) proteins from protein data bank (PDB). [All the PDB files are visualized and 

modified in VMD software]  

 

2.II.B. Main group cation chlorides. 

a. Monovalent chlorides. Sodium chloride (NaCl; molecular weight 58.44g) and Potassium 

chloride (KCl; molecular weight 74.55g). 

b. Divalent chlorides. Magnesium chloride (MgCl2; molecular weight 95.21g) and Calcium 

chloride (CaCl2; molecular weight 110.98g). 
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c. Trivalent chloride. Aluminium chloride (AlCl3; molecular weight 133.34g) and Yttrium 

chloride (YCl3; molecular weight 195.26g). 

2.II.C. Lanthanide chlorides. Lanthanum chloride (LaCl3; molecular weight 245.26g), 

Neodymium chloride (NdCl3; molecular weight 250.6g), Gadolinium chloride (GdCl3; molecular 

weight 263.61g), Holmium chloride (HoCl3; molecular weight 271.29g) and Lutecium chloride 

(LuCl3; molecular weight 281.33g). 

 

Scheme 2.II.2. Schematic representation of ions.  

 

2.II.D. Inorganic salts with bulky ions. Guanidinium chloride (GdmCl; molecular weight 

95.53g), Guanidinium sulphate (Gdm2SO4; molecular weight 108.11g), Guanidinium thiocyanate 

(GdmSCN; molecular weight 118.16g) and Sodium thiocyanate (NaSCN; molecular weight 

81.07g). 
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Scheme 2.II.3. Chemical structures of guanidinium (Gdm+) salts. [The structures have been collected from 

www.molview.org] 

 

2.II.E. Model amide. 

N-methyl-acetamide (NMA) is the simplest molecule containing the peptide bond and a structural 

unit of the polypeptide chain.28 NMA has average molecular weight 73g and crystalline in form at 

room temperature with 0.957 gml-1 density. It can be both donor and acceptor of H-bonds.29 

2.II.F. Dyes. 

a. 8-Anilinonaphthalene-1-sulfonic acid (ANS) is a charged hydrophobic fluorescent dye 

and frequently used to probe the hydrophobic environment in protein system.30 Minimally 

soluble in polar solvent (quantum yield about 0.004) and highly soluble in nonpolar solvent 

(quantum yield about 0.98).31, 32 Molar extinction co-efficient at 350 nm excitation 

wavelength is 5000 M-1 cm-1.33  

b. Thioflavin-T (ThT) is a benzothiazole-based fluorophore and the widely used amyloid 

marker. ThT dye minimally fluoresces in water however, the restricted rotation of bound 

ThT molecule in cross-β structure of fibril originates intense emission peak at ~480 nm by 

http://www.molview.org/
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excitation at ~440 nm. Molar extinction co-efficient at 412 nm excitation wavelength is 

31600 M-1 cm-1.33 

 

 

Scheme 2.II.4. Chemical structures of ANS, ThT dyes and NMA model amide. [The structures are made 

by using www.molview.org]  

 

2.III. Experimental Techniques and Instrumentations. 

2.III.A. UV-Visible absorption spectrophotometer. 

UV-Visible spectrophotometer is one of the basic spectroscopic tools which is used to record 

absorption spectra. This spectroscopic technique insights into the transitions of molecules from 

their ground state (S0) to higher electronic states (e.g., S1, S2…Sn etc.). In the thesis, Shimadzu-

2600 spectrophotometer (Scheme 2.III.A) has been utilized with a tungsten (W) lamp as visible 

range source and deuterium (D2) lamp as Ultra-Violet (UV) range source. 282-293 nm wavelength 

is the lamp interchange region. The light beam from the source splits into different component 

wavelengths by the monochromator. High performance blazed holographic grating presents inside
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the monochromator is responsible for tuning the white light into a single component. When the 

sample is continuously irradiated with the radiation, some part of the radiation gets absorbed and 

the residual part transmitted through the sample. The transmitted light is then collected and 

detected by a photo-multiplayer tube (PMT). In mathematical point of view the absorption of a 

molecule can be defined as A=log10(
𝐼0

𝐼
) and according to the Beer-Lambert’s law the absorption is, 

𝐴𝜆 = 𝜀𝜆𝑐𝑙. Here 𝐼0 and 𝐼 is the incident and transmitted light intensity, respectively. 𝜀𝜆 is the molar 

extinction coefficient of the sample at wavelength 𝜆, c is the concentration of sample solution and 

l is the sample path length. 

Therefore; 𝐴𝜆 = log10(
𝐼0

𝐼
)  = 𝜀𝜆𝑐𝑙                                                                                   (2.III.A1) 

Turbidity measurement of the sample solution also has been done by monitoring the absorbance 

at the higher wavelength (for protein sample at 400 nm) where the sample itself does not absorb.34 

A temperature Peltier attached with the instrument was used during temperature dependent 

turbidity measurements. 

 

 

Scheme 2.III.A. Schematic diagram of UV-Visible absorption spectrophotometer. Mconcave is a concave 

mirror and M1 is a plane mirror. W and D2 is the tungsten and deuterium lamp, respectively. S1 and S2 are 

the slits. BS is the beam splitter. 
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2.III.B. Dynamic light scattering spectroscopy. 

Dynamic light scattering (DLS) is a spectroscopic technique (also known as Quasi-Elastic 

light Scattering) which provides the hydrodynamic diameter (dH) of the sample particles.35, 

36 We use Nano S Malvern instrument (Scheme 2.III.B), engaging a He-Ne laser (𝜆=632.8 

nm) with lasing power 4mW. The instrument has a thermostatic sample chamber and it is 

enriched with zeta-potential measurement method. Photon collides with the particles in 

solution and scatters in all direction. The detector only collects the scattered photons angled 

at 173º. The intensity of collected scatter light fluctuates over time due to the Brownian 

motion of the particles. The velocity of this Brownian motion correlates directly with the 

diffusion coefficient of the particles in the solution. The definition of the scattered intensity 

correlation function is,  

𝐺(𝑡) =< 𝐼(𝑡)𝐼(𝑡 + 𝛿𝑡) >                                              (2.III.B1) 

For nondispersive particle, correlation function is fitted by the exponential decay function, 

𝐺(𝑡) = 𝐴[1 + 𝐵𝑒−2Γ𝜏]                                                      (2.III.B2) 

Where A and B are the baseline and intercept of the correlation function and Γ = 𝐷𝑞2 and 

𝑞 =
4𝜋𝑛

𝜆
𝑆𝑖𝑛(

𝜃

2
); D is the diffusion coefficient, n is the refractive index of the dispersant, 𝜆 

is the wavelength of the laser and 𝜃 is the scattering angle. 

For polydisperse particle, the correlation function can be fitted by, 

𝐺(𝑡) = 𝐴[1 + 𝐵𝑔(𝑡)2]                                                  (2.III.B3) 

where g(t) is the sum of all exponential decay functions.  

Now, the dH of the particle is directly related to the diffusion coefficient of the solution by 

the Stokes Einstein model: 𝑑𝐻 =
𝑘𝐵𝑇

3𝜋𝜂𝐷
 where 𝑘𝐵 is the Boltzmann constant 𝜂 is the viscosity 

of the solution. 

  



Chapter 2: Experimental Techniques and Instrumentations 

28 
 

 

 

Scheme 2.III.B. Schematic diagram of dynamic light scattering spectrometer. M1 and M2 are the plane 

mirrors. L is the lens and A is the attenuator. BS, FC, APD and dump stands for the beam splitter, fibre 

coupler, avalanche photodiode and beam dump, respectively. 

 

2.III.C. Steady state fluorescence spectroscopy. 

We employed the Fluorolog instrument (Horiba Jobin Yvon) for the steady state fluorescence 

measurements. Detailed information of the working principal and the instrumentation (Scheme 

2.III.C) can be found elsewhere.37 Ozone free Xenon lamp is the continuous light source. Light 

emitted from the source splits into tunable monochromatic component by excitation 

monochromator which excite the sample. According to Kasha's rule, the sample fluoresces from 

its lowest excited electronic state (S1), with the exception of malachite green, which fluoresces 

from the S2 state. Emitted light from the sample is collected in perpendicular direction to minimize 

the stray light (scattering). Then the emission monochromator is used to collect the fluorescence 

intensity at a specific wavelength. Finally, the signal is captured by a PMT and data acquisition is 

performed using a computer. 
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Scheme 2.III.C. Schematic of steady state fluorescence technique. Si is the split and Li is the lens. BS, P 

and A stands for the beam splitter, polarizer and attenuator, respectively. 

 

2.III.D. Time resolved fluorescence spectroscopy. 

We conducted picosecond (ps) resolved fluorescence transients using the time-correlated single 

photon counting (TCSPC) technique (Life Spec II Edinburgh Instruments, UK). A schematic 

diagram of the instrument is shown in Scheme 2.III.D. Instrument response function (IRF) is laser 

specific and ranges from 70-250 ps. Emission polarizer angle is kept at the magic angle 54.7º 

corresponds to the polarization axis of the excitation beam to minimize the anisotropic effect.  
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Scheme 2.III.D. Schematic of TCSPC instrument. Si is the split and L1 is the lens. TAC and CFD is the 

time to amplitude converter and constant fraction discriminator, respectively. 

 

2.III.E. Circular Dichroism spectroscopy. 

Circular dichroism spectroscopy (Jasco J-815) is one of the renowned methods to analyse the 

protein secondary structures. A schematic representation of CD instrument has been provided in 

Scheme 2.III.E. A Xenon lamp is used as a source and N2 gas is continuously purged to remove 

ozone gas from the source chamber. Chiral molecule absorbs the left and right circularly polarized 

light differently (𝐴𝜆(𝐿𝐶𝑃) − 𝐴𝜆(𝑅𝐶𝑃)) which results the ultimate CD signal (𝜃𝜆 in mdeg).38 

Molar ellipticity, 𝜀 is defined as39 

𝜀 (deg 𝑐𝑚2𝑚𝑜𝑙−1) =
𝜃𝜆(𝑚𝑑𝑒𝑔)

𝐶𝑀×𝑙×10
                                                  (2.III.E1) 

where 𝐶𝑀 is the molar concentration of sample and l is path length of the sample in cm. 
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Scheme 2.III.E. Schematic representation of CD instrument. Si is the splits; Mi is the plane mirrors and Pi 

is the reflecting prisms. O-ray and E-ray stands for ordinary and extra-ordinary ray, respectively. CDM and 

PMT specifies the circular dichroism modulator and photomultiplier tube, respectively.  

 

2.III.F. Electrochemical Impedance spectroscopy. 

Electrochemical workstation (CH Instruments Model 600E Series) has been used to perform 

counter-ion dynamics measurements. It measures the impedance a complex quantity of an 

electrochemical system as a function of frequency. The work station consists a working electrode 

(the material or surface of interest), a reference electrode, and a counter electrode. A drop of ~100 

μL volume placed on the top of Zensor three-screen printed electrode strip in case of each 

measurement. We have changed the screen electrode prior to any measurement. All the simulation 

analysis were performed with equivalent circuit modeling using inbuilt software of the instrument. 
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Scheme 2.III.F. View of EIS instrument. The strip of carbon electrode is connected with the work station 

through the cable. 

 

2.III.G. Atomic Force Microscopy. 

Morphologies of different aggregation states of proteins were collected using atomic force 

microscopy (AFM; model number di INNOVA). AFM is a type of scanning probe microscope that 

enables the acquisition of topographical images of sample surfaces.40, 41 The technique basically 

helps in acquiring the information by measuring the force between a probe and the sample.42, 43 

The typical “AFM probe” consists of a cantilever with a sharp tip (made of silicon or silicon 

nitride) at its end (schematically shown in Scheme 2.III.G). The tip experiences vertical and lateral 

deflections coming into proximity of the sample surface. The deflection is mapped by using a laser 

(of wavelength 600-700 nm) spot reflected from the top surface of the cantilever. The reflected 

laser beam hits a position-sensitive four quadrant photodetector. The signals arise from the 

different segments of the photo detector are different and also give the estimate of the angular 

deflections of the cantilever. In absence of any force between tip and sample (i.e. both are far 

away), laser beam strikes the middle of the photo detector and the signal comes from the upper 

and lower panel of the photo detector remains almost unchanged. Therefore, the ultimate signals 

provide by the operational amplifier (OP-AMP) is zero. However, when the tip interacts with the 

sample surface, even with a small force, both the cantilever and the reflected beam deflect. This 

deflection leads to a non-zero output force from the OP-AMP. It is noteworthy that in general the 
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tip is kept in fixed position, and a small area of the sample is raster scanned in the x, y, z direction 

using piezoelectric material and construct 3D-topography of images. Depending on the sample 

specification and the acting force between the probe and the sample, AFM can be operated in one 

of the three modes, namely contact mode or non-contact mode (for hard sample) or tapping mode 

(for soft bio-samples). In this thesis, we have utilized tapping mode to acquire the topography 

image of the samples. 

 

 

Scheme 2.III.G. Block diagram of AFM instrument. 

 

2.III.H. Differential Interference Contrast Microscopy. 

We have performed differential interference contrast (DIC) microscopy measurements in Leica 

DM6M optical microscope. We prefer differential interference contrast (DIC) method over simple 

bright-field microscopy technique,44 as undetectable phase differences to the human eye produce 

high contrast images with a pseudo three-dimensional relief shading. In the DIC microscope,45 a 

linearly polarized light source illuminates the sample. Initially, the polarized light is split into two 

distinct rays with perpendicular polarizations. Although these rays travel very close to each other, 

they do not interfere due to their orthogonal polarizations. As these rays pass through the specimen, 

the different thickness and refractive index of the sample cause an alteration in the effective path 
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length (means the path travel by light multiplied by the refractive index of the medium) of both 

rays, resulting in a phase shift (equivalent to 2πλ path difference; λ is the wavelength). Then they 

pass through the objective lens, where they are focused above their rear focal plane. Upon 

recombination, the rays interfere with each other, and the resultant light becomes elliptically 

polarized. This polarization can be converted into an amplitude shift using an analyzer. Finally, the 

light passes through the objective or camera, where the image is formed based on differences in 

intensity and color. A schematic diagram of this DIC microscope setup is illustrated in Scheme 

2.III.H. 

 

 

Scheme 2.III.H. Illustrative diagram of DIC microscope. 
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2.III.I. Field Emission Scanning Electron Microscopy. 

Scanning Electron Microscopy (SEM) is an electron microscopy technique which is utilized to 

analyze surface chemistry and morphology with submicron resolution.46, 47s In this instrument, an 

electron gun serves as the source, accelerating electrons through accelerating voltages ranging 

from 1 to 30 kV. Electromagnetic condenser lenses focus these electrons into a beam, which is 

then scanned across the sample surface to generate images. To prevent electron-air interactions, 

the SEM chamber is maintained under vacuum conditions (typically with a pressure of 0.1-10-4 

Pa). As the beam hit the sample surface, electrons lose energy due to scattering and absorption 

within the interaction volume. The generated signals can be detected by specialized detectors. 

These signals include secondary electrons (produce SEM images), backscattered electrons (due to 

elastic scattering), auger electrons, transmitted electrons, photons (characteristic X-rays that are 

used for elemental analysis and continuum X-rays), visible light (cathodoluminescence–CL), and 

heat. Secondary electrons originate from a few nanometers beneath the sample surface and provide 

detailed topographic information. To prevent any scanning faults and other image artifacts the 

specimens should be electrically conductive at the surface and electrically grounded, because a 

nonconductive surface accumulates electric charge when scanned by the electron beam. We use 

field-emission scanning electron microscope (FEI QUANTA FEG 250) in the thesis (Scheme 

2.III.I). 
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Scheme 2.III.I. Detail scheme of FESEM microscope according to the working principal. 

 

2.III.J. Terahertz Time Domain Spectroscopy. 

THz measurements were carried out in a commercial compact spectrophotometer, TeraSmart of 

Menlo System GmbH, Munich, Germany (Scheme 2.III.J). A 1550 nm, integrated femtosecond 

laser source having a pulse width of <100 fs and a repetition rate of 100 MHz was used to excite 

a Fe:InGaAs/InAsAs THz emitter antenna which produce THz radiation with a bandwidth of up 

to 6 THz. The THz radiation was then focused on the sample, and the transmitted THz radiation 

was further focused on a LT InGaAs/InAlAs THz detector antenna. Before each measurement, the 

optical chamber was purged with dry nitrogen to avoid water vapour absorption and to control 

humidity of <10% at 200 C. For each sample at least three repeated spectra were taken using a 

liquid cell with z-cut quartz windows and a Teflon spacer of 100 μm thickness.  
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Scheme 2.III.J. Schematic representation of TTDS instrument.  

 

2.III.K. Terahertz Far-Infra Red Absorption Spectroscopy. 

In this thesis work, we perform terahertz far infra-red (THz-FIR) absorption measurements by 

using Fourier transform infrared (FTIR) instrument (model number: Vertex 70V, Bruker, Germany). 

Here Globar is the IR source and a complex material DLaTGS is used as a detector. The FIR 

spectra were collected in the range of 50-750 cm-1(1.5-22.5 THz). The instrument has an ATR 

(attenuated total reflection) unit, attached with a single reflection diamond crystal (refractive index 

2.38). Vacuum level (<1 hPa) of the sample compartment was maintained by a dry vacuum pump 

(prior to each measurement). A polyvinyl chloride (PVC) disk was utilized to safeguard the sample 

from being displaced from the diamond crystal after evacuating the instrument. The working 

principle of FTIR aligns with the Michelson interferometer principle (schematic diagram has been 

shown in Scheme 2.III.K).48 This technique is employed to investigate the hydration behaviour of 

solute molecules and biomolecules.49-52 It measures the average change in the ultrafast fluctuations 

of collective water dipole moment as it directly probes the permanent and induced dipole moment 

of the systems in terms of absorption coefficient.50 

𝛼(𝜈) = (
1

4𝜋𝜖0
) (

2𝜋𝜈2

3𝑘𝐵𝑇𝑉𝑐𝑛(𝜈)
)∫ 𝑑𝑡𝑒−𝑖𝜈𝑡 < 𝑀⃗⃗ (0). 𝑀⃗⃗ (𝑡) >

∞

−∞
   (2.III.K1) 
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where 𝑀⃗⃗ (𝑡) is the total dipole moment of the system of volume V, T is the temperature, 𝑛(𝜈) is 

the refractive index and c is the speed of light. 

 

 

Scheme 2.III.K. Schematic profile of FIR-THz instrument. Mi, Mf, Mv, Mci and BS is the plane mirror, 

plane fixed mirror, movable mirror (related to the delay stage), concave mirror and beam-splitter 

respectively. 

 

2.IV. Experimental Analyses. 

2.IV.A. Turbidity measurement. 

UV-Visible absorption spectroscopy is a pivotal tool to verify the turbidity of protein samples.53 

All samples, were individually scanned under the spectrophotometer from 500 nm to 400 nm 

wavelength range with baseline correction. For temperature dependent turbidity measurement, we 

have used the temperature controller Peltier attachment. Sample cell temperature tuned by 

increment of each 5 ˚C per 10 mins. Turbidity calculated from the observed absorbance at 400 nm 

by, 

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 =  
2.303×𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐶𝑒𝑙𝑙 𝑃𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ
   (2.IV.A1) 
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2.IV.B. Steady state fluorescence anisotropy measurement. 

Anisotropy is a parameter which helps to measure the local rigidity of a fluorescence active 

molecule in various solvent environment. The basic principle behind the measurement is the photo-

selective excitation of fluorophores by polarized light. The fluorophores that exposed to polarized 

light absorb mostly that component of light which is parallel to the absorption transition moment 

of them. In steady-state anisotropy measurements, emission polarization is adjusted to be parallel 

or perpendicular to the excitation polarization. Anisotropy is then determined using the following 

equation, 

𝑟(𝑡) =
𝐼∥−𝐼⊥

𝐼∥+2𝐼⊥
      (2.IV.B1) 

Where 𝐼∥ and 𝐼⊥ are intensities measured in parallel or perpendicular orientation of a linear 

emission polarizer with respect to the excitation polarization.  

2.IV.C. Time resolved fluorescence anisotropy measurement. 

Picosecond time resolved fluorescence spectroscopy (TCSPC) allows to measure the time that a 

fluorophore takes to relax from the excited state by a radiative pathway which commonly known 

as fluorophore lifetime. This measurement is fluorophore concentration independent and provides 

all distinct lifetimes related to the different local environments of the fluorophore. Steady state 

measurements unable to resolve the emission originated from two different environment. The 

fluorophore excited with short pulse width laser and repetition rate of the laser pulses is adjusted 

to be at least four times greater than the lifetime of the fluorophores. The fluorescence decay 

transients are globally fitted with a single or multi exponential function after convoluting with 

laser pulse. The decay can be mathematically defined in terms of intensity as, 

𝐼(𝑡) = ∑ 𝑎𝑖𝑒
−

𝑡

𝜏𝑖𝑖      (2.IV.C1) 

where 𝜏𝑖 is the lifetime of the ith species with contribution 𝑎𝑖. The total contribution should be 

∑ 𝑎𝑖 = 1𝑖 . 

For anisotropy measurements, emissions were collected at 0˚ and 90˚ angles of emission polariser 

with respect to excitation polariser. The experimental transients were then analyzed and anisotropy 

values were calculated using the equation, 
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𝑟(𝑡) =
𝐼∥−𝐺𝐼⊥

𝐼∥+2𝐺𝐼⊥
      (2.IV.C2) 

where G is the grating factor, calculated by longtime tail matching technique. The anisotropy decay 

profiles were fitted well with the equation, 

𝑟(𝑡) = 𝑟(0)(𝑎1 exp (−
𝑡

𝜏1
) + 𝑎2 exp (−

𝑡

𝜏2
))  (2.IV.C3) 

Here r(0) is the initial anisotropy. 𝜏1 and 𝜏2 are the two rotational relaxation times; fast component 

and slow component, respectively. The 𝑎1 and 𝑎2 are the corresponding amplitudes. The quality 

of the fitting was evaluated by reduced 𝜒2 and residual data. 

2.IV.D. Protein secondary structure analysis. 

Secondary structure of protein can be analysed by two renowned techniques; CD spectroscopy and 

mid-IR spectroscopy. In this thesis work, we have used both methods to determine the change in 

protein secondary structure. Here mid-IR spectroscopy has been employed to those protein 

samples which have some limitation to be analysed by CD spectrometer (model number: JASCO 

J-815). 

Protein structure analysis by CD spectroscopy: CD absorption spectroscopy consists two 

wavelength range specification: 190-250 nm as far UV CD and 250-310 nm as near UV CD which 

can sense the secondary and tertiary structure, respectively. The far UV CD spectra shows two 

negative bands at 222 nm (due to 𝑛 → 𝜋∗ transition) and 208 nm (due to 𝜋 → 𝜋∗ transition) and a 

positive band for 𝛼-helix component; a negative band at 218 nm and a positive band at 196 nm for 

𝛽-sheets component and random coil display two bands at 212 nm (positive band) and 195 nm 

(negative band).54 The near UV CD spectrum defines the presence of aromatic residues 

(phenylalanine, tyrosine, tryptophan) and disulphide bonds. For quantitative analysis of all 

structural components % contribution, we use the CDNN software. 

Secondary structure analysis by mid-IR spectroscopy: A typical protein mid-IR spectrum often 

contains nine amide bands, representing vibrational contributions from both the protein backbone 

and amino acid side chains.55 Among these bands, amide I (~1600-1700 cm-1) and amide II 

(~1470-1570 cm-1) are particularly relevant to protein secondary structure. The absorptions 

associated with C=O stretching and N–H bending are labeled as amide I and amide II, respectively. 
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Since both C=O and N–H bonds participate in the hydrogen bonding between different 

components of secondary structure, the positions of both amide I and amide II bands are sensitive 

to the secondary structure composition of a protein. However, amide I band is considered more 

effective for accurately quantifying protein secondary structure compared to amide II. Here we get 

a single broad peak (amide I) which is further deconvoluted by mathematical techniques like 

Fourier self-deconvolution and second derivatives for the quantitative analysis of protein 

secondary structure.56 Deconvolution of the amide I band yields contributions of five major 

structural components: -sheet at 1620-1625 cm-1, random coil at 1635-1643 cm-1, -helix at 1653-

1659 cm-1, -tern at 1667-1676 cm-1 and anti-parallel -sheet at 1682-1690 cm-1. It is noteworthy 

that all these assignments are depicted as ranges, as exact peak position can vary among proteins 

due to differences in hydrogen bonding interactions and environmental factors. 

2.IV.E. Microscopy sample specimen preparation and image analysis. 

Atomic force microscopy: A thin layer of mica substrate was cleaved gently. Then a drop of sample 

was casted on the freshly cleaved mica substrate and kept in a desiccator for 30 mins to ensure 

complete adsorption on the substrate. Then flow of milli-Q water was passed over the substrate to 

discard excess sample thickness. Finally, the remaining water was evaporated by a gentle nitrogen 

gas flow prior to each measurement. The collected morphologies of protein aggregations were then 

analysed using Image J and Mathematica 13.2 softwares. 

Optical (DIC) microscopy: To prepare specimens, first new transparent glass slides and cover slips 

were taken in separate petri dish with help of a tweezers and dipped into a freshly prepared approx. 

90% aqueous ethanol solution for 1 hour (at R.T). Then each one was thoroughly washed with 

distilled water and dried in warm air. Next, 10-15 μl sample was pipetted out and drop casted on 

the centre of a glass slide and then a glass cover slip was slowly placed on the drop ( at 45˚ angle) 

using tweezers. The specimen slide then placed on the stage of Leica DM6M microscope with a 

20x / 0.5 dry objective. All the microscopic images were analysed by Mathematica 13.2 software. 

Field emission scanning electron microscopy: A sample specimen was prepared using properly 

cleaned silicon wafer substrate. A squared chip like silicon wafer was dipped in milli-Q water and 

90% ethanol mixture and sonicated for 10 mins. Then sample was drop casted on that substrate 

and complete de-wetting was done by keeping it in desiccator overnight. A 1nm thick conducting 
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gold layer was deposited on the sample to get the information. Then the collected morphologies 

were analysed by Image J and Mathematica 13.2 softwares. 

2.IV.F. TTDS data analysis. 

By TTDS technique, we measure the THz electric field amplitude (ETHz(t)) over time. The time 

delay between the probe and pump beams were adjusted using the inbuilt programming. The 

measured ETHz(t) were then converted to the frequency dependent power by Fourier analysis. We 

have also calculated the phase shift of the transmitted pulse from the reference signal. The 

frequency domain THz signal in air is fairly smooth with a high signal to noise ratio and minimal 

water absorption lines up to ~2.5 THz. This characteristic allows for the extraction of some optical 

parameters with high precision up to ~2 THz. Those optical parameters are then derived from the 

frequency-domain data.  

First, the absorption coefficient was measured by, 

𝛼(𝜈) =
2

𝑑
ln (

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑖𝑔𝑛𝑎𝑙

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑔𝑛𝑎𝑙
)    (2.IV.F1) 

where d indicates the sample thickness. 

The real part of the complex refractive index then was calculated by measuring the phase of the 

transmitted pulse (frequency dependent), 

𝑛(𝜈) =
𝜙𝑠𝑎𝑚𝑝𝑙𝑒(𝜈)−𝜙𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜈)

2𝜋𝜈𝑑
    (2.IV.F2) 

The imaginary part of the complex refractive index, 

𝑘(𝜈) =
𝑐.𝛼(𝜈)

4𝜋𝜈
       (2.IV.F3) 

Where the complex refractive index is, 𝑛̃(𝜈) =  𝑛(𝜈) − 𝑖 𝑘(𝜈). 

From the 𝑛(𝜈) and 𝑘(𝜈), the frequency dependent real (𝜀′) and imaginary (𝜀′′) dielectric constants 

of the samples were extracted for each sample using the following expressions, 

𝜀′(𝜈) = 𝑛2(𝜈) − 𝑘2(𝜈)    (2.IV.F4) 

𝜀′′(𝜈) = 2𝑛(𝜈)𝑘(𝜈)     (2.IV.F5) 
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We have extracted all these optical parameters using Mathematica 13.2 software and then the 𝜀′ 

and 𝜀′′ profiles were fitted simultaneously with multiple Debye relaxation model,57, 58 

𝜀̃(𝜈) = 𝜀∞ + ∑
𝑆𝑗

1+𝑖𝜔𝜏𝑗
+

𝜎

𝑖𝜔𝜀0

3
𝑗=1    (2.IV.F6) 

where 𝜏𝑗 and 𝑆𝑗 (= 𝜀𝑗 − 𝜀𝑗+1) are the relaxation time and strength of the j-th relaxation mode, 

respectively. 𝜀∞ is the extrapolated dielectric constant at very high frequency, 𝜀0 is the permittivity 

in free space, ω is the angular frequency and σ is the DC conductivity of the solution. 

2.IV.G. Data analysis as measured from FIR-THz absorption spectroscopy. 

All the experiments were done in ATR mode as the Vertex 70V instrument has an ATR attachment 

with a diamond crystal cell surface (refractive index 2.38). The sample chamber was evacuated 

prior to each measurement using a pump. Each sample was scanned with a typical spectral 

resolution of 4 cm-1 over 128 scans average. OPUS software provides us frequency-dependent ATR 

intensity profile.  

ATR intensity was converted to the FIR-absorbance using the following relation: 

 𝐴𝑏𝑠(𝜈)  =
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛 𝐴𝑇𝑅 𝑢𝑛𝑖𝑡 (𝜈) × 1000

𝑤𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟
     (2.IV.G1) 

From the absorbance, the frequency-dependent absorption co-efficient 𝛼 was estimated using Beer 

Lambert law:  

𝛼 (𝜈)  =  
𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑑𝑝
      (2.IV.G2) 

where reference (air) represents the evacuated bare diamond crystal surface and dp is the 

penetration depth,52 defined as, 

 𝑑𝑝 =
𝜆

2𝜋 ∗ √𝑛𝑑𝑖𝑎𝑚𝑜𝑛𝑑
2 ∗(sin𝜃)2−𝑛𝑠𝑎𝑚𝑝𝑙𝑒

2
     (2.IV.G3) 

where λ is the radiation wavelength, θ is the incident angle (fixed at 45°), ndiamond and nsample are 

the refractive indices of the diamond crystal and the sample, respectively. We have measured nsample 

for each sample using a Digital refractometer (RUDOLPH J357).  

The difference absorption coefficient (Δα) was obtained as,
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∆𝛼(𝜈) = 𝛼𝑠𝑎𝑚𝑝𝑙𝑒(𝜈) − 𝛼𝑏𝑢𝑙𝑘(𝜈)     (2.IV.G4)  

The ∆𝛼(𝜈) profiles were fitted using a sum of damped harmonic oscillator (DHO) functions as 

derived in equation (2.I.D6), 

𝛥𝛼(𝜈) = ∑
𝑎𝑖𝜔0,𝑖𝜈

2

4𝜋3[
𝜈2𝜔0,𝑖

2

𝜋2 +(𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2−𝜈2)

2

]

𝑁
𝑖=1     (2.IV.G5) 

where 𝑎𝑖, 𝜔0,𝑖, and  𝜈𝑑,𝑖 elucidate the amplitude, the damping width, and the center frequency of 

the 𝑖𝑡ℎdamped harmonic oscillator modes, respectively. The unperturbed center frequency, 𝜈𝑐,𝑖, 

can be calculated from the relation 𝜈𝑐,𝑖 = √𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2
.  
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Chapter 3 

3. Trivalent cation-induced phase separation in proteins: ion specific 

contribution in hydration also counts 

Multivalent (specifically trivalent) metal ions are known to induce microscopic phase separation 

(commonly termed as liquid–liquid phase separation (LLPS)) in negatively charged globular 

proteins even at ambient temperatures, the 

process being mostly driven by protein charge 

neutralization followed by aggregation. Recent 

simulation studies have revealed that such self-

aggregation of proteins is entropy driven; 

however, it is associated with a solvation effect, 

which could as well be different from the usual 

notion of hydrophobic hydration. In this contribution we have experimentally probed the explicit 

change in hydration associated with ion-induced LLPS formation of a globular protein bovine 

serum albumin (BSA) at ambient temperature using FIR-THz FTIR spectroscopy (50–750 cm-1; 

1.5–22.5 THz). We have used ions of different charges: Na+, K+, Ca2+, Mg2+, La3+, Y3+, Ho3+ and 

Al3+. We found that all the trivalent ions induce LLPS; the formation of large aggregates has been 

evidenced from dynamic light scattering (DLS) measurements, but without perturbing the protein 

structure as confirmed from circular dichroism (CD) measurements. From the frequency 

dependent absorption coefficient (𝛼(𝜈)) measurements in the THz frequency domain we estimate 

the various stretching/vibrational modes of water and we found that ions, forming LLPS, produce 

definite perturbation in the overall hydration, the extent of which is ion specific, invoking the 

definite role of hydrophilic (electrostatic) hydration of ions in the observed LLPS process. 

 

3.I. Introduction. 

Charged colloidal particles, when placed in solutions containing multi-valent ions, could offer 

unique features including reversal of their electrophoretic mobility.1 Accordingly, ions have been 

observed to play a key role in many biophysical processes involving proteins.2-4 The effects include 

reentrant condensation of proteins in the presence of ions,5 ion concentration dependent liquid–



Chapter 3: Introduction 

48 
 

liquid phase separation (LLPS),6 lower critical solution temperature,7 etc. Among such 

interactions, LLPS is of special interest, in which liquid–liquid micro-phases do coexist, analogues 

to liquid–gas transition in van der Waals gases, stabilized by short range inter-particle attractions.8 

Since the pioneering report by Ishimoto and Tanaka,9 there have been several attempts to describe 

protein phase behaviour in the presence of mono- and multi-valent salts.7, 10-12 In these studies, salt 

concentration dependency on protein phase separation has been represented by phase diagrams, 

which revealed that at a particular protein concentration and between two critical salt 

concentrations, metastable LLPS states are formed at ambient as well as at high temperatures. The 

thermodynamic aspect of such phase separation follows Flory–Huggin’s theory13, 14 according to 

which (de)mixing of two macromolecular ensembles could be tuned by the free energy of mixing, 

which in turn depends upon both enthalpic and entropic contributions. It has now been established 

that entropy offers the key driving force during this phenomenon7 and the total entropy cost 

involves contributions from the solvation processes of both the protein and the cation.15 

It has mostly been observed that cations of heavy metals, specifically lanthanides, show 

very rich phase behaviour with negatively charged globular proteins.10, 16, 17 The heavy metal 

cations induce short range interactions between proteins forming cation-bridges, which eventually 

results in phenomena like protein crystallization, cluster formation, LLPS and reentrant 

condensation, etc.5, 6, 8, 18-20 It has also been identified that for salts like FeCl3 and AlCl3, salt 

hydration and consequently the pH of the solution influence the protein’s phase behaviour.12 A 

recent simulation result15 has shown that a fraction of tightly bound water molecules is released 

from the protein surface during a cation-mediated LLPS process, which provides an entropic 

impetus towards the process. While such a claim provides a fundamental understanding of the 

molecular mechanism responsible for the LLPS process, an experimental validation of the same is 

equally important. In the present contribution we aim to experimentally investigate hydration 

alteration during the ion-mediated LLPS process in a model protein bovine serum albumin (BSA) 

using the THz-FTIR (Tera hertz-Fourier transform infrared) spectroscopy technique (50–750 cm-

1; 1.5–22.5 THz). 

THz absorption spectroscopy has emerged as a potential tool to probe the changes in 

collective (sub)ps hydrogen bond dynamics and to detect low-frequency vibrational modes in 

liquids.21 Water acts as an exceptional THz absorber as the ultrafast fluctuations of water collective 
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dipole moments show their imprint in this frequency window.22 Any change of water network 

structure at the biomolecular surface offers contrasting features compared to the bulk water 

absorption profile and such measurements provide a label-free estimation of biomolecular-

solvation.23 While biomolecular hydration is a fascinating field of research, hydration of heavy 

(transition and lanthanide) metal ions also offers distinct features compared to main group 

elements owing to ligand-field stabilization and higher atomic mass.24-26 Such results are reflected 

in the absorption coefficient profiles with characteristic rattling modes of strongly hydrated metal 

ions within their hydration cage.27 With the notion that metal ions substantially perturb the 

hydrogen bonded network structure of bulk water, it is deemed interesting to understand how such 

a change modulates the overall hydration of negatively charged globular proteins during salt-

mediated LLPS processes. 

We investigate the effect of multivalent salts (AlCl3, LaCl3, YCl3, and HoCl3) along with 

monovalent (NaCl, KCl) and divalent (MgCl2, CaCl2) salts on the stability and phase separation 

process of bovine serum albumin (BSA). The salt (CS) and the protein (CP) concentration were 

fixed at 14 mM and 40 mg ml-1 (=0.6 mM) to maintain the overall CS : CP ratio of 23.33. The 

choice of this ratio is based on the fact that earlier studies17 have suggested that at this particular 

CS : CP ratio, multivalent ions do induce BSA to undergo LLPS. We visually detect a less 

transparent solution of BSA in the presence of the tri-valent salts compared to the monovalent and 

divalent ones. We use dynamic light scattering (DLS) technique to determine the size of the protein 

in the presence of these salts. The surface charge density of BSA is determined using zeta potential 

measurements. The secondary structure of the protein is estimated using circular dichroism 

measurements. Finally, protein solvation in the absence and in the presence of these salts is probed 

using THz-FTIR measurements. 

3.II. Materials and Methods. 

Sodium chloride (NaCl), potassium chloride (KCl), magnesium chloride (MgCl2), calcium 

chloride (CaCl2), aluminium chloride (AlCl3), lanthanum chloride (LaCl3), yttrium chloride 

(YCl3), holmium chloride (HoCl3) and bovine serum albumin (BSA) were purchased from Sigma 

Aldrich with ≥99% purity and were used without further refinement. The pH of the samples was 

maintained at 7.4 using freshly prepared phosphate buffer (PBS) as the solvent throughout the 

experiments. PBS buffer was prepared by dissolving acid NaH2PO4 and salt Na2HPO4 in water of 
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10 mM concentration. All the measurements were carried out at 25º C. The details of all the used 

instruments are described in the section 2.III and the experimental analysis details are also 

mentioned prior in the section 2.IV. 

3.III. Results and Discussions. 

Visual analysis of the protein solutions: We prepared a series of BSA solutions in the presence of 

monovalent alkali metal chlorides: NaCl and KCl, divalent alkaline earth metal chlorides: MgCl2 

and CaCl2, a trivalent transition metal chloride: YCl3, trivalent Lanthanide chlorides: LaCl3 and 

HoCl3, and a trivalent metal chloride: AlCl3 maintaining the ratio CS : CP 23.33. Photographs of 

these solutions (after ensuring complete equilibrium) are depicted in figure 3.III.1. Visual 

inspection of these solutions concludes that protein solutions containing trivalent salts are less 

transparent and bluish-translucent17 in appearance compared to the mono- and di-valent salt 

solutions.  

 

Figure 3.III.1. Images of different phase of samples, containing 40 mg ml-1 (0.6 mM) of BSA and Chloride 

salts with different valences. In every sample, the protein concentration (Cp) is 0.6 mM and the salt 

concentration (Cs) is 14 mM to maintain the Cs : Cp ratio of 23.33. Images show that the protein solutions 

get turbid in presence of trivalent salts compared to mono and divalent salts at room temperature.  

 

DLS measurements: Such bluish appearance of these protein solutions might indicate the formation 

of larger particles producing higher scattering. To ensure this we measure the size of the protein in 

the presence of these salts using the DLS technique. Native BSA (0.6 mM) shows a hydrodynamic 

diameter of 4.9 nm (figure 3.III.2a).28 This confirms that at this concentration BSA does not self-

aggregate in the buffer solution. The size remains almost the same in the presence of mono- and 

di-valent salts (figure 3.III.2b). In the presence of YCl3, however, we observe the appearance of 
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larger sized particles with hydrodynamic diameter of ~60 nm (figure 3.III.2a). We also note the 

formation of such larger particles (30–90 nm diameters) in the case of all the trivalent salts (figure 

3.III.2b). Formation of these larger particles is responsible for the observed bluish appearance of 

the protein solutions (figure 3.III.1). DLS measurements thus reveal that the size of the protein 

increases many-fold in the presence of trivalent metal ions. 

 

Figure 3.III.2. (a) Representative dynamic light scattering profiles of BSA (black dashed line) and 

BSA in presence of 14 mM YCl3 (Red solid line). (b) Hydrodynamic diameter of different BSA-

Salts samples. BSA and salts concentrations are fixed at 40 mg ml -1 (0.6 mM) and 14 mM 

respectively. The grey bar with 0 label indicates bare BSA solution, the orange bars specify BSA 

in presence of mono- and divalent salts, and the yellowish-green bars represent trivalent salts-

protein samples. (c) α-helix abundance (in percentage) of BSA in presence of trivalent salts. (d) 

Zeta Potential of salt containing BSA solution. Zeta potential value of HoCl3-BSA solution is shown 

in the red box. The corresponding surface charge density value, as estimated from zeta potential, is 

depicted in the inset. The error bars signify standard deviations.  

 

Secondary structural analysis of BSA in LLPS: Next, it is important to check whether the protein 

itself undergoes structural perturbation in the presence of these metal ions. We determine the 

secondary structures of BSA in the presence of these ions using CD spectroscopy (figure 3.III.3.). 

For the CD measurements CP is kept fixed at 10 mM and CS at 23.33 mM to retain the CS : CP ratio 
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of 23.33. Earlier studies suggest that the protein does not undergo significant structural 

perturbation in the presence of monovalent ions.29 The present measurements conclude that the 

secondary structure of BSA does not get noticeably perturbed in the presence of trivalent salts as 

well. BSA is an α-helix rich (~68%) globular protein. It is observed that the abundance of α -helix 

increases further in the presence of these salts (figure 3.III.2c), indicating a further stabilization of 

the compact globular structure of BSA, the effect being found to be maximum in La3+. CD 

measurements thus confirm that the salts do not bring about structural perturbation in the protein, 

which could have been anticipated as a possible reason for the increased size of the droplets. 

 

 

Figure 3.III.3. Representative CD signals (analysed in molar ellipticity, ε) of bare BSA protein, and in 

presence of the mentioned trivalent salts.  

 

Role of protein surface potential: The protein surface is generally charged due to the presence of 

charged amino acids at the surface and therefore, electrostatic interaction plays a crucial role 

securing protein stability and its functionality.30, 31 Anisotropic charge interaction on the protein 

surface could affect the phase behaviour of the protein solution.32 BSA (isoelectric point, pI ~ 

4.6)33 is negatively charged in PBS buffer (pH 7.4). Ion distribution around the negatively charged 

globular protein produces an electrical double layer (EDL) which dissects into two layers: the Stern 

layer and the diffuse layer. Metal ions are distributed around the charged protein surface, such and 

distribution could theoretically be described following Poisson–Boltzmann (PB) and/or 

Derjaguin–Landau–Verwey–Overbeek (DLVO theory).34 The presence of multivalent ions could 

as well induce charge inversion or overcompensation of surface charge of proteins by the binding 

of significant numbers of counter-ions at the surface.35 A distinct phase behaviour, called reentrant 
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condensation (RC),36 results from such charge inversion of globular, negatively charged proteins 

in the presence of multivalent cations at specific CS : CP ratios. We measure zeta-potential (ZP) 

and consequently the surface charge density (refer to the section 2.I.A) of BSA in the presence of 

the metal ions (figure 3.III.2d). It is observed that in the presence of mono- and di-valent salts BSA 

retains its intrinsic negative surface charge. However, in the presence of Al3+, La3+ and Y3+ we 

observe a drastic inversion in the protein surface charge as it becomes positively charged. The 

effect is found to be equivalent in all these three ions and corroborates the previous studies12 at 

this particular CS : CP ratio. In Ho3+, however, the change is only marginal and evidently at that 

point the protein–ion electrostatic contributions to the binding seem to be minimized.7 DLS and 

zeta potential measurements thus conclude that trivalent ions bring about remarkable changes both 

in the phase behaviour and the electrostatics in the protein solution, the effect being comparable in 

La3+ and Y3+, while in Al3+ and Ho3+, it is contrasting. It therefore appears interesting to investigate 

to what extent such changes are correlated with the corresponding change in the protein as well as 

in salt hydration.  

 

Figure 3.III.4. (a) Representative frequency-dependent absorption coefficient (α()) of water, BSA 

(0.6 mM), and 3M YCl3. (b) The difference of absorption coefficients Δα (= αsample - αbulk) at 

different YCl3 concentration (0.1 to 3.5M) as a function of frequency.  

 

Hydration study: We extensively examine the hydration structure of BSA in the absence and in the 

presence of the salts in the FIR-THz region (50–750 cm-1; 1.5–22.5 THz). We measure the 

frequency dependent absorption coefficient, 𝛼(𝜈), in this frequency window and representative 

profiles for bulk water, BSA in buffer and Y3+ in water are depicted in figure 3.III.4a. As observed 

from the figure, water strongly absorbs in this frequency region as different intermolecular 

hydrogen bond vibrating modes show their imprints in this frequency window.22 During ultrafast 
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(sub-ps) breaking and making of hydrogen bonds in bulk water, its collective dipole moment 

fluctuates and a Fourier transform of such autocorrelation yields the absorption coefficient 𝛼(𝜈) 

profile. Thus, experimental determination of 𝛼(𝜈) is a label-free explicit description of the 

collective vibrational motion of water. BSA in buffer solution produces a diminished 𝛼(𝜈) profile 

and alters these water modes as poor THz absorbing protein molecules replace high absorbing 

water, this key concept follows the well-known phenomenon of a ‘‘Terahertz defect’’.37 A lowering 

of the 𝛼(𝜈) profile also manifests the fact that the protein hydration water is more structured than 

the bulk water.38 It is evident from figure 3.III.4a that Y3+ also induces noticeable perturbation in 

the 𝛼(𝜈) profile of water. To understand such change quantitatively, we calculate the difference 

absorption profile ∆𝛼(𝜈) = 𝛼𝑠𝑎𝑙𝑡 − 𝛼𝑏𝑢𝑙𝑘 (figure 3.III.4b). Unlike in proteins, we observe the 

appearance of a distinct positive band, which could be explained by the rattling motions of the ions 

(i.e. ion oscillations in its solvation cage).39 The ∆𝛼(𝜈) profile of ion rattling motion in low 

frequency (<200 cm-1) can be overlapped with water absorption and above this range, the increase 

in absorption frequency is extended to the librational motion of water. Extension of the rattling 

motion to >200 cm-1 in the presence of several cations is related to a specific cationic resonance 

(Mn+-O) stretching mode, mostly evidenced in lanthanides (III).40 The ion hydration cage is 

considered as a 3D harmonic potential and the oscillation of ions in this potential well depends on 

the ion mass and force constant (curvature of the potential well), which eventually manifests H-

bond strength within the H-bond water network cage.41 

To reach into a more quantitative insight, we deconvolute all spectra into a multiple damped 

harmonic oscillator model,25, 41 

𝛥𝛼(𝜈) = ∑
𝑎𝑖𝜔0,𝑖𝜈

2

4𝜋3 [
𝜈2𝜔0,𝑖

2

𝜋2 + (𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2 − 𝜈2)

2

]

𝑁

𝑖=1

 

where 𝑎𝑖, 𝜔0,𝑖, and  𝜈𝑑,𝑖 elucidate the amplitude, the damping width, and the center frequency of 

the 𝑖𝑡ℎdamped harmonic oscillator modes, respectively. Subsequent modes can be extracted from 

the unperturbed center frequency, 𝜈𝑐,𝑖, obtained by, 𝜈𝑐,𝑖 = √𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2.  
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From the deconvolution of the bulk water spectrum (figure 3.III.5), two intense bands are 

observed: at ~129 cm-1 associated with the intermolecular H-bond stretching and at ~569 cm-1 

assigned to the intermolecular librational motion of water molecules.42 We then deconvolute the 

difference spectra of the protein solution (figure 3.III.6a) in which we observe negative 

contributions of two FIR active modes. 

 

 

Figure 3.III.5. Deconvoluted frequency dependent absorption coefficient, α() spectra of bulk water. Two 

damped modes are observed: HB stretching mode (~129 cm-1), and librational mode (~569 cm-1). 

 

The intermolecular hydrogen bond stretching frequency is centred at ~73 cm-1 and that of 

the librational mode is located at ~474 cm-1. The observed red shift in the peak frequency 

ascertains weakening of H-bonds and restriction in the librational mode. Since we are interested 

in extracting the change in protein hydration, we obtain ∆𝛼(𝜈) = 𝛼𝑝𝑟𝑜𝑡𝑒𝑖𝑛+𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟 −

𝛼𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟 for the protein solutions in the presence of the salts. As we deconvolute the ∆𝛼(𝜈) 

profiles we observe three bands with the corresponding centre frequencies appearing at ~190–204 

cm-1, 333–375 cm-1 and 568–615 cm-1 (Table 3.III.1). The first and the third bands are the 

intermolecular H-bond stretching vibrations and the constrained librational motion of water 

molecules, as discussed earlier.43 The band with a positive contribution appearing in the middle 

emanates from the rattling modes of ions along with their hydration cages and is found to be ion 

specific. It is important to recollect here that the trivalent salts induce the formation of larger 

aggregates (LLPS) with proteins and the observed changes in the protein hydration are expected 

to correlate that. We plot the central frequencies of the three fitted modes in figure 3.III.6(d–f) for 

different metal ions. 
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For mono- and di-valent salts, the ion rattling modes in the presence of BSA are centered 

in the 300–400 cm-1 region, which is mildly red shifted (~30–50 cm-1) compared to that observed 

for these ions in aqueous solutions. It should also be remembered here that the salts used in protein 

solutions are low in concentration (14 mM) compared to the concentration range (~1 M) studied 

in aqueous salt solutions. It is intriguing to note that despite this low salt concentration, the rattling 

peak, specific to ion hydration,39 is prominent. In bare La3+ and Y3+, this band appears at 315 and 

340 cm-1, and interestingly, in the presence of proteins, they suffer a distinct blue shift to appear at  

 

Figure 3.III.6. Dissection of experimental () spectra fitted using a damped harmonic oscillator 

model for (a) pure BSA, (b) BSA-KCl and (c) BSA-YCl3 solutions. The black solid lines represent 

experimental data and the red lines stand for the overall fit. Three damped modes are observed: HB 

stretching mode (70-140 cm-1), rattling motion of ions (380-410 cm-1), and librational mode (470-

580 cm-1). The corresponding peak frequencies for the different salts are presented in (d-f). ‘0’ 

stands for the bare protein solution. The error bar signifies the standard deviations for the respective 

system.  
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~390 cm-1. This signifies that the cationic resonance (Mn+–O) stretching is the major contributor 

to this mode. The observed blue shift thus correlates with the strengthening of the La+3–O and Y+3–

O stretching modes within the hydration cage of these ions. Protein–ion binding during LLPS 

formation leads to extended confinement of these ions (La3+ and Y3+) in their hydration cage. On 

the contrary, the other two trivalent ions Ho3+ (327 cm-1) and Al3+ (258 cm-1) exhibit drastic red 

shift to appear at ~154 and 168 cm-1 in the presence of the protein. Noticeably, these ions also 

induce LLPS in the studied protein–salt composition. It can be noticed here that this specific 

vibrational mode is ion specific and any change in it is due to the modified ion-solvation as the 

ions interact with proteins. It is evident that the effect of the same protein on the salts is different 

and it does not depend solely on the charge of the ions as contrasting solvation features are 

observed between La3+, Y3+ and Ho3+ and Al3+. 

We now focus on the solvation of the protein. As discussed earlier, the HB stretching mode 

of bulk water suffers a pronounced red shift in the presence of BSA to appear at ~73 cm-1. As 

mono- and di-valent salts are added, a comparative blue shift in the mode is observed to appear at 

~120 cm-1, the peak frequency being similar to that observed in bulk water. In the presence of 

trivalent salts, however, the blue shift is comparatively less (~10–15 cm-1), and most intriguingly, 

in Ho3+, it is even more red shifted to appear at ~53 cm-1. Focusing on the librational band, in the 

presence of BSA, the bond is significantly red shifted (~90 cm-1). In the presence of mono- and 

di-valent salts, it more or less regains a value comparable to that of bulk water. A strikingly 

different behaviour is yet again observed in trivalent ions. In Al3+ and Ho3+, it is even more red 

shifted than in the protein solution itself. The most captivating result is obtained in La3+ and Y3+ 

in which we do not recover any contribution of the librational mode. These ions do induce LLPS 

and at ambient conditions, the microscopically separated protein-rich phase contains more 

tetrahedrally coordinated water molecules, which perhaps inhibits its librational motion.44 Unlike 

these two salts, during LLPS formation, AlCl3 and HoCl3, however, could not dissipate the 

librational band and the band eventually shifts towards a lower frequency. 

Measurement of the absorption co-efficient (𝛼) in the THz frequency region can provide 

useful and explicit information on solute solvation.45 As observed, water offers a huge absorption 

in this frequency window (figure 3.III.4a), and the addition of solutes (here, protein and salts) 

modifies the pristine profile. The experimentally observed 𝛼(𝜈) profile is expected to be explained 
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as a summation of contributions from each component: 𝛼(𝜈) = ∑ 𝜙𝑖𝛼𝑖(𝜈)𝑖  where 𝜙𝑖 is the volume 

fraction of the ith component. However, it has been concluded that mere consideration of the bulk 

components does not reproduce the experimental 𝛼(𝜈) profile, and one needs to consider the 

contribution from the solute hydration layer also.45 In the present case, while describing the total 

absorption profile of BSA solution, one needs to consider the absorption contribution from the 

protein hydration shell also. The difference absorbance Δ𝛼𝑝(𝜈), therefore takes the form: 

∆𝛼𝑝(𝜈) = 𝜙𝑝𝛼𝑝(𝜈) + 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + (𝜙𝑏𝑢𝑙𝑘 −  1) 𝛼𝑏𝑢𝑙𝑘(𝜈)  (3.1) 

where ph is the volume fraction of the protein hydration sheath and 𝛼𝑝ℎ is the corresponding 

absorption coefficient. Keeping in mind that the absorption co-efficient and volume fraction are 

always positive quantities; it is evident from this equation that an observed negative profile of 

Δ𝛼𝑝(𝜈) (figure 3.III.6a) emanates only if the negative value of the third term overwhelms the first 

two positive contributions. Note that in this equation, we have two unknown terms 𝜙𝑝ℎ and 

𝛼𝑝ℎ(𝜈), and previous studies suggest that 𝛼𝑝ℎ(𝜈) is a function of the solute type and also distance 

from the surface.46 So, it is not possible to explicitly identify the individual contribution of either 

𝜙𝑝ℎ or 𝛼𝑝ℎ, however, it can unambiguously be stated that the product of these two terms has a 

lower value than the third term. As salt(s) is added to the protein solution, an additional term due 

to salt hydration (sh) also needs to be accommodated, and Δ𝛼𝑝+𝑠(𝜈) thus takes the form: 

∆𝛼𝑝+𝑠(𝜈) = 𝜙𝑝
′ 𝛼𝑝(𝜈) + 𝜙𝑝ℎ

′ 𝛼𝑝ℎ(𝜈) + 𝜙𝑠
′𝛼𝑠(𝜈) + 𝜙𝑠ℎ

′ 𝛼𝑠ℎ(𝜈) 

+(𝜙𝑏𝑢𝑙𝑘
′ − 1)𝛼𝑏𝑢𝑙𝑘(𝜈)    (3.2) 

To quantify the extent of the ion-induced perturbation in protein hydration we estimate the 

parameter ∆Δ𝛼(𝜈)(= ∆𝛼𝑝+𝑠(𝜈) − ∆𝛼𝑝(𝜈)) for different salt–BSA pairs (figure 3.III.7). We 

observe that ∆Δ𝛼(𝜈) is sensitive towards the salt type. Using eqn (3.1) and (3.2) the analytical 

form of ∆Δ𝛼(𝜈) could approximately be expressed as (keeping in mind that both BSA and the salts 

absorbs much less in this frequency window): 

∆Δ𝛼(𝜈) = (𝜙𝑝ℎ
′ − 𝜙𝑝ℎ)𝛼𝑝ℎ(𝜈) + 𝜙𝑠ℎ

′ 𝛼𝑠ℎ(𝜈) 

+(𝜙𝑏𝑢𝑙𝑘
′ − 𝜙𝑏𝑢𝑙𝑘)𝛼𝑏𝑢𝑙𝑘(𝜈)   (3.3) 

We now try to explain the experimentally obtained results (figure 3.III.7) in the light of 

this equation remembering that the second term always contributes a positive share and thus the 

sign of ∆Δ𝛼(𝜈) is determined by the two terminal difference terms. 
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Figure 3.III.7. Frequency dependent change in difference absorption coefficients ∆∆α(ν) (= 

∆α(p+s)(ν)- ∆αp(ν)) (a) of trivalent salts, and (b) of monovalent salts.  

 

Extracting thermodynamic parameters, specifically solvation free energy (Δ𝐺ℎ𝑦𝑑 =

Δ𝐻ℎ𝑦𝑑 − 𝑇Δ𝑆ℎ𝑦𝑑), provides an understanding of protein–ion binding processes. In a recent study 

Ahlers et al.44 have proposed that minimization of protein solvation plays a decisive force during 

LLPS. Studies on elastin like polypeptides and polymers have also revealed that LLPS is 

entropically driven by the loss of hydration structure around the macromolecules during LLPS.47 

Our group has also recently described how LLPS is stabilized or inhibited depending on the change 

of protein hydration and consequently on the free energy.42 Thermodynamic parameters related to 

protein-multivalent cation binding have mostly been quantitatively understood following a 2PT 

(Two phase thermodynamic) model.15 According to this theory, the ‘‘hydration effect’’ associates 

partial de-solvation of both the protein and the ion(s) during an ion-mediated LLPS process. In the 

2PT method, protein–ion binding entropy can be estimated for the collective vibrational modes of 

the non-interacting harmonic oscillators in terms of density of states (DOS) of fluids. 

While the analytically calculated DOS relates to the velocity autocorrelation function, the 

experimentally determined THz absorption coefficient 𝛼(𝜈) is an outcome of the total dipole 

moment autocorrelation function.22 The analytical relation between the velocity autocorrelation 

function and total dipole moment autocorrelation function is still an uncovered field, which 

restricts us from quantitatively disclosing the change in protein–ion binding entropy in terms of 

the experimentally obtained 𝛼(𝜈) values. However, we could appear at a qualitative interpretation 
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of the change in the protein hydration entropy (Δ𝑆ℎ𝑦𝑑 = Δ𝑆𝑝,𝑠 − Δ𝑆𝑝,𝑏), in terms of the observed 

∆Δ𝛼(𝜈) profiles. 

We first consider that the monovalent salts do not produce any perturbation and/or 

modification on protein solubility, and we observe that for these ions ∆Δ𝛼(𝜈) → 0 (figure 3.III.7b) 

and correspondingly the hydration entropy gain Δ𝑆ℎ𝑦𝑑 → 0 forming no LLPS. A previous 

simulation study15 suggests that these ions do accommodate at the protein surface, which 

compromises their hydration structure (figure 3.III.6b of the ref. 15) during binding. It also has 

been evidenced from the red shift of the monovalent ions rattling motion from the bulk (~385 cm-

1) to the protein solution (~358 cm-1), which supports the weakening of the ion hydration. This 

effect should be felt in the term 𝜙𝑠ℎ
′ 𝛼𝑠ℎ(𝜈) in eqn (3.3). However, since the proteins are not 

aggregating, the bulk water contribution does not change (𝜙𝑏𝑢𝑙𝑘
′ ≈ 𝜙𝑏𝑢𝑙𝑘) and so any change in 

the protein solvation is compensated by the 𝜙𝑠ℎ
′ 𝛼𝑠ℎ(𝜈) term to produce ∆Δ𝛼(𝜈) → 0. As expected, 

a similar observation (∆Δ𝛼(𝜈) → 0) is also obtained in the case of the bivalent salts. 

We now focus on the trivalent salts, all of them inducing LLPS. As mentioned earlier, these 

salts also offer distinct behaviour depending on their position in the periodic table. For LaCl3 and 

YCl3 we observe ∆Δ𝛼(𝜈) < 0 (figure 3.III.7a). These ions do induce LLPS following BSA charge 

reversal and this thereby confirms their strong interaction with the protein surface. Note that we 

could not recover any librational model for these ions in the presence of BSA, and perhaps an 

otherwise wide ion rattling mode overlaps with the librational mode; a possible rationale for the 

same could be strong confinement of the ions within the LLPS hydration realm. The formation of 

LLPS defines the release of protein solvation in the form of bulk water implying a positive 

∆𝜙𝑏𝑢𝑙𝑘contribution. It therefore appears that the decrease in protein hydration ∆𝜙𝑝ℎ more than 

compensates for the two positive contributions (eqn (3.3)) to produce an overall negative ∆Δ𝛼(𝜈). 

Noticeably the salt hydration contribution is not sufficient to compensate that.  

Finally, we discuss the unusually different behaviour of the two ions: Ho3+ and Al3+. We 

have summarized the key results in Table 3.III.2. For Ho we interestingly observe a near-zero 

profile of ∆Δ𝛼(𝜈). For Al3+ we even notice that ∆Δ𝛼(𝜈) is positive. Since these ions also induce 

LLPS, we therefore can safely conclude a release of bulk water into the solution, which implies
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 ∆𝜙𝑏𝑢𝑙𝑘 > 0 and ∆𝜙𝑝ℎ < 0, entropically favouring the process. A positive value of ∆Δ𝛼(𝜈) thus 

can be achieved either by ∆𝜙𝑏𝑢𝑙𝑘 > ∆𝜙𝑝ℎ or with a high positive contribution of 𝜙𝑠ℎ
′ 𝛼𝑠ℎ(𝜈) or 

both. It is interesting to note here that both Ho3+ and Al3+ produce varied solvation behaviour. A 

previous EXAFS (extended X-ray absorption fine structure spectroscopy) study provides varying 

hydration structures of different ions of the lanthanide subgroup (Ln(III)) depending on their 

hydration geometry.48 The square antiprismatic (8 coordinated) distribution of hydration water 

molecules around Ho3+ (heavy Ln(III)) ions have shorter mean Ho–O bond length than lighter 

Ln(III) ions (La3+)) leads to weakening of the water exchange rate. This argument also corroborates 

with the marginal change in the protein surface potential in the presence of Ho3+ (figure 3.III.2d) 

and also the noticed red shift in its rattling mode in the protein solution, consequently implying a 

high positive contribution of 𝜙𝑠ℎ
′  which eventually provides a near-positive ∆Δ𝛼(𝜈) profile. 

Finally, the distinctly positive ∆Δ𝛼(𝜈) profile of Al3+ can be explained from a different 

perspective: the substantial red shift of the rattling mode of the ion in the presence of BSA signifies 

a major de-solvation of the octahedrally coordinated Al3+ ions49 resulting in the further 

enhancement of bulk water, thereby making the third term in eqn (3.3) predominantly positive. 

3.IV. Conclusions. 

Our study has been aimed to experimentally reveal the associated hydration change as trivalent 

cations impose LLPS in BSA using THz-FTIR spectroscopy. Monovalent and divalent ions do not 

produce any such phase separation, as expected. All the trivalent cations do induce LLPS. They 

also induce charge reversal of the protein, the effect being although very subtle in Ho3+. From the 

deconvolution of the experimental 𝛼(𝜈) profiles, we obtain three modes, one of which is specific 

to ions (rattling mode), which manifests the solvation states of the ions, and it is found to strongly 

depend on the ion type. A detailed analysis of the overall hydration change (as defined by ∆Δ𝛼(𝜈)) 

reveals very interesting ion-specific protein–ion hydration, specifically for the LLPS forming 

trivalent ions. We observe three distinct types of solvation nature: La3+ and Y3+, Ho3+ and Al3+ 

(figure 3.III.7a). Since all these ions induce LLPS, the overall process must be entropically driven; 

however, it might not solely be driven by the hydrophobic hydration (protein aggregation followed 

by the release of hydration water), rather one needs to as well consider the corresponding 

contribution from ion (hydrophilic)–hydration, which mostly is electrostatic in nature and is very 

much ion specific, corroborating the conclusion drawn from a recent simulation study.15 Our 
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experiments thus clearly demonstrate that consideration of mere charge (III in this case) on the 

metal ions is not sufficient to explain their behaviour towards macromolecules (formation of LLPS 

in the present case). It is noteworthy here that the ions have different ionic radius which follows 

the order: Al3+ (71 pm) < Y3+ (88 pm) < La3+ (108 pm) < Ho3+(175 pm), and the change in 

hydration does not follow any correlation with the ionic size (figure 3.III.7a). So, a mere 

consideration of the surface charge density of the ions is not sufficient to explain the hydration 

behaviour, specifically in the presence of proteins. A possibility could be a salient role of the 

electronic configuration of these ions.  

We believe that our study will provide impetus towards a combined experimental and 

simulation investigation to explain the ion specificity from a molecular point of view. 

 

Table 3.III.1. The listed values of the fitted unperturbed center frequency (νc): Respective values 

for hydrogen bond stretching mode, for rattling motions of ions, and for water librational motion 

of each protein-salt system and only aqueous solution of BSA protein. 

Salt HB stretch 

νc (cm-1) 
Ion rattling 

νc (cm-1) 
Water libration 

νc (cm-1) 

0 72.7(56) - 474.1(23) 

NaCl 106.8(24) 358.6(31) 551.7(25) 

KCl 141(22) 403(26) 577.7(17) 

MgCl2 108.9(20) 341.9(9) 574.1(5) 

CaCl2 114.8(39) 351.8(15) 544.3(11) 

AlCl3 83.5(2) 168.5(11) 410.9(13) 

LaCl3 82.5(7) 391.8(14) - 

YCl3 92.4(3) 385 (19) - 

HoCl3 52.7(0.8) 154.5(13) 365.8(10) 
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Table 3.III.2. 

System ∆∆𝛼(𝜈) Δ𝑆ℎ𝑦𝑑 Hydration geometry Remarks 

Ho3+ almost zero 

or 

nearly 

positive 

positive square antiprismatic 

(8 co-ordinated) 

Red shift of the ion 

rattling mode 

Weak hydration 

water exchange 

Al3+ Distinctly 

positive 

positive octahedrally co-

ordinated 

Red shift of the ion 

rattling mode. 

Major desolvation of 

ocatahedrally co-

ordinated ion 
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Chapter 4 

4. Thermo-resistive phase behaviour of trivalent ion induced 

microscopic protein rich phases: Correlating with the ion-specific 

protein hydration 

Proteins, in presence of tri-valent cations, exhibit intriguing phase behaviour which is 

contrasting as compared to mono- and di-valent cations. At room temperature (RT) tri-valent 

cations induce microscopic liquid-liquid phase 

separation (LLPS) in which a protein rich phase 

coexists with a dilute phase. The critical solution 

temperature (CST) related phenomena in these 

complex fluids are well studied, however, such 

studies have mostly been restricted below the 

denaturation temperature (TM) of the protein(s) 

involved. Here we probe the phase behaviour of 

bovine serum albumin (BSA) incubated at 70 0C (>TM) in presence of Na+, Mg2+, La3+, Y3+ 

and Ho3+ ions. BSA in presence of mono- and bi-valent ions forms intense gel phase at 70 0C; 

however, the tri-valent salts offer a remarkable thermal resistivity and retain the fluid LLPS 

phase. We determine the microscopic phase behaviour using differential interference contrast 

(DIC) optical microscopy, which shows that the LLPS droplet structures in M3+ ion containing 

protein solutions prevail upon heating whereas Mg2+ forms composed crosslinking gelation 

upon thermal incubation. We probe the interior environment of the protein aggregates by ps-

resolved fluorescence anisotropy measurements using 8-Anilino-1-naphthalenesulfonic acid 

(ANS) as an extrinsic fluorophore. It reveals that while LLPS phase retains the rotational time-

constants upon heating, in case of gelation, the immediate environment of ANS gets 

significantly perturbed. We investigate the explicit protein hydration at RT and as well as at 

T>TM using ATR THz-FTIR (1.5-22.5 THz) spectroscopy technique and found that the 

hydration shows strong ion-specificity and correlates the phase transition behaviour.  
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4.I. Introduction. 

Multivalent (specifically trivalent) cations offer intriguing effects on biomacromolecules 

(proteins) as they show diverse phase behaviours which is governed by their distinct 

electrostatic interactions.1-3 Such ions could lead to charge inversion of protein surface at room 

temperature (RT) and subsequently to re-entrant phase behaviour unlike in mono- and di-valent 

ions.4 Generic re-entrant ion-condensation implies characteristic isothermal liquid-liquid phase 

separation (LLPS) of globular protein molecules.5 However, such isothermal LLPS formation 

is often fails to explain the lower critical solution temperature (LCST) behaviours observed in 

many globular proteins.6 Microscopic phase behaviour allows long range inter-protein cation 

binding and cation bridging between individual protein strands in LCST-LLPS condition at 

high temperature.7 LCST-LLPS is an entropically driven phenomenon at high temperature with 

ease in phase separation.8, 9 Most of these earlier studies on the temperature dependency of 

cation-induced protein LLPS have been limited to a particular range of temperature, which is 

below the denaturing temperature of the corresponding protein (T<TM).10 Heat induced protein 

denaturation leads to unfolding of protein’s structural domains followed by 

aggregation/gelation depending on the protein concentration.11-14 According to the classical 

colloidal theories, ionic strength of mono- and di-valent cationic salts offers prominent effect 

on protein gelation by reducing the Coulomb interactions15 and retaining a certain degree of 

order in the gel matrix and predicts16 an entropy gain upon protein aggregation as hydrated 

protein releases water into bulk as gelation sets in. This theory also involves the role of ions in 

the gelation process; however, the exact nature of their contribution has not been explicitly 

been expressed to be ion-specific. Thus, this theory predicts comparable phase behaviour in 

presence of ion of any charge. This idea, while holds true for many mono- and bi-valent cations, 

in not trivial in presence of tri-valent cations. We recently have observed that trivalent cations 

impose the formation of LLPS microphase(s) in bovine serum albumin (BSA) at RT.17 Our 

experimental study reveals an intriguing ion-specific protein and ion hydration, specifically for 

the LLPS forming trivalent ions. In the present study we take a step forward from the phase 

isotherm at RT and explore whether they offer distinct signature at T>TM. Moreover, it is 

expected that hydration should also play a key role in determining the phase behaviour in such 

multi-component system. Such a notion has very rarely been addressed in the past. The present 

experimental investigation is a step forward to verify those.  

In this work we characterize in vitro phase behaviour of a model globular protein bovine 

serum albumin (BSA) in presence of monovalent (NaCl), divalent (MgCl2) and trivalent 
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(LaCl3, YCl3 and HoCl3) salts at RT (25 0C) and at 70 0C (>TM). We carry out all the 

measurements maintaining a fixed salt concentration (Cs):protein concentration (Cp) ratio of 

23.33; the specific choice of this ratio gets its justification from the fact that previous reports 

show that trivalent salts bring about microscopic phase separation in BSA at this particular ratio 

at RT.18 We observe that trivalent ions induce distinct phase behaviour at T>TM. We found a 

remarkable thermal stability of the LLPS phase at T>TM, which is contrasting as compared to 

bare protein and Mg2+ containing protein. We use UV-Visible spectroscopy, dynamic light 

scattering (DLS) and optical microscopy techniques to characterize these different phases. We 

also employ steady state and picosecond-resolved fluorescence anisotropy measurements using 

ANS as the fluorophore to underline the distinct information on the micro-heterogeneous 

viscous environment around the protein as different phases are formed. We finally investigate 

the change in protein hydration during such phase transitions using ATR THz-FTIR 

spectroscopy in the frequency window of 1.5-22.5 THz (50-750 cm-1). THz absorption 

spectroscopy is a potential to label-free tool to trace the global dynamical at biomolecular 

interfaces as it directly probes the fluctuation of the collective dipole moment of water and 

hence can explicitly probe the vibrational modes of water network.19, 20 Our group has put 

forward substantial effort to understand protein hydration under various bio-physical 

conditions using THz spectroscopy measurements.21-25 We observe that the thermos-responsive 

behavior of mono- and di-valent ions as well as the thermos-resistive behavior of the tri-valent 

ions is strongly associated with the corresponding change in the protein hydration. 

4.II. Materials and Methods. 

All the salts: sodium chloride (NaCl), magnesium chloride (MgCl2), lanthanum chloride 

(LaCl3), yttrium chloride (YCl3) and holmium chloride (HoCl3) were purchased from Sigma 

Aldrich (Merck) with 99% purity of analytical grade. Bovine serum albumin (BSA; Sigma-

A4503) with 96% purity was used without further refinement. The details of all the used 

instruments are described in the section 2.III and the experimental analysis details are also 

mentioned prior in the section 2.IV.
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4.III. Results and Discussions. 

Visual appearance and turbidity measurements: We first investigate the effect of ions on the 

physical appearance of BSA at RT. Figure 4.III.1a describes the visual appearance of freshly 

prepared BSA solutions at 25 0C in different environments. Pure BSA and NaCl, MgCl2 

containing solutions look transparent and colourless while the trivalent (LaCl3, YCl3 and 

HoCl3) salt(s) containing samples appear slightly bluish and translucent. Overnight incubation 

at 25 0C does not alter the visual appearance of the samples. For a more quantitative insight we 

perform turbidity measurements to determine the inhomogeneity in the samples (figure 

4.III.1c). The trivalent salt containing solutions produce ~2 to 3 times higher turbidity than the 

pure BSA solution; our previous study17 has confirmed the formation of LLPS droplets in these 

samples, which results in the increased turbidity. We then incubate all the samples at 70 0C for  

Figure 4.III.1. Thermal behaviour of only BSA protein, and protein-salt solutions w.r.t turbidity, 

structural analysis and ζ potential measurements. Photographs of the respective samples after incubation 

(a) at 25 0C and (b) at 70 0C for 6 h. (c) Turbidity measurement at 400 nm wavelength using a UV 

spectrophotometer. Blue arrows and rounds used to guide the visual. (d) Photograph of all incubated 

samples to isolate their flowing nature at each state. Arrows are used to point out ultimate surface. (e) 

Hydrodynamic diameter(s) of BSA in the absence and presence of salts at 25 0C. The inset shows 

normalised intensity distribution against hydrodynamic diameter of bare BSA and BSA in the presence 

of HoCl3 at two different temperatures 25 and 70 0C. (f) ζ Potential of BSA solutions at two different 

temperatures (25 and 70 0C). ζ potential value of HoCl3-BSA solution (at 25 0C) is shown in the red 

box. The error bars signify standard deviations. 
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6 hours and visualize them as they equilibrate at RT (figure 4.III.1b). Pure BSA solution is 

transformed into a less transparent highly viscous gel-like state. It does not flow through the 

surface of the tube when kept upside down for hours (figure 4.III.1d). Its turbidity also increases 

by ~30-40 fold (figure 4.III.1c). In presence of MgCl2 it forms an even intense white opaque 

highly viscous gel like phase. In presence of the trivalent salts, the turbidity of the solutions 

remains mostly unaltered (figure 4.III.1c), however, we observe ion-dependent phase 

behaviour: in presence of La3+, it forms a slightly viscous phase while in Y3+ and Ho3+, the 

solutions remain fluid as it was at RT (figure 4.III.1d). 

Size measurements by DLS: We then measure the size of the droplets in all the samples using 

DLS technique (figure 4.III.1e). Compared to the pure protein (diameter ~5 nm) the LLPS 

droplets are found to be larger in size at 25 0C; a representative scattering profile for Ho3+ is 

shown in the figure. Noticeably both Na+ and Mg2+ do not alter the size of the protein 

molecules. As the bare protein is incubated at 70 0C, it denatures and thereby increasing the 

size drastically with a wide poly dispersity index (50 nm to 6 μm). Interestingly, as the LLPS 

solutions were incubated at 70 0C, the size changes only marginally (figure 4.III.1e; inset). The 

turbidity and DLS measurements thus indicate that temperature increase above Tm has less 

pronounced effect on the LLPS droplets.   

Zeta-potential study: To understand the charge modification on the protein surface we measure 

the zeta-potential of BSA in presence of these metal ions (figure 4.III.1f). At RT the BSA 

surface potential is negative in buffer and remains negative in presence of both Na+ and Mg2+. 

We observe a drastic inversion of surface potential at RT in presence of all the trivalent ions as 

the surface charge becomes positive. The effect is subtle in Ho3+, while for the other trivalent 

ions it is considerable. Interestingly, as the solutions were incubated at 70 0C, it appears that 

the charge inversion becomes even more prominent in presence of the trivalent salts, which 

supports the thermos-resistivity of the protein surface in presence of the tri-valent ions.  

Morphological analysis: In order to obtain insight into the microstructures of these phases we 

perform differential interference contrast (DIC) optical microscopy measurements (figure 

4.III.2). We show three representative systems: pure protein, Mg2+ and La3+ containing protein 

solution(s). After incubation at 25 0C 0.6 mM BSA solution, in absence and in presence of 

MgCl2, appears clear under the microscope indicating homogeneously dispersed monomeric 

protein molecules in the solution. In presence of LaCl3 we register the appearance of large 

LLPS droplets.17 Similar phenomenon is also observed for the other trivalent ions. When these 
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samples are incubated at 70 0C for 6 hours we observe various phases to appear (the middle 

panel, figure 4.III.2): in pure BSA we found indefinite structures while in MgCl2 it forms a  

 

 

Figure 4.III.2. Optical microscopy (DIC) images of pure BSA protein in the presence of divalent MgCl2 

salt and trivalent LaCl3 salt, respectively (in the column) using RGB color scheme at 10 μm scale. 

Images using the DIC method after (upper panel) overnight incubation at 25˚C; (middle panel) 6 h of 

incubation at 70 ˚C, and followed by (low panel) incubation at 25˚C for 5 days. Representative size 

distribution plots (insets) of LLPS liquid droplets corresponds to each incubated state (protein in LaCl3). 

 

huge network of cross-linking aggregates. Note that the curdy opaque appearance in Mg2+ 

(figure 4.III.1b) implies the formation of such huge network structures as evidenced in earlier 

studies.26, 27 These micro-structures do not change much upon keeping them at room 

temperature for 5 days. On the contrary, for La3+ we observe that upon incubation at 70 0C the 

basic shape of the microstructures as observed at RT (LLPS droplets) remains the same, 
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however, their number density and size distribution gets subtly modified. The distribution of 

the droplet size is shown in the corresponding inset. The droplet phase does not change upon 

keeping the samples for 5 days at room temperature, their size distribution, however, suffers 

certain modification upon standing. This result unambiguously reveals that trivalent salt 

induced LLPS does retain their structural integrity while bare and mono- and bi-valent ions 

containing protein solutions do undergo conformational rupture followed by phase transition 

upon heating.  

Study of micro-environment by fluorescence anisotropy: Before analysing the hydration change 

during the various phase transitions, it is also important to understand the internal environment 

of the proteins aggregations as they are formed. An elegant way to monitor this is to perform 

fluorescence spectroscopy measurements. We use ANS, a well fluorescence probe used in 

biomolecules,28 as an extrinsic fluorophore to probe the micro-heterogeneity within the protein 

aggregates. Measurement of angle dependent fluorescence (polarization angle of 00 and 900) 

enables one to calculate the rotational anisotropy (see SI section for details), which in turn 

manifests the local viscosity around the probe as it binds to the protein. We calculate both 

steady state and time-resolved rotational anisotropy of ANS in different protein environments. 

The steady state anisotropy of ANS in buffer is presumably very low (0.06) and decreases 

mildly at higher temperature (table 4.III.1). In presence of BSA (0.6 mM) at RT the value 

increases to 0.18 as ANS binds to the hydrophobic sites of the protein and thereby its rotation 

gets restricted.29, 30 In protein rich LLPS micro-phase (in presence of salts) anisotropy value 

also remains high. When BSA forms gel at 70 0C, we observe a sharp drop in the ANS 

anisotropy value (table 4.III.1), a value similar to that in bulk water, which manifests increase 

in the rotational flexibility of ANS in the BSA gel. Similar drop in anisotropy is also observed 

in presence of Mg2+ ions also. Interesting results are observed for trivalent ion containing LLPS 

phases, as the anisotropy value does not change upon heating (table 4.III.1). To get into a deeper 

insight we also measure the ps-resolved rotational anisotropy of ANS in all these systems. ANS 

in buffer offers a single exponential rotational decay with a time constant of ~0.1 ns (figure 

4.III.3a, table 4.III.2). In presence of BSA, the rotational decay transient gets noticeably slower, 

and could only be fitted considering a bi-exponential model (figure 4.III.3b). We obtain two 

time constants: 0.23 ns (fast) and a relatively slower time constant ~19 ns (slow). It is to be 

noted here that while fast manifests the restriction imposed on the ANS present in the protein 

solvation shell, slow mostly associates its translational movement of the probe at the protein 

surface coupled with the tumbling motion of the protein molecule. Since our study is focused 
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on the modification of hydration during protein aggregation, we make our discussion mostly 

focusing more on the fast rotational time constant. As the protein forms LLPS at RT in presence 

of La3+ and Ho3+ ions, the (fast) shows a relatively slower value (0.35-0.4 ns), while in presence 

of Mg2+, it does not change much  

 

Figure 4.III.3. Time resolved rotational anisotropy (r(t) of ANS in different environments (a) in buffer, 

(b) in 6 mM BSA, (c) in BSA incubated at 700C in presence of Mg2+ (forming a gel phase), (d) BSA 

incubated at 250C in presence of La3+ (forming an LLPS phase) and (e) BSA incubated at 750C in 

presence of La3+ (forming an LLPS phase). The solid lines are exponential fits. 

 

(table 4.III.2). As the BSA solution is incubated at 70 0C and gel is formed, we observe that 

interestingly fast takes a value comparable to that in bulk water (~0.1 ns) with an offset in the 

r(t) profile (figure 4.III.3c). The presence of an offset indicates that a fraction of the ANS 

molecules is bound to a phase of protein which is unable to complete its rotation within the 

experimental time window. On the other hand, the fast~0.1 ns value indicates that a fraction of 

ANS molecules are also present in bulk water, which could result from the de-solvation during 

the gel formation (see later). A similar observation is found in case of BSA-Mg2+ system also 

(table 4.III.2). Interestingly, BSA, in presence of La3+ and Ho3+, when incubated at 700C, 

produces decay transients which are marginally faster, however, keep the bi-exponential feature 

as has been obtained at RT (figure 4.III.3, table 4.III.2). These observations also corroborate 

the steady state results and strongly establish the thermos-resistive nature of the LLPS phases, 

which is in stark contrast with the monomeric one. 
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Figure 4.III.4. Dissection of the experimental frequency dependent difference absorption coefficients 

∆α(ν) fitted profile using the 3D damped harmonic oscillator model: (a) for only BSA protein and (b) 

in the presence of LaCl3. Deconvoluted spectrums with orange, yellow and light pink colors represent 

the HB stretching mode, water librational motion and ion rattling mode, respectively. Red line stands 

for the fitted curve over deep blue experimental data points. 

 

Hydration study: We finally explore that while the LLPS phases retain their structural 

morphology, what happens to its hydration; or to put the question in other words: how the 

hydration differs as thermos-sensitive systems undergo phase transition while M3+ containing 

systems retain it. To address this, we determine the protein hydration in these different phases 

using ATR-THz (50-750 cm-1; 1.5-22.5 THz) FTIR measurements. As the temperature is raised 

to 70 0C, the protein solution shows further decrease in the absorption profile. A more explicit 

insight of protein hydration is obtained from the difference spectra, Δ𝛼(𝜈) =

𝛼(𝜈)𝑝𝑟𝑜𝑡𝑒𝑖𝑛+𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟 − 𝛼(𝜈)𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟 (figure 4.III.4). Two representative fitting profiles for 

pure BSA and La3+ containing BSA (both incubated at 70 0C) are shown in figure 4.III.4. All 

the fitting parameters are summarized in table 4.III.3 and 4.III.4. The analysis yields three types 

of bands with corresponding centre frequencies appearing at ~127-190, 402-460 and 467-548 

cm-1. Noteworthy that all these three bands do not necessarily appear in each system 

manifesting the very distinct solvation nature of the different phases. It is important to 

remember here that since the fitted parameters are extracted from the difference spectra 

(()), it correlates the protein surface hydration explicitly, and does not include any 

contribution from the bulk hydration. Thus, any change in the fitting parameter(s) emanates 

from the finite change in the protein surface hydration. Dissection of pure water spectrum 

(()) produces two bands peaking at HB ~130 cm-1, associated with the intermolecular H-

bond stretching vibrations of pure water, and Lib ~570 cm-1, associated the constrained 
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rotational (librational) motion of water, respectively.31 Note that in presence of protein (as we 

dissect the difference profile, ()), these peak frequencies change (table 4.III.3 and 4.III.4), 

which is in accordance to the fact that water at the protein surface experiences altered 

environments. It is also important to note here that the intermediate band rtl~ 402-460 cm-1 

appears only in presence of ions as the ion(s) rattle along their hydration cages. 

We plot the peak frequencies of the three modes in all the systems at two different 

incubation temperatures (25 0C and 70 0C) in figure 4.III.5. Protein solution incubated at 25 0C 

shows two signature bands: HB stretching mode (HB) at ~73 cm-1 and libration band (Lib) at 

~474 cm-1, both of which are red shifted compared to those in bulk water. When incubated at 

70 0C HB appears at ~144 cm-1 while Lib appears at ~467 cm-1. A blue shift in HB with respect 

to bulk water ascertains the formation of stronger intermolecular HBs at protein surface. 

Protein in presence of mono- and bi-valent ions shows a blue shift (~30 cm-1) of HB upon 

incubation at 25 0C, while Lib suffers a drastic blue shift. Upon 70 0C incubation we observe 

𝜈𝐻𝐵
𝑁𝑎~𝜈𝐻𝐵

𝑏𝑢𝑙𝑘, while in Mg2+ we observe 𝜈𝐻𝐵
𝑀𝑔

 ~190 cm-1. Also 𝜈𝑙𝑖𝑏
𝑀𝑔

 is obtained at ~25 cm-1 smaller 

than that at RT. This red shift in the libration motion imparts a comparatively free rotation of 

water molecules as protein aggregates. In case of trivalent ions: incubation at 25 0C, the blue 

shift in HB is comparatively less (~10-15 cm-1) and, interestingly 𝜈𝐻𝐵
𝐻𝑜 appears at 53 cm-1. 

Incubation at 70 0C makes HB to regain its value as that in bulk water up to a certain extent. 

Intriguingly in presence of Y3+ and La3+ the water librational mode could not be recovered in 

both the incubated states. In case of Ho3+ the otherwise highly red shifted libration contribution 

at 25 0C could not be recovered at 70 0C.  

Apart from these two modes, the recovered rattling mode in metal ion(s) (𝜈𝑟𝑡𝑙
𝑀 ) imprints 

the individual contribution of ion(s) in protein’s collective hydration. This mode is generally 

observed at low frequency (<200 cm-1) and can as well overlap with the water HB band. In 

lanthanides (III), an extension of the rattling motion to >200 cm-1 is observed which is related 

to a specific cationic resonance (Mn+-O) stretching mode.32 The oscillation of ions in their 

hydration cage eventually manifests H-bond strength.33 Incubation at 70 0C makes trivalent 

ions to rattle at higher frequencies than at RT and assigns a strong specific cationic resonance 

Mn+-O stretching mode within their hydration cages. It infers that these ions get restricted in 

the rigid hydration layer following heat treatment. We observe another interesting fact that there 

is no contribution of the ion-rattling mode in Mg2+ containing protein after 70 0C incubation. 
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Perhaps a complete engulfment of the Mg2+ ions at the denatured protein surface annihilates 

this mode. 

 

Figure 4.III.5. Comparative visualization of the unperturbed peak positions (a-f) at two different 

temperatures, for only BSA protein (indicated by 0 here) and all examined protein-salt solutions against 

three different modes due to HB stretching motion, ions rattling motions and, water librational motion, 

respectively. The error bar signifies the standard deviations for the respective system and colored 

background from lighter to darker indicates turbidity increments. 

 

Discussion: Our study has been aimed to understand BSA conformational changes in presence 

of differently charged cations as the temperature is increased to 70 0C (>TM). BSA is known to 

undergo irreversible thermal denaturation when heated T >65 0C.34 Also, it has been known 

that BSA forms protein rich globular micro-phases in presence of trivalent salt(s) at particular 

concentration window(s), whereas, mono- and di-valent salts do not usually offer any such 

structural modifications.18, 35 Our earlier study has established that tri-valent cations induces 

unusual hydration effect in BSA, specially as it forms LLPS at RT. Here we extend the idea 

that how far this unusual hydration prevails at T>TM. THz measurements enable us to obtain 

explicit information on protein hydration as it forms various phases at T>TM. We found that 

BSA forms a hydrogel when incubated at 70 0C and in presence of Mg2+ it forms even intense 
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gel (figure 4.III.1a). It is known that bi-valent ions facilitate BSA denaturation followed by the 

formation of hydrogel;36, 37 however, a molecular level understanding of the process involved, 

specially if hydration plays a role, is not very clearly understood yet. In case of trivalent salts, 

it appears that the LLPS phase is thermo-resistive to 70 0C incubation. It is also observed that 

turbidity of the solutions changes only mildly with temperature (figure 4.III.1c). In order to 

achieve at a microscopic insight of the phase behaviour we construct the DIC micrographs 

(figure 4.III.2). It appears that pure BSA at elevated temperature forms an indefinite layered 

structure. The microscopic opaque gel phase in presence of Mg2+ actually consists of large 

network of cross-linked aggregates (figure 4.III.2). The LLPS droplets (formed in presence of 

trivalent salts) remain more or less intact, however, their size distributions change at elevated 

temperatures. This conclusion is also well supported from the time-resolved anisotropy study 

which reveals that the interior environment of LLPS phase does not suffer much modification 

when heated at T>TM.  

Hydration change during the phase transition was determined using ATR-FTIR 

spectroscopy in the THz frequency region. We observe that the peak frequency(s) (arising 

mostly due to the various vibrational modes of water) changes as different phases are formed 

(figure 4.III.5, table 4.III.1). An elegant way to probe protein solvation is to dissect the 

experimentally obtained absorption co-efficient (THz), a parameter which manifests explicit 

solute solvation, into contributions from each component: 𝛼(𝜈) = ∑ 𝜙𝑖𝛼𝑖(𝜈)𝑖  where i is the 

volume fraction of the i-th component. Also to be noted here that the sole consideration of the 

pure components only does not reconstruct the experimental 𝛼(𝜈) profiles; one rather needs to 

consider the contribution(s) from the solute hydration layer(s), too.19 We can identify four 

distinct phases of BSA in presence of the salts: native fluid state (N) at 25 0C, hydrogel state 

(G) at 70 0C, LLPS state (l) at 25 0C and LLPS state (L) at 70 0C. We experimentally measure 

the Δ𝛼(𝜈) profiles for each of these states individually. They can analytically be expressed as:  

∆𝛼𝑝
𝑁(𝜈) = 𝜙𝑝

𝑁𝛼𝑝(𝜈) + 𝜙𝑝ℎ
𝑁 𝛼𝑝ℎ

𝑁 (𝜈)  + (𝜙𝑏
𝑁 −  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.1) 

∆𝛼𝑝
𝐺(𝜈) = 𝜙𝑝

𝐺𝛼𝑝(𝜈) + 𝜙𝑝ℎ
𝐺 𝛼𝑝ℎ

𝐺 (𝜈)  + (𝜙𝑏
𝐺 −  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.2) 

Note that both protein (𝛼𝑝) and its surface hydration (𝛼𝑝ℎ) along with bulk water (𝛼𝑏𝑢𝑙𝑘) 

contribute towards the overall Δ𝛼𝑝(𝜈) profiles in both the protein’s native (N) and gel (G) 

state(s). Also note that since the protein in the gel state possesses a modified, possibly more 

hydrophobic, interface, 𝛼𝑝ℎ
𝑁 (𝜈) ≠ 𝛼𝑝ℎ

𝐺 (𝜈) seems to be a reasonable argument. It is evident that 
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the negative value of the third term overwhelms the first two positive contributions (in equation 

4.2) resulting in the overall negative Δ𝛼(𝜈) profile(s) (figure 4.III.4). To quantify the extent of 

heat-induced perturbation in protein hydration we further calculate the difference parameter: 

  ∆Δ𝛼𝑝(𝜈) = ∆𝛼𝑝
𝐺(𝜈) − ∆𝛼𝑝

𝑁(𝜈) 

= (𝜙𝑝
𝐺 − 𝜙𝑝

𝑁)𝛼𝑝(𝜈) + 𝜙𝑝ℎ
𝐺 𝛼𝑝ℎ

𝐺 (𝜈) − 𝜙𝑝ℎ
𝑁 𝛼𝑝ℎ

𝑁 (𝜈) + (𝜙𝑏
𝐺 − 𝜙𝑏

𝑁)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.3) 

In presence of salt the hydration profile(s) accommodates additional absorption terms 

emanating from bare salt(s) (𝛼𝑠) and their hydration (sh). Thus, the general form of Δ𝛼(𝜈) for 

protein-salt solutions takes up the form: 

∆𝛼𝑝+𝑠(𝜈) = 𝜙𝑝𝛼𝑝(𝜈) + 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + 𝜙𝑠𝛼𝑠(𝜈) 

+ 𝜙𝑠ℎ𝛼𝑠ℎ(𝜈)  + (𝜙𝑏
′ − 1)𝛼𝑏𝑢𝑙𝑘(𝜈)   (4.4) 

Taking into consideration that both the protein and the salt(s) offer negligible absorbance in the 

THz frequency window the following sets of equations can be derived: 

∆𝛼𝑝+𝑠
𝑁 (𝜈) = 𝜙𝑝ℎ

𝑁′
𝛼𝑝ℎ(𝜈) + 𝜙𝑠ℎ

𝑁′
𝛼𝑠ℎ(𝜈)  + (𝜙𝑏

𝑁′
−  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.5) 

∆𝛼𝑝+𝑠
𝐺 (𝜈) = 𝜙𝑝ℎ

𝐺′
𝛼𝑝ℎ(𝜈) + 𝜙𝑠ℎ

𝐺′
𝛼𝑠ℎ(𝜈)  + (𝜙𝑏

𝐺′
−  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.6) 

∆𝛼𝑝+𝑠
𝑙 (𝜈) = 𝜙𝑝ℎ

𝑙 𝛼𝑝ℎ(𝜈) + 𝜙𝑠ℎ
𝑙 𝛼𝑠ℎ(𝜈)  + (𝜙𝑏

𝑙 −  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.7) 

∆𝛼𝑝+𝑠
𝐿 (𝜈) = 𝜙𝑝ℎ

𝐿 𝛼𝑝ℎ(𝜈) + 𝜙𝑠ℎ
𝐿 𝛼𝑠ℎ(𝜈)  + (𝜙𝑏

𝐿 −  1)𝛼𝑏𝑢𝑙𝑘(𝜈)  (4.8) 

The suffix 𝑁′ and 𝐺′ manifest contribution of each component corresponding to the native (N) 

and the gel (G) state(s) of the protein. ‘𝑙’ implies LLPS state at RT and ‘𝐿’ corresponds to that 

at 70 0C incubation. Consequently, the change in the hydration during thermal incubation in 

presence of the salts could be summarized as: 

 ∆Δ𝛼𝐺𝑒𝑙(𝜈) = 𝜙𝑝ℎ
𝐺′

𝛼𝑝ℎ
𝐺′

(𝜈) − 𝜙𝑝ℎ
𝑁′

𝛼𝑝ℎ
𝑁′

(𝜈) + (𝜙𝑠ℎ
𝐺′

− 𝜙𝑠ℎ
𝑁′

)𝛼𝑠ℎ(𝜈) 

+(𝜙𝑏
𝐺′

− 𝜙𝑏
𝑁′

)𝛼𝑏𝑢𝑙𝑘(𝜈)   (4.9) 

∆Δ𝛼𝐿𝐿𝑃𝑆(𝜈) = (𝜙𝑝ℎ
𝐿 − 𝜙𝑝ℎ

𝑙 )𝛼𝑝ℎ(𝜈) + (𝜙𝑠ℎ
𝐿 − 𝜙𝑠ℎ

𝑙 )𝛼𝑠ℎ(𝜈) 

+(𝜙𝑏
𝐿 − 𝜙𝑏

𝑙 )𝛼𝑏𝑢𝑙𝑘(𝜈)   (4.10) 
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Figure 4.III.6. Representative profile of frequency dependent ΔΔ𝛼(𝜈) at two different physical state; 

(a) at gel state, and (b) at liquid state.  

 

In these set of equations ΔΔ𝛼(𝜈)(=  Δ𝛼70°𝐶(𝜈) − Δ𝛼25°𝐶(𝜈)) refer to the explicit hydration of 

protein at macroscopic gel phase (Eq. 4.9) and microscopic LLPS phase (Eq. 4.10), 

respectively. The ΔΔ𝛼(𝜈) profiles in presence of different salts are depicted in figure 4.III.6. 

These experimentally obtained ΔΔ𝛼(𝜈) profiles could be explained in terms of the analytical 

expressions (equations 4.3-4.9) derived above in the following manner: 

Let us first consider the bare protein itself. The ΔΔ𝛼𝐺𝑒𝑙(𝜈) profile is featureless and the 

value is very close to zero (figure 4.III.6a, blue curve). Consider the different terms in equation 

4.3 to understand the contribution from each component. Native protein has a more-or-less 

hydrophobic interior with complex combinations of multiple non-covalent interactions with 

only traces of water.38, 39 Raising temperature breaks these non-covalent bonds and makes the 

hydrophobic interior getting exposed to the polar solvent. This makes 𝜙𝑏
𝐺 > 𝜙𝑏

𝑁 implying that 

the last term in equation 4.3 is always positive. Also, since the protein dimension also increases 

with temperature (see the DLS results), it can be assumed that 𝜙𝑝ℎ
𝐺 > 𝜙𝑝ℎ

𝑁 . So, the only 

condition that satisfies ΔΔ𝛼𝐺𝑒𝑙(𝜈) ≈ 0 is that 𝛼𝑝ℎ
𝐺 < 𝛼𝑝ℎ

𝑁 , which corroborates with the fact that 

in the hydrogel phase, the protein interior gets exposed to water.  

 We now discuss Mg2+, which forms an intense gel phase and we found that 

ΔΔ𝛼𝐺𝑒𝑙(𝜈) > 0 for the whole frequency profile. The change in hydration could be extracted 

considering the different terms in equation (4.9). Mg2+ ions compensates the colloidal London 
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interactions between the protein molecules and induce cross-linking between the thermally 

unfolded protein molecules having solvent exposed hydrophobic surface milieu, as has also 

been evident from the microscopy results.15 Since Mg2+ directly binds to the protein at elevated 

temperatures and forms a gel phase, its individual hydration is highly compromised [Δ𝜙𝑠ℎ <

0], a fact strongly corroborated from the disappearance of its rattling mode at 70 0C incubation 

(figure 4.III.5b, table 4.III.1). This makes the third term in equation (4.9) negative. Also, to 

note here that due to the aggregation, the protein’s hydration is compromised [Δ𝜙𝑝ℎ < 0] and 

from the fact that 𝛼𝑝ℎ
𝐺 < 𝛼𝑝ℎ

𝑁 , it seems evident that the first two terms contribute only negative 

shares towards ΔΔ𝛼𝐺𝑒𝑙(𝜈). The only condition that can make ΔΔ𝛼𝐺𝑒𝑙(𝜈) > 0, is that Δ𝜙𝑏 is 

profoundly positive. This indeed happens as supported from the visual observation of eventual 

separation of water from the gel phase upon prolonged standing. It indicates to the fact that as 

protein hydrogel converts to compact gel in presence of Mg2+, it expels the excess hydration 

present in the hydrogel. This conclusion is also supported by the fluorescence anisotropy 

measurements (figure 4.III.3, table 4.III.1): a large fraction of the anisotropy decay is not 

completed within the experimental time window corroborating the formation of a large protein 

network in which a fraction of the fluorophore ANS is embodied, and the faster component 

takes a value comparable to that of bulk water signifying the excess water to phase out from 

the protein aggregate. 

The ion specific and apparently contrasting ∆Δ𝛼𝐿𝐿𝑃𝑆(𝜈) profiles in case of trivalent ions 

can be explained considering the different terms appearing in equation (4.10). Formation of 

LLPS involves release of protein solvation in the form of bulk water40 which implies ∆𝜙𝑏𝑢𝑙𝑘 >

0 in all the trivalent systems.17 For Y3+ we observe ∆Δ𝛼𝐿𝐿𝑃𝑆(𝜈) > 0 over the full frequency 

range. It can be remembered here Y3+ has also induced a drastic change in the protein surface 

potential after incubation at 70 0C (figure 4.III.1f) by making it highly positive, clearly 

indicating more Y3+ ions to bind the protein surface. Moreover, Y3+ ions are also prone towards 

bridging the individual protein monomers.35 It therefore results in a loss of ion hydration and a 

subsequent release of that into the bulk. As a result, the overall ∆𝜙𝑏 becomes highly positive 

to compensate the negative contribution of ∆𝜙𝑃ℎ and eventually making ∆Δ𝛼𝐿𝐿𝑃𝑆(𝜈) >

0 (equation 4.10). Ho3+ shows negligible change in protein solvation from RT to 70 0C 

incubation (figure 4.III.6b). It can be noted here that Ho3+ offers a blue shift in the ion rattling 

band upon incubation (figure 4.III.5, table 4.III.3) which specifies ion confinement within its 

hydration cage. In an earlier X-ray absorption fine structure spectroscopy study it has been 

revealed that hydration structures of lanthanide subgroup (Ln (III)) ion(s) depend strongly on 
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their hydration geometry.41 Ho3+ belongs to the heavy Ln(III) ions and offers square 

antiprismatic (8 co-ordinated) distribution of hydration water molecules. The mean value of a 

Ho-O bond length is shorter than the lighter Ln(III) ions and shows slower hydration layer to 

bulk water exchange rate. This infers a minimal change in ∆𝜙𝑠ℎ. This fact is also supported 

from a marginal change in the zeta-potential value also (figure 4.III.1f). The two terminal terms 

in equation (4.10) are balanced in a manner which eventually results in ∆Δ𝛼(𝜈) → 0. We find 

a captivating negative ΔΔ𝛼(𝜈) profile for La3+ (figure 4.III.6b). A blue shift in the La3+ rattling 

motion upon thermal incubation (figure 4.III.5) invokes strongly confined hydration layer. It 

inhibits the release of salt hydration into bulk and therefore offers a minimal change in ∆𝜙𝑠ℎ. 

This fact is also supported from the observation that La3+ containing solutions are less fluid 

than the other two M3+ ions (figure 4.III.1d). We also observe that in the heat induced LLPS 

phase, larger number of micro-droplets are formed in presence of La3+ (figure 4.III.2) and 

thereby a substantial negative contribution in ∆𝜙𝑃ℎ is anticipated. It appears that the marginal 

(positive) changes in both ∆𝜙𝑠ℎ and ∆𝜙𝑏𝑢𝑙𝑘 is not enough to overwhelm the negative protein 

hydration ∆𝜙𝑝ℎ contribution making ∆Δ𝛼(𝜈) negative throughout (equation 4.10).  

Finally, we discuss on the thermo-responsive hydrogel formation of protein, 

specifically in presence of the mono- and di-valent salts and on the rather unique thermo-

resistive behaviour of the tri-valent salts. Thermo-responsive gels are macroscopic phase of 

cross-linked protein network structures. Specifically, hydrogels contain high intra-trapped 

solvent content which helps to maintain the ordered crosslinking of charged protein molecules 

which is a prerequisite for hydrogel formation.42 Classical theory of gelation43 provides the 

structural information of the hydrogels in terms of shear modulus. According to this theory any 

external deformation makes crosslinking of protein networks inducing a shear modulus. BSA 

forms such hydrogel at T>TM as evidenced from the DIC micrographs (figure 4.III.2). When 

mono- and di-valent ions are added, they deform such hydrogel phase, protein-ion binding is 

one of the major reasons behind the deformation. Such deformation could as well force to 

squeeze out the inner solvent and to form composed gel.44 However, the counterions remain 

inside the gel phase and maintain the overall electro neutrality of the gel.45 Interestingly, in our 

explicit hydration study (ΔΔ𝛼𝐺𝑒𝑙(𝜈) profile) of BSA in Mg2+ strongly corroborates such a de-

solvation notion. This conclusion gets confirmation from the fluorescence anisotropy 
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measurements also. The disappearance of its rattling mode at 70 0C incubation signifies Mg2+ 

ions to compromise its individual hydration [Δ𝜙𝑠ℎ < 0] as it directly binds with the protein gel 

network (figure 4.III.5b, table 4.III.1). The dense network structure observed under DIC 

microscope (figure 4.III.2 at 70 0C) and the visual detection of water separation from the 

condensed gel phase eventually represents Mg2+ ion induced gel squeezing. Upon deformation 

the net negative charged protein backbone and Mg2+ ions arrange themselves in a way that the 

total electrostatic energy gets minimized. It could be noted here that apparently ions in the bulk 

would experience entropic advantage over those in entrapped in the gel phase, they do relocate 

in the gel interior in order to maintain electroneutrality.  LLPS, on the other hand, is a 

metastable equilibrium in which proteins with inversed surface potential (as evidenced from  

potential measurements at T>TM, f figure 4.III.1f) remain in equilibrium with the remaining 

oppositely charged protein monomers.35 Close proximate binding of trivalent ions to the 

negatively charged protein surface leads to LLPS formation at RT. At elevated temperature 

(T>TM) also this equilibrium sustains and stabilises protein from thermal deformation. 

4.IV. Conclusions. 

BSA, in presence of trivalent cations, forms microscopic phase separated LLPS droplets at RT; 

on the other hand, mono- and di-valent cations does not change protein conformation 

appreciably. When incubated at a temperature T>TM native BSA forms transparent hydrogel; 

in presence of Mg2+ white opaque composed gel is formed, which on microscopy reveals to 

containing cross-linked polymer network. Interestingly, in presence of trivalent salts, we 

observe a rather unusual thermo-resistive behavior as the RT formed LLPS retains their 

transparent and fluid like appearance. We determine the explicit hydration at the protein 

interface using THz-FTIR spectroscopy and found an ion-specific effect on the phase behavior. 

Gelation in biopolymers is a rather complex phenomenon as it involves several interactions: 

hydrophobic, ionic, H-bond and van Der Waals, the relative magnitude of these interactions 

being highly system specific.43 When incubated at T>TM, the denatured protein molecules start 

aggregating followed by a hydrophobic collapse and eventually gelation. We identify that the 

HB of the protein suffers a substantial blue shift in presence of Mg2+, along with a 

disappearance of its rattling mode and the fact that ΔΔ𝛼𝐺𝑒𝑙(𝜈) > 0 clearly identifies the role of 

the ion to squeezing of hydrogel to form composed gel as it directly binds to the protein surface. 

Fluorescence anisotropy results also corroborate the de-solvation of hydrogel. However, in 

LLPS phases no such collapse occurs. Time resolved anisotropy results conclude that the 

internal environment of the LLPS microphases does not show significant alteration at T>TM. 
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The entropy gained during the RT LLPS formation perhaps overwhelms the energy profit of 

gelation.  

Table 4.III.1. Steady state fluorescence anisotropy of ANS in different environments  after 

incubation at two different temperatures: 25˚C and 70˚C (ex =365 nm and em =520 nm). 

Sample 25˚C Anisotropy 70˚C 

buffer 0.06  0.04  

BSA 0.18  0.03  

BSA_MgCl2 0.16  0.03  

BSA_LaCl3 0.18  0.17  

BSA_HoCl3 0.17  0.22  

 

Table 4.III.2. Time-resolved fluorescence anisotropy decay parameters of ANS different 

environments and incubation temperatures  (ex =365 nm; em 520 nm).  

Sample 25˚C 70˚C 

fast (ns) slow (ns) fast (ns) slow (ns) 

buffer 0.08 - 0.07 - 

BSA 0.21  18.8 0.09  - 

BSA_MgCl2 0.25  20.5  0.11  - 

BSA_LaCl3 0.35  33.2 0.25  19.3 

BSA_HoCl3 0.42  35.1  0.20  22.0  

 

Table 4.III.3. Fitted parameter unperturbed center frequency (νc) of various modes (hydrogen 

bond stretching mode (νHB), ion rattling motion (νrtl), and water librational motion (νLib)) 

obtained by fitting () profiles using damped harmonic oscillator model for BSA protein in 

various environments (incubated at 250C). 

Salt νHB (cm-1) νrtl (cm-1) νLib (cm-1) 

0 72.7(56) - 474.1(23) 

NaCl 106.8(24) 358.6(31) 551.7(25) 

MgCl2 108.9(20) 341.9(9) 574.1(5) 

LaCl3 82.5(7) 391.8(14) - 

YCl3 92.4(3) 385 (19) - 



 

83 

HoCl3 52.7(0.8) 154.5(13) 365.8(10) 

 

Table 4.III.4. Fitted parameter unperturbed center frequency (νc) of various modes (hydrogen 

bond stretching mode (νHB), ion rattling motion (νrtl), and water librational motion (νLib)) 

obtained by fitting () profiles using damped harmonic oscillator model for BSA protein in 

various environments (incubated at 700C). 

Salt νHB (cm-1) νrtl (cm-1) νLib (cm-1) 

0 143.8(4) - 467.3(10) 

NaCl 130.2(3) 441(5) - 

MgCl2 189.4(14) - 548(22) 

LaCl3 127(2) 460.3(3) - 

YCl3 145.7(5) 402(7) - 

HoCl3 145.6(11) 414.6(10) - 
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Chapter 5 

5. Lanthanides driven microphase behaviours of protein: ions 

hydration matter 

Lanthanides, well-known rare earth elements (REE), acquire a major position in the modern world. 

Their growing application have prompted researchers to study their effects on human life. In 

presence of Lanthanide (III) cations, proteins exhibit intriguing phase behaviours such as liquid 

liquid phase separation (LLPS), reentrant condensation, etc which are highly dependent on 

concentration. In our study, we choose La3+, Nd3+, Gd3+, Ho3+ and Lu3+ ions and BSA protein to 

observe the phase changes upon the addition of salt to the protein solution. We illustrate the phase 

diagram which is classified in three regimes; regime I (R1) and regime III (R3) are visually 

transparent whereas regime II signifies the turbid phase with two critical concentrations C* and 

C** and the middle point depicts as Cm. The phases are characterized by turbidity, zeta-potential 

and optical microscopy measurements. Finally, we explore the role of ion hydration in these 

processes using THz-FTIR (0.2-22.5 THz) measurements. Our experimental results clearly 

demonstrate that considering only the charge (III) is insufficient to explain the observed phases; 

ion hydration must also be taken into account. 

 

5.I. Introduction. 

Lanthanides (La to Lu) are the group 15 elements in the modern periodic table, also referred to as 

the “4f-block elements”.1 Chemically identical these elements belong to the rare earth elements 

(REE) and are claimed as “vitamins of industry”.2-4 Since the 19th century these elements hold 

huge applications in sectors such as clean-energy, military industry, medicine, agronomy and 

others.5-9 They have unique magnetic and optical properties which make them essential in diverse 

fields such as catalyst,10, 11 magnets,12, 13 in photoluminescent devices,14 as polishing powders for 

lenses, optical glasses for lasers,15 and light-converting phosphors in fluorescent lamps,16 in solar 

cells,3 in displays,17 etc. These numerous applications have led to their presence in various 

environments, ranging from microbes (such as bacteria and fungi) and animals to the human 

body.18 Water soluble compounds of these REEs can migrate through the soil and contaminate 

ground and surface water resources.19, 20 Therefore, in recent, researchers prompt to learn their 
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effect on our ecosystem. Moreover, Lanthanide ions are found to regulate the transport and release 

of synaptic transmitters and block membrane receptors through their interactions with various 

enzymes.21 Consequently, molecular level understanding of their behaviour with biomolecules 

needs to be explored.  

F. Schreiber’s group proposes in their recent studies that lanthanides (La3+ and Ho3+) exhibit 

intricate phase behaviors when interacting with negatively charged globular proteins.22-24 The 

phases include reentrant condensation of proteins in the presence of ions,25 ion concentration 

dependent LLPS,26 protein crystal growth etc. These phase behaviours have been found to be 

concentration dependent and are rarely observed in mono- or divalent ions. They first report in 

their study25 that addition of multivalent salt in protein aqueous solution leads reentrant 

condensation which is different than DNA. Through small-angle x-ray scattering measurements, 

they show that re-entrant condensation of proteins is caused by contrasting short-ranged 

electrostatic interactions between multivalent ions and proteins than DNA.27 This re-entrant 

condensation phase behaviour was explained in terms of protein surface charge inversion.28 

Computational studies have also confirmed the re-entrant behaviour in terms of the protein-protein 

potential of mean force29 and seems to be caused from the binding of multivalent ions.30 LLPS 

was found as a metastable phase under appropriate experimental conditions, representing a 

hydration entropy-driven transition.31 All these studies proposed multivalent charge effect to be 

the key factor for such phase behaviours of globular protein where the scope of hydrophilic 

hydration has not been considered. 

In the previous two chapters, we limit our study to the specific salt concentration (Cs) and protein 

concentration (Cp) ratio (23.33) which belongs to the particular microscopic phase separation 

(LLPS) of the globular protein BSA. This phase separation is notably induced by certain trivalent 

ions, particularly lanthanides (La3+ and Ho3+) showcasing intriguing outcomes in protein hydration 

regardless of their charge. In this chapter, we investigate the effects of other lanthanides on the 

phase behaviour of BSA. We choose chloride salts of La3+, Nd3+, Gd3+, Ho3+ and Lu3+ ions and 

BSA protein and illustrate the phase diagrams for each salt separately. For all these salts, we 

observe re-entrant condensation of BSA. Turbidity and zeta-potential measurements are done to 

characterise each phase and optical microscopy is used to detect the micro-environments of a 

particular phase. It is noteworthy that all the lanthanide salts are water soluble, however, their 
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hydration features are less focused. We finally measure the salt hydration and determine the ion-

protein solvation in these different phases using THz (50-750 cm-1; 1.5-22.5 THz) FTIR 

measurements. THz absorption spectroscopy is a state-of-the-art as well as label-free technique. 

The method provides explicit information of the changes in water network by probing fluctuations 

in collective water dipole moments.32-34 The results strongly conclude that these microscopic phase 

behaviours of proteins are driven not only by the changes in the protein surface charge potential 

but also by the involved ion-protein hydration. 

5.II. Materials and Methods. 

Salts, lanthanum chloride (LaCl3), neodymium chloride (NdCl3), gadolinium chloride (GdCl3), 

holmium chloride (HoCl3) and lutecium chloride (LuCl3) were purchased in anhydrous form from 

Sigma Aldrich with 99% trace metal basis purity of analytical grade. Protein bovine serum 

albumin (A4503) was also purchased from Sigma Aldrich without further purification. Milli-Q 

water was filtrated with a 0.2 um filter prior to prepare each sample. All the measurements were 

carried out in aqueous medium at 25 0C. The details of all the used instruments are described in 

the section 2.III and the experimental analysis details are also mentioned prior in the section 2.IV. 

5.III. Results and Discussions. 

Visual turbidity detection: We first visually detect the change of phases with the addition of salts 

in the protein solution and illustrate in phase diagram (figure 5.III.1). At a time, we take a fixed 

protein concentration (Cp) and gradually increases the salt concentration (Cs). After a critical Cs 

value, the initial clear and transparent protein solution gets turbid. Turbidity increases at certain 

range of Cs and then gets faint again till a critical salt concentration, Cs and the protein solution re-

entrant into a clear and transparent phase. These phases are dependent on both Cp and Cs and we 

observe the salt critical concentration values are also ion-specific. The phase diagrams are 

classified in three regimes; regime I (R1) and regime III (R3) are visually transparent whereas 

regime II signifies the turbid phase. The starting (C*) and the end (C**) points of the regime II are 

the two critical concentrations and the middle point of that particular zone is designated as Cm. 

The thickness of regime II is found to be different for each salt. However, for LuCl3 the upper 

critical salt concentration C** is almost similar throughout the entire protein concentration range. 

We specify a part of the regime II as metastable phase where we detect bluish translucent 
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appearance of the solution. In figure 5.III.2A, we represent each regime of the phase diagram for 

HoCl3 salt. Further we focus on these phases of protein in concentration 40 mg ml-1 throughout 

the study. 

 

 

Figure 5.III.1. Phase diagrams (A-E) from the visual detection of different phases of the BSA protein at a 

particular concentration (Cp) with increasing salt concentration (Cs). Here the blue region signifies turbid 

appearance of the protein solution where specifically mentioned gray area stands for the bluish translucent 

appearance of the solution. C* and C** are the two critical concentrations after and before that particular 

concentration turbidity exists, respectively. Red arrows are given to guide viewer’s eye. 

 

Turbidity and zeta-potential measurement: UV-visible spectrophotometer is used to experimentally 

measure the turbidity of bare protein solution and in all five different phases (R1, C*, Cm, C** and 

R3). Absorption profile at 400 nm wavelength (figure 5.III.2B) exhibits the spectroscopic results 

of turbidity which follows almost identical trend of the phase diagram. To determine how the 

phases are related to the alteration of protein surface potential, we measure the zeta-potential (ζ) 

of each protein sample at room temperature (RT). For all the lanthanides, we observe charge 

neutralization after the C* region followed by charge reversal of the negatively charged protein 

surface at the Cm region. After the is Cm reached, ζ shows positive value at high salt concentrations 

and the overall ζ profile follows a sigmoidal feature (figure 5C). 

  

(A) (B)

(E)

(C) (D)
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Figure 5.III.2. (A) Representative phase diagram of BSA protein against HoCl3 salt concentration where 

three regions are mentioned as regime I, II and III depending on appearance and disappearance of turbidity. 

(B) Turbidity (absorption @ 400 nm) profile of 40 mg ml-1 bare protein (represents by ‘0’) and of 5 different 

consecutive microphases of the protein depending on the HoCl3 salt concentration. (C) ζ potential of the 

BSA solutions at pure and microphases states. The error bars signify standard deviations. (D) DIC images 

of protein in LaCl3 using gray color scheme at 10 μm scale. Representative size distribution plots (second 

row panel) of liquid droplets correspond to each state.  

 

Morphological observation of the phases: In order to obtain insight into the microstructures of the 

phases appeared, we observe them under a differential interference contrast (DIC) optical 

microscope. After 24 hours of incubation at RT, the R1 phase for all the lanthanides appears clear 

like bare BSA solution under the microscope. It indicates a homogeneously dispersed phase of 

monomeric protein molecules. The micrographs (figure 5.III.2D) depict the emergence of droplets 

from the C*(C1) phase, confirming the formation of protein-rich liquid droplets embedded in a 

dilute protein phase. Interestingly, droplets are still registered in the visually clear R3 region. The 

statistical size distribution profiles of each state (lower panel of figure 5.III.2D) ascribe the gradual 

increase of the droplet size with the increment of salt concentration up to C**(C2). However, in R3 

Regime I 

Regime II 

Regime III 
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region the number of smaller size droplets increases indicating microscopic regime III at higher 

salt concentrations. 

Far-IR-THz hydration study of Lanthanides: As these ions are beyond the scope of Hofmeister 

series,35 a fundamental question arises how they behave towards proteins. To address this question, 

it is of utmost importance to understand how Ln3+ ion solvates. Here, we have used THz 

spectroscopy to study the hydration behavior of Ln3+ salts in 50-700 cm-1 (1.5-21 THz) frequency 

window. The experimentally measured absorption co-efficient 𝛼(𝜈) is the linear response of the 

collective dipole fluctuations in the sample (details in the section 2.I.C). Typically, water exhibits 

significant absorption in this fingerprint region.32 The presence of any solute perturbs the water 

structure, leading to either "THz defect" or "THz excess" phenomenon, depending on how the 

solute interacts with the water structure. Here we measure absorption co-efficient 𝛼(𝜈) of all the  

 

 

Figure 5.III.3. (A) Representative concentration dependent α(ν) profile of HoCl3 salt aqueous solutions 

with the corresponding ∆α(ν) profile as inset. (B) ∆α(ν) profile of 1M HoCl3 salt solution into three 

vibrational modes; intermolecular H-bond stretching mode (𝜈𝐻𝐵) and two rattling modes (𝜈𝐻𝑜3+ and 𝜈𝐶𝑙−). 

(C) Comparative representation of all three vibrational mode frequencies of all the lanthanide salts. Error 

bar stands for standard deviations. 

 

aqueous solutions of Ln3+ and the 𝛼(𝜈) profiles (figure 5.III.3A) suggest certain rise at particular 

region with increasing salt concentration. To get more quantitative insight, we plot ∆𝛼(𝜈) 

(=𝛼𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈) − 𝛼𝑤𝑎𝑡𝑒𝑟(𝜈)) which clearly demonstrate (figure 5.III.3A inset) the increment in 
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absorption at this frequency window. Deconvolution of water 𝛼(𝜈) profile by damped harmonic 

oscillator model (DHO),36, 37 

𝛼(𝜈) = ∑
𝑎𝑖𝜔0,𝑖𝜈

2

4𝜋3[
𝜈2𝜔0,𝑖

2

𝜋2 +(𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2−𝜈2)

2

]

𝑁
𝑖=1     (5.1) 

where 𝑎𝑖, 𝜔0,𝑖, and 𝜈𝑑,𝑖 stand for the amplitude, the damping width, and the centre frequency of 

the 𝑖𝑡ℎdamped harmonic oscillator mode, respectively (see the section 2.I.D). We find the H-bonds 

stretching mode for bulk water (𝜈𝐻𝐵) to appear at ~129 cm-1 and a restricted rotational mode of 

water molecules (libration or 𝜈𝐿𝑖𝑏) to appear at ~565 cm-1. We use the same DHO model to fit the 

∆𝛼(𝜈) profile of each salt solution. Dissection of ∆𝛼𝑠𝑎𝑙𝑡(𝜈) profile depicts four different 

vibrational modes suggesting two extra positive modes to appear in the region between ~300-430 

cm-1 window signifying ion-induced contributions on water structure and is commonly defined as 

the ion-rattling modes (𝜈𝑟𝑡𝑙).38, 39 It is needed to mention that for further analysis of ∆𝛼𝑠𝑎𝑙𝑡(𝜈), we 

fix the frequency window to 50-550 cm-1 as we are only concerned about the ion mediated 

alteration in water structure (table 5.III.1). In figure 5.III.3B, the dissection of ∆𝛼𝐻𝑜𝐶𝑙3
(𝜈) profile 

of 1M concentration depicts three different vibrational modes; two rattling modes for cation (𝜈M3+) 

and anion (𝜈Cl−) respectively and another one is intermolecular H-bond stretching mode (𝜈𝐻𝐵)  

 

 

Figure 5.III.4. Cartoon representation of the H-bond stretching mode and rattling modes of Ln+3 (A) and 

Cl- (B) ions.  

 

where effect of both ions can be encountered (figure 5.III.4). The rattling components are attributed 

to the motions of both the corresponding anions and cations along with their solvation shells. In 

figure 5.III.3C, we show the peak frequencies of the different vibrational modes of 1M aqueous 

solution of each salt. For all of the salts the 𝜈𝐻𝐵 mode belongs to the ~112-116 cm-1 which is much 
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red shifted than bulk water. It implies that the lanthanide salts make the intermolecular H-bonds 

between the neighbouring water molecules weaker than that in bulk water. Our observations 

indicate that the solvation behavior of the salts depends on the specific type of Ln3+ ion present.  

Hydration study of protein phases: Our next concern is to find out how protein and ion hydration 

are responsible for the observed phase behaviours of the protein. We deduce the ∆𝛼(𝜈) 

(=𝛼𝑃𝑟𝑜𝑡𝑒𝑖𝑛+𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈) − 𝛼𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈)) profile of each phase for each lanthanide salts. Figure 

5.III.4A represents the difference absorption profiles for the bare protein and for all the phases 

appeared in presence of HoCl3. The ∆𝛼(𝜈) profile (figure 5.III.4A) for HoCl3 clearly shows 

distinct hydration behaviour for the different phases in compare to the bare protein. In order to 

quantify the ion induced perturbation in protein hydration we further dissect the ∆𝛼(𝜈) profile by 

the DHO model (eq. 5.1) fit and get the contributions arising from the different vibrational modes 

of water dipole(s) and ion charge dipole(s). We observe three different contributions in the form 

of: translational H- bond motion (𝜈𝐻𝐵), restricted rotational motion of water molecules (𝜈𝐿𝑖𝑏) and  

 

Figure 5.III.4. (A) Frequency dependent difference absorption, Δα(ν) profile of the different phases of 

protein in absence and presence of HoCl3 salt. (B) Representative dissection of the Δα(ν) profile of protein- 

HoCl3 system at Cm phase into the HB stretching mode (𝜈𝐻𝐵), water librational motion (𝜈𝐿𝑖𝑏), and ion 

rattling mode (𝜈𝑟𝑡𝑙), respectively. Red line stands for the fitted curve over deep blue experimental data 

points. (C) Comparative representation of the different phases for all examined protein-salt solutions against 

their ion rattling mode. The error bar signifies the standard deviations for the respective system, and the 

downward arrows and oval shaped markers stand for linear trend and non-linearity, respectively. 
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ion induced contribution on protein hydration (𝜈𝑟𝑡𝑙) (figure 5.III.4B; table 5.III.2). It is to be noted 

here that we do not get the individual ion rattling contribution, rather a broad spectrum is dissected 

from the total ∆𝛼(𝜈) profile. Considering that 𝛼𝑇𝐻𝑧(𝜈) is composed of contributions from various 

components, ∆𝛼(𝜈) can be described as: 𝛼(𝜈) = ∑𝜙𝑖𝛼𝑖(𝜈), where 𝜙𝑖  denotes the volume fraction 

and 𝛼𝑖(𝜈) is the frequency dependent absorption co-efficient of the i-th component. Each hydration 

contribution exhibits distinct, non-overlapping features in the THz fingerprint regions. This 

characteristic allows for the individual analysis of these contributions, facilitating the 

determination of the solvation status of each constituent(s).  

Therefore, we can write the 𝛼(𝜈) as: 

𝛼𝑝+𝑤(𝜈) == 𝜙𝑝𝛼𝑝(𝜈) + 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + 𝜙𝑏
𝑝𝛼𝑏𝑢𝑙𝑘(𝜈)     (5.2) 

𝛼𝑠+𝑤(𝜈) = 𝜙𝑠𝛼𝑠(𝜈) + 𝜙𝑠ℎ𝛼𝑠ℎ(𝜈) + 𝜙𝑏
𝑠𝛼𝑏𝑢𝑙𝑘(𝜈)      (5.3) 

𝛼𝑝+𝑠+𝑤(𝜈) = 𝜙𝑝
′ 𝛼𝑝(𝜈) + 𝜙𝑝ℎ

′ 𝛼𝑝ℎ(𝜈) + 𝜙𝑠
′𝛼𝑠(𝜈) + 𝜙𝑠ℎ

′ 𝛼𝑠ℎ(𝜈) + 𝜙𝑏
′ 𝛼𝑏𝑢𝑙𝑘(𝜈)  (5.4) 

where the subscripts ‘p’, ‘s’ and ‘w’ stands for protein, salt and water, respectively; ‘ph’ and ‘sh’ 

denote protein and salt hydration, respectively. Notably, all the ions and proteins individually 

exhibit very low absorbance in this frequency window, allowing for the neglect of the 𝛼𝑠 and 𝛼𝑝 

terms. Thus, the expression for the explicit protein hydration, Δ𝛼𝑝(𝜈) takes the form:  

Δ𝛼𝑝(𝜈)=𝛼𝑝+𝑤(𝜈) − 𝛼𝑤(𝜈) = 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + (𝜙
𝑏
𝑝−1)𝛼

𝑏𝑢𝑙𝑘
(𝜈)     (5.5) 

Δ𝛼𝑝(𝜈)=𝛼𝑝+𝑠+𝑤(𝜈) − 𝛼𝑠+𝑤(𝜈) 

= 𝜙𝑝ℎ
′ 𝛼𝑝ℎ(𝜈) + (𝜙𝑠ℎ − 𝜙𝑠ℎ

′ )𝛼𝑠ℎ(𝜈) + (𝜙𝑏
′
− 𝜙𝑏

𝑠) 𝛼𝑏𝑢𝑙𝑘(𝜈)    (5.6) 

The first and third terms in equation 5.6 represent ion induced change in protein solvation related 

to the particular phase. The second term, which basically is the extra contribution added in equation 

5.5, signifies alteration in collective ion hydration during phase change of protein. Rattling motion 

of ions in its solvation cage has direct impact in ion-water interaction contributing to ion solvation. 

So, the rattling mode (𝜈𝑟𝑡𝑙) indicates the ion contribution in protein solvation (Δ𝛼𝑝(𝜈)).
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We summarize the 𝜈𝑟𝑡𝑙 frequencies (figure 5.III.4C) of the lanthanide salts to illustrate the 

contribution of ion solvation in all the observed phases of BSA. Absence of any particular mode 

for a phase indicates ion solvation remains unaltered from bare ion hydration during the phase 

transition; for example, R1 phase of LaCl3 and C1 phase of LuCl3. Interestingly, only for LaCl3 and 

HoCl3, we observe a linear red shift of 𝜈𝑟𝑡𝑙 subsequently from R1 to R3 phase (figure 5.III.4). The 

red shift implies the ion-water bonding strength to decrease as the protein-ion interaction increases; 

it strongly signifies that ions lose their hydration. This phenomenon corroborates very well with 

the protein surface potential inversion. However, for NdCl3, GdCl3 and LuCl3, a blue shift of the 

𝜈𝑟𝑡𝑙 is observed at Cm phase from C1 and further redshift is detected at the R3 phase. Interestingly, 

such contrasting ion hydration features demonstrate that the Cm phase for these three ions is 

altogether different than that for La3+ and Ho3+. As observed earlier in the phase diagrams (figure 

5.III.1), the Cm phase for Nd3+, Gd3+ and Lu3+ (figure 5.III.1 (B, C, E)) belong to the metastable 

phase (bluish translucent) at protein concentration 40 mg ml-1. However, at that specific protein 

concentration, Cm phase for La3+ and Ho3+ is not in their metastable phase, which occurs at higher 

protein concentrations for these ions. We can conclude that in the metastable phase, Ln3+ ions are 

getting caged in their hydration shell.  

5.IV. Conclusions 

In summary, all the Lanthanides exhibit microscopic self-aggregation of BSA at a certain 

concentration range. Protein re-entre into a homogeneous phase after reaching an ion-specific 

critical salt concentration. Our experimental findings demonstrate that these microscopic phase 

behaviours of proteins are driven not only by changes in the protein surface charge potential but 

also by ion-protein hydration. Additionally, contrasting ion hydration separates the metastable 

phase from others at a particular protein concentration.  
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Table 5.III.1. The listed values of the fitted unperturbed center frequency (νc): Respective values 

for hydrogen bond stretching mode, for rattling motions of cations, and anions of each aqueous 

salt system. 

Sample Conc. (M) 𝜈𝐻𝐵 (cm-1) 𝜈𝑀3+ (cm-1) 𝜈𝐶𝑙− (cm-1) 

LaCl3 1 115.9(2.0) 313.2(4.7) 392.3(7.8) 

1.5 115(1.1) 303.2(2.0) 399.8(2.5) 

2 113.5(0.9) 302.1(1.2) 406.3(1.8) 

NdCl3 1 112.3(0.8) 306.5(2.1) 420.2(3.4) 

1.5 112.1(0.4) 305.1(1.1) 417.7(2.0) 

2 109.5(0.4) 309.3(0.7) 423.4(1.5) 

2.5 111.9(0.6) 308.1(1.1) 418.5(2.2) 

GdCl3 1 116.7(2.2) 319.5(4.1) 389.2(5.1) 

1.5 115.6(1.2) 316.5(2.8) 396.6(4.5) 

2 112.9(1.1) 316.5(2.4) 402.3(4.7) 

2.5 113.6(0.8) 319.7(1.7) 413.5(4.3) 

3 112.4(0.7) 319.8(1.5) 417.1(4.4) 

3.5 112.4(0.6) 322.9(1.2) 430.5(4) 

4 111.9(0.6) 324.2(0.9) 440.9(3.8) 

HoCl3 1 115.1(1.6) 310.0(3.7) 388.3(6.0) 

1.5 113.6(1.4) 316.5(3.2) 403.6(6.4) 

2 114.0(1.3) 316.7(3.2) 399.8(6.4) 

LuCl3 1 117.9(2.2) 318.8(5.7) 384.8(5.7) 

1.5 116.2(1.7) 310.8(4.9) 386.1(5.8) 

2 115.9(1.3) 311.2(4.6) 390.7(6.3) 

2.5 115.5(1.4) 312.6(4.7) 393.9(7.5) 

3 114.5(1.3) 312.7(4.4) 393.3(7.5) 

3.5 114.7(1.3) 319.2(4.7) 409.3(11.2) 

4 114.3(1.2) 323.8(4.1) 425.0(13.1) 
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Table 5.III.2. The listed values of the fitted unperturbed center frequency (νc): Respective values 

for hydrogen bond stretching mode, for rattling motions of ions, and for water librational motion 

of each protein-salt system at different microscopic phases of BSA protein. 

HB Stretching (cm-1) 

Sample R1 C1 Cm C2 R3 

LaCl3 143.3(2) 147.8(2) 145.7(6) 144.1(3) 257.2(27) 

NdCl3 152.4(3) 156.8(4) 144.2(1) 142.6(1) 143.9(3) 

GdCl3 138.6(2) 159.7(5) 146(2) 146(5) 143(1) 

HoCl3 141.2(2) 143.1(3) 142.6(2) 149.4(2) 138.5(1) 

LuCl3 107.7(0.4) 117.2(4) 95.7(3) 104.6(2) 85(5) 

Ion rattling (cm-1) 

Sample R1 C1 Cm C2 R3 

LaCl3 - 445.6(21) 406.4(12) 369.4(23) 350(8) 

NdCl3 316.1(14) 319(18) 348.8(9) 332.1(13) 313.2(21) 

GdCl3 366(11) 326.3(29) 346(19) 396(27) 324.3(15) 

HoCl3 346(26) 345.1(20) 333.2(13) 330(17) 327.4(11) 

LuCl3 182(3) - 445(18) 431.5(4) 349.6(42) 

Libration (cm-1) 

Sample R1 C1 Cm C2 R3 

LaCl3 617.5(35) - - 583.6(16)) 541(24) 

NdCl3 568.3(34) 584.1(68) 544.8(9) 563.5(19) 572.3(38) 

GdCl3 588.8(10) 566.8(65) 608.6(22) 593(9) 556.3(23) 

HoCl3 578.9(54) 591(52) 548.8(18) 547.8(32) 561(16) 

LuCl3 491.8(15) 508(37) - - 531.8(33) 
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Chapter 6 

6. Ion-pairing propensity in guanidinium salts dictates their protein 

(de)stabilization behaviour  

Since the proposition of the Hofmeister series, guanidinium (Gdm) salts hold a special mention in 

protein chemistry owing to its contrasting effect on proteins depending on the counter anion(s). 

For example, while GdmCl is known to act as a 

potential protein denaturant, Gdm2SO4 offers 

minimal effect on protein structure. Despite the fact 

that theoretical studies reckon the formation of ion-

paring to be responsible for such behaviour, 

experimental validation of this hypothesis is still in 

sparse. In this study we combine electrochemical 

impedance spectroscopy (EIS) and THz 

spectroscopy to underline the effect of GdmCl and Gdm2SO4 on a model amide molecule N-methyl 

acetamide (NMA). THz spectroscopy signatures water dipole fluctuations, and therefore could 

provide explicit picture on amide and salt interfacial hydration individually. Molecular dynamics 

(MD) simulation studies predict that Gdm2SO4 forms hetero-ion pairing in water which inhibits 

Gdm+ ions to approach NMA molecules while in case of GdmCl the Gdm+ ions directly interact 

with NMA. The experimental findings on ion hydration unambiguously authenticate this 

hypothesis. Our study establishes the fact that the propensity of ion-pairing in Gdm salts dictates 

their (de)stabilization effect on proteins. 

 

6.I. Introduction. 

Ions, the fundamental charged particles in colloidal domain, beyond the usual non-specific 

coulombic interactions can also offer specific effects to induce biomolecular stability.1, 2 Around 

130 years back Franz Hofmeister classified a number of cations and anions into a series depending 

on their specific effect on protein solubility.3, 4 In general, a particular ion receives a Hofmeister 

ranking based on its impact on liquid water structure by virtue of its “making” and “breaking” 

property around proteins.5-7 The rankings have been modified over ages as it is found that the effect 
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being not solely dependent on the ionic radii and surface charge density.8 In a recent study, 

measurement of site-specific water structure and binding affinity has concluded a strong 

correlation between ion-specific effect (driven by Hofmeister series) and hydrophobic hydration.9 

In this context, the bulkiest cation guanidinium (Gdm+) of this series holds a special mention8, 10-

12 due to its structural analogy with the arginine (Arg) residue13 and its widespread applications in 

biotechnology and in chemical and material sciences. While GdmCl is one of the most commonly 

used protein denaturants, intriguingly several other salts of Gdm (e.g. Gdm2SO4) is mostly 

indifferent towards protein stability.14 So, it remains a fundamental question to address that how 

guanidinium salts interact with protein; and more importantly, how the counterion(s) dictates its 

propensity towards protein denaturation.  

Structural integrity and stability of biomolecules are intricately linked to the presence of ions in 

body fluids. In general, two perspectives can be considered when analysing the interactions 

between ions and biomolecules: (i) direct molecular interaction between ion and biomolecular 

active site(s) and (ii) hydration mediated indirect mechanism of ion-macromolecular binding. 

Several theoretical (computational) and experimental measurements have been performed to 

extract the actual mechanism of guanidinium (Gdm+) ion driven protein denaturation, however, a 

molecular level understanding still remains elusive. Gregory et al. 15concluded that polyatomic or 

molecular ions are exceptions in Hofmeister's original series in terms of specific ion effects (SIE) 

as Coulombic interactions between such ions and protein segments could not be modeled in terms 

of point charge, rather one needs to consider the active site of such ions with the highest charge 

density. Gdm+ is one of such polyatomic ions consisting of three amino groups bound to the central 

carbon atom, thereby belonging to the class of planar Y-conjugated quasi-aromatic structures.10 

The most remarkable molecular properties of Gdm+ is its capacity to form contact-ion pairs in 

water, even in spite of the likelihood of the presence of electrostatic repulsion.16 Extensive ab-

initio molecular dynamics (AIMD) simulations by Vazdar et al. have identified that nonuniform 

charge distribution in Gdm+ allows the formation of that homo-ion pair through rigid facial plane 

in stacking manner.17 Such homo-ion pairing affinity of Gdm+ implicates destabilization and 

aggregation of Arg-rich proteins for the analogous pairing with positively charged Arg residue.18 

Experimental and simulation studies by Meson et al. concluded that Gdm+ actively participates in 

preferential interaction with planer aromatic side chains over aliphatic side chains of proteins.19, 20 

However, 2D-IR results by Ding et al.21 contrastingly found that Gdm+ does not interact with 
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aromatic side chains in a peptide environment. Several other simulation and experimental studies 

suggest that Gdm mediated protein denaturation occurs as a result of altering electrostatic 

interactions by solvating the charged residues or by H-bonds interaction with the protein back 

bone.22-24 Additionally, Gdm+ ions has also been reported to interact with hydrophobic residues 

through direct Van der Waals preferential interactions.25, 26  

Interestingly, counterion(s) has been found to play decisive roles on the protein denaturing activity 

of Gdm+.14, 27-29 Graziano et al.14 has made statistical thermodynamic treatments to show that high 

charge density of SO4
2- ions makes them to interact strongly with water and thereby making a 

solvent cavity creation process, a prerequisite to host unfolded protein segments, 

thermodynamically costly, rending the reported indifference of Gdm2SO4 towards protein 

denaturation. Previous simulation studies by Mason et al.29 also concluded that in Gdm2SO4 

solution the ions aggregated into mesoscopic (nanometer-scale) clusters which allow sulfate to 

reverse the denaturant power of Gdm+.  

All these previous reports suggest that one needs to consider a detailed ion-protein-water tri-partied 

interaction picture to divulge into a conclusive end to this ever-arguing phenomenon. In this aspect, 

it is interesting to note that Gdm+ could offer unusual solvation scenarios depending on its 

immediate environment.30, 31 Neutron diffraction with isotopic substitution (NDIS) experiments 

and MD simulations by Mason et al.32, 33 indicate that Gdm+ does not compete effectively for H-

bonding interactions with water molecules and water density at inner hydration shell was found to 

be similar like bulk water. It is therefore of utmost importance to understand the nature of hydration 

in such tri-partied systems.  

In this contribution we make a combined spectroscopic and MD simulation investigation to explore 

the contrasting effect GdmCl and Gdm2SO4 on N-methyl acetamide (NMA), a model single amide 

molecular unit that replicates the building unit of protein peptide back bone with small 

hydrophobic methyl segment, specifically focusing on the perturbation of both salt and amide 

hydration. We use time-domain THz spectroscopy (in the frequency window 0.2-1.5 THz) to 

underline the relaxation dynamics and THz-FTIR spectroscopy (in the frequency window:1.5-22.5 

THz, 50 to 750 cm-1) to determine the hydration structure in these systems. This non-ionizing, low 

energy radiation probes the inherent collective fluctuations of water dipoles and therefore can 

explicitly be used as label-free probe to extract small solutes as well as bimolecular hydration.34, 
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35 Moreover, ionic hydration, which is reflected in the form of rattling mode in the 350-450 cm-1 

region, does not overlap with any other mode of water, and therefore provides an excellent avenue 

to detect explicit change in the ion-hydration.36 We also use electrochemical impedance 

spectroscopy (EIS) to decipher the effect of counterions on the activity of Gdm+, specifically at 

the electrode interface (in the frequency range of 1 Hz-1 MHz). We have used classical MD 

simulations to further elucidate the interactions between NMA and GdmCl and Gdm2SO4 salts. 

Specifically, we simulated the behaviour of NMA in bulk water, as well as in 2M Gdm2SO4 and 

GdmCl solutions. Through these simulations, we aimed to characterize the spatial distribution of 

molecules and provide additional insights into the hydration and solvation dynamics of NMA in 

the presence of these salts. Our MD simulations revealed significant differences in the interactions 

of NMA with the two guanidinium salts. Particularly, we observed much stronger interactions 

between Gdm+ ions and the counterions (X-) in the case of Gdm2SO4 as compared to GdmCl. Our 

combined experimental and simulation study firmly concludes that hetero-ion association in 

Gdm2SO4 inhibits its direct interaction with protein segments, which makes it an ineffective 

protein denaturant.  

6.II. Materials and Methods. 

The salts: Guanidinium chloride (GdmCl) and Guanidinium sulphate (Gdm2SO4) were purchased 

from Sigma Aldrich (Merck) with 99% purity of analytical grade. N-methylacetamide (NMA; 

Sigma-M26305) with 99% purity was used without further refinement. NMA is in crystal form 

at room temperature and it has melting point around 30-40 0C. We, therefore, first keep the NMA 

crystal in incubator at 400C for 30 minutes and prepare NMA aqueous solution maintaining the 

concentration 2M. We retain the salt concentration 4M in each salt solution. The details of all the 

used instruments are described in the section 2.III and the experimental analysis details are also 

mentioned prior in the section 2.IV. 

We carried out classical molecular dynamics (MD) simulations using the GROMACS 2019.6 

software suite37 and the Charmm36 force field. The parameters for Gdm+, Cl-, NMA, and SO4
2- 

were generated using the CGenFF server.38 We used the TIP3P water model to solvate the systems. 

A 5nm simulation box was used to perform the MD simulations with periodic boundary conditions 

along all directions. 2M salt concentration (Gdm2SO4 & GdmCl) and 2M NMA concentration were 

used to perform the simulations. Table 6.III.1 provides comprehensive information about the 
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composition of each system. The steepest descent algorithm was used for energy minimization. 

The simulations were carried out in the NPT ensemble with a V-rescale thermostat39 at 300 K and 

the Parrinello-Rahman40 barostat at 1 bar. Long-range electrostatic interactions were calculated 

using the particle mesh Ewald (PME) summation method41 with a grid spacing of 0.16 nm and 

fourth-order cubic interpolation. Short-range electrostatic and van der Waals interactions were 

truncated at a cut-off distance of 1 nm. The LINCS algorithm was used to constrain all covalent 

bonds,42 and the integration time step was set to 2 fs.  

6.III. Results and Discussions.  

Electrochemical impedance spectroscopy (EIS) measurements: We perform electrochemical 

impedance measurements to obtain the counter-ion (chloride and sulphate) distribution in the 

aqueous solutions of 4M GdmCl and Gdm2SO4. Figure 6.III.1A shows a schematic of a typical 3-

electrode measurement scheme used in this study along with an equivalent circuit to extract various 

dielectric parameters.43 Frequency dependent impedance (Bode plots) corresponding to the 

samples are shown in figure 6.III.1C. We focus on the linear response in the lower frequency range 

(up to 104 Hz) since this frequency window fingerprints the interfacial region of the electrode 

surface and the sample solution. When the electrode is biased with a positive charge the anions 

accumulate in its vicinity forming a static electrical layer at the electrode interface. Thickness of 

such interfacial layer and its corresponding electrical capacitance (referred to as the interfacial 

capacitance) is a potent marker of counter-ion behaviour in any ionic solution. We calculate the 

interfacial thickness using a parallel plate capacitor model; for 4 M GdmCl and Gdm2SO4 solutions 

the interfacial capacitance is estimated to be 1.5 and 0.7 F, respectively, while the corresponding 

thicknesses are 16.6 and 49.5 Å (figure 6.III.1D). The interfacial region between an electrode and 

an electrolytic solution is highly inhomogeneous in terms of the spatial distributions of ions and 

solvent molecules. Following Gouy-Chapman-Stern (GCS) Model the total interfacial capacitance 

can be considered as a series combination of Stern capacitance (static charges) and diffuse 

capacitance. For highly concentrated ionic solutions Stern capacitance dominates and contributes 

explicitly towards the overall double layer capacitive response.44 The observed fact that Gdm2SO4 

offers a thicker interfacial layer than GdmCl can be explained in terms of accumulation of charges 

(ions) near the former interface, which could be due to the extent of hetero-ion paring in GdmCl 

and Gdm2SO4.  
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Figure 6.III.1. (A) Schematic representation of the 3-electrode EIS measurement system and the relevant 

equivalent circuit; (we can specify the circuit components here, Rs and Cs stand for solution source 

resistance and capacitance, respectively. Cdl is the interfacial capacitance in parallel with a constant phase 

element (CPE); Rct in the charge transfer resistance in series with Warburg impedance (Zw). (B) GCS model 

representation of static and mobile charge distribution. (C) Representative Bode plot of 4M aqueous 

solution of GdmCl and Gdm2SO4 salt. (D) Interfacial capacitance and corresponding thickness for GdmCl 

and Gdm2SO4. 

 

MD simulation study: To obtain molecular level insight into the proposed ion-paring phenomenon 

we perform MD simulations in Gdm salts-water system to underline the various bipartite 

interactions. Radial distribution function (RDF) provides a quantitative measure of the local 

structural ordering of other molecules around a central reference molecule. We have calculated the 

RDF between the C atoms of both the Gdm+ ions (figure 6.III.2A) to investigate the possibility of 

the formation of homo-ion pairs,45 i.e., self-aggregation propensity of the Gdm+ ions. Our analysis 

revealed distinct differences in the RDF peaks between GdmCl and Gdm2SO4 systems. The RDF 

peak for GdmCl appeared at 0.38 nm, while for Gdm2SO4, it appeared at 0.56 nm. This suggests 
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that the distance between Gdm+ ions is shorter in GdmCl as compared to Gdm2SO4, indicating a 

stronger interaction between Gdm+ ions in the former system. The shorter Gdm-Gdm distance in 

GdmCl suggests a higher propensity for Gdm+ ions to form homo-ion pairs.  

 

 

 

Figure. 6.III 2. (A) Carbon (Gdm)-carbon (Gdm) radial distribution function (gC-C), calculated from MD 

simulations for Gdm2SO4, GdmCl, NMA-Gdm2SO4, NMA-GdmCl (B) Oxygen (NMA)-carbon (Gdm) 

radial distribution function (gO-C), calculated from MD simulations for NMA-Gdm2SO4, NMA-GdmCl. (C) 

Carbon (Gdm)-X radial distribution function (gC-X), calculated from MD simulations for NMA-Gdm2SO4, 

NMA-GdmCl. (D) Representative snapshot of NMA-Gdm2SO4 and NMA-GdmCl systems. Gdm+ ions are 

shown in blue color and X (Cl- & SO4
2-) shown in olive color. 

 

To further understand how the presence of NMA affects the ion-paring we introduce NMA into 

2M Gdm-water solutions and the various tripartite interactions are estimated. We find that 

introduction of NMA does not affect the nature of the RDF for Gdm2SO4-water solution, however, 

in case of GdmCl, the peak height gets reduced compared to the GdmCl-water solution. This 

observation suggests that in GdmCl-NMA solution the Gdm+ ions interact with the NMA 

molecules, whereas in Gdm2SO4-NMA solution they seemingly do not. We further calculate the 

RDF between the O atom of NMA and the N atom of Gdm+ (figure 6.III.2B); the results clearly 

show that the interaction between NMA and Gdm+ is prominent in the case of GdmCl, while it is 

poor in Gdm2SO4. This strong hereto-ion interaction between Gdm+ and SO4
2- does not allow 
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Gdm+ ions to approach NMA; this explains the indifference of Gdm2SO4 towards proteins. To 

further support this claim, we calculate the RDF of the C atom of Gdm+ and X (where X is the S 

atom for SO4
2- and the Cl atom for Gdm2SO4 and GdmCl, respectively) (figure 6.III.2C). The 

results unambiguously confirm a much stronger interaction between Gdm+ and X- in the case of 

Gdm2SO4 compared to GdmCl.  

 

Figure 6.III.3. Mean square displacement of water for all the systems.  

 

Representative snapshots of NMA in presence of Gdm2SO4 and in GdmCl (figure 6.III. 

2D) reveals the microscopic insight of the system. We observe an extended cluster formation in 

case of Gdm2SO4 which results from the strong interaction between Gdm+ and SO4
2. Such cluster 

formation is expected to a significant dynamical slowdown of water in the system. To verify that 

we calculate the diffusion coefficient of water in all these systems; the corresponding mean square 

displacement plots are shown in figure 6.III.3. We observe that the diffusion coefficient indeed is 

decreased in Gdm2SO4 containing systems as compared to the others (Table 6.III.2). The dynamics 

of water in these systems is calculated using hydrogen bond autocorrelation function C(t) defined 

as46, 47 

𝐶(𝑡) =
<ℎ(0)ℎ(𝑡)>

<ℎ>
       (6.1) 

The function C(t) is a correlation representing the likelihood of a hydrogen bond remaining intact 

at time t, given that it was unbroken at time zero, without considering any possible breakage during 

the intervening time. The behavior of C(t) provides insight into how hydrogen bonds undergo 

structural relaxation over time. In figure 6.III.4A, we have shown the variation of hydrogen bond 

autocorrelation function with time for all the systems. We fit the C(t) profiles using a double 

exponential model:  



Chapter 6: Results and Discussions 

106 

𝐶(𝑡) = 𝛼1𝑒
− 

𝜏1
𝑡 + 𝛼2𝑒

− 
𝜏2
𝑡 + 𝑐     (6.2) 

 

Figure 6.III.4. (A) Water-water hydrogen bond autocorrelation function for all the systems. (B) average 

timescales obtained from double exponential fitting of the autocorrelation function data. The timescale is 

significantly slower for Gdm2SO4 than GdmCl, which is expected as GdmCl acts as a water “structure 

breaker”. 

 

Some representative fittings are shown in figure 6.III.4A and the fitted parameters are depicted in 

Table 6.III.3. The average time constant < 𝜏 >=
(𝛼1𝜏1+𝛼2𝜏2)

(𝛼1+𝛼2)
 is found that in the presence of 

Gdm2SO4, the hydrogen bond dynamics slows down significantly, moreover, the change is 

significant in presence of Gdm2SO4 compared to the less moderate change in GdmCl (figure 

6.III.4B). 

TTDS measurements: To experimentally determine the water dynamics around these ions, we 

measure THz absorption coefficient using TTDS (in the frequency window (0.2-1.5 THz) of these 

salts and NMA, both individually and in combination (figure 6.III.5A). Pure water shows a high 

absorption coefficient in the THz frequency window (𝛼 ~ 240 𝑐𝑚-1 at 1 THz).48, 49 As water is 

replaced by low absorbing solute molecules, the 𝛼(𝜈) profiles decrease. Being a coherent 

measurement, TTDS allows to extract frequency dependent complex dielectric constant, 𝜀̃(𝜈) =

𝜀𝑟𝑒𝑎𝑙(𝜈) − 𝑖𝜀𝑖𝑚𝑔(𝜈) (see details in the 2.IV.F). To obtain the water relaxation dynamics in these 

solutions we fit the 𝜀̃(𝜈) profiles using a multiple Debye relaxation model:50, 51  

𝜀̃(𝜈) = 𝜀∞ + ∑
𝑆𝑗

1+𝑖𝜔𝜏𝑗
+

𝜎

𝑖𝜔𝜀0

3
𝑗=1      (6.3) 
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where 𝜏𝑗 and 𝑆𝑗 (= 𝜀𝑗 − 𝜀𝑗+1) are the relaxation time and strength of the j-th relaxation mode, 

respectively. 𝜀∞ is the extrapolated dielectric constant at very high frequency, 𝜀0 is the permittivity 

in free space, ω is the angular frequency and σ is the DC conductivity of the solution. Figure 

6.III.5B represents the Debye model fit of all the 𝜀̃(𝜈) profiles; the fitting parameters are provided 

in Table 6.III.4. Pure water shows three distinct relaxation time constants: 8.6 ps (𝜏1), 200 fs 

(𝜏2) and 80 fs (𝜏3).49, 52, 53 We primarily focus on the alteration of the cooperative hydrogen 

bond dynamics in presence of solutes, which is defined by the slowest timescale (𝜏1) of 

water relaxation. The other two ultrafast time constants originate from either quick jump of 

under coordinated water54 or a small angular rotation foregoing a large angle jump.55 Since 

the reorientation dynamics at the solute interface is mostly reflected through the time  

 

 

Figure 6.III.5. (A) Frequency dependent absorption co-efficient, () profile of only water, Gdm+ 

salts (at concentration 4M) solutions, and NMA (at concentration 2M) solutions in absence and 

presence of Gdm+ salts from TTDS measurements. (B) Representative fittings of 𝜀𝑟𝑒𝑎𝑙 (inset) and 

𝜀𝑖𝑚𝑔 for the respective systems using multiple Debye relaxation model. (C) Relaxation timescale 
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(𝜏1 = ) as a function of the respective systems; Explicitly associates with the spontaneous 

restructuring of the hydrogen bond network. (D) Relative change in the static permittivity (∆𝑆/𝑆) 

of the respective samples. 

 

constant 𝜏1 we will make all the further discussions based on the alteration in the time 

constant 𝜏1. We observe that 4M GdmCl accelerates the relaxation dynamics (4.5 ps) 

compared to that of bulk water (figure 6.III.5C).48 On the contrary, in 4M Gdm2SO4 solution 

the time constant does not change appreciably (9.6 ps). In presence of NMA the dynamics 

gets noticeably slower (~17 ps) indicating formation of structured water layer around the 

NMA molecules. As GdmCl is added to NMA, 1 reduces to 10.8 ps, whereas addition of 

Gdm2SO4 retains the time constant slower (figure 6.III.5C), which is in comparable 

agreement with that obtained from simulation results (Table 6.III.3). 

We further calculate the relative depolarization of the dielectric strength (
∆𝑆

𝑆
=

( 𝜀𝑠−𝜀∞)−( 𝜀𝑠−𝜀1)

 𝜀𝑠−𝜀∞
=

𝜀1−𝜀∞

 𝜀𝑠−𝜀∞
) (figure 6.III.5D). In general depolarization could emanate through a 

number of mechanisms56 including dilution effect, kinetic depolarization and static depolarization. 

Dilution effect is caused as solute molecules displace solvent molecules decreasing the effective 

concentration of the solvent dipoles. Static depolarization arises due to strong binding of solvent 

dipoles with the solute molecules. Consequently, water dipoles fail to follow the external electric 

field and do not participate in the dielectric relaxation processes. In case solute molecules contain 

charge, they move towards the external electric field, and consequently the solvation water 

molecules are forced to reorient through a local electric field in a direction opposite to the external 

field; this eventually gives rise to kinetic depolarization. We observe that the relative 

depolarization is the smallest in NMA aqueous solution. Chargeless NMA is not expected to 

offer any kinetic depolarization share towards the total depolarization, and it is only the 

amide group in NMA that makes H-bond with water dipoles leading to a static 

depolarization only and consequently we observe smaller depolarization. For the salt 

solutions on the other hand, depolarization is noticeably higher than NMA as the ions 

contribute in the form of kinetic depolarization. Interestingly, GdmCl shows a stronger 

depolarization compared to Gdm2SO4. This fact indicates that the contribution of kinetic 

depolarization and hence the apparent availability of free ions is higher in GdmCl compared 
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to that in Gdm2SO4. This observation supports the hetero-ion paring phenomenon in 

Gdm2SO4 as predicted by simulation results. In the binary mixture of NMA and Gdm salts, 

the depolarization values are found to be higher than NMA, but lower than the respective 

salt solutions. 

FIR-THz hydration study: Finally, we evaluate the collective hydration structure of all the systems 

using of THz-FTIR measurements (50-750 cm-1; 1.5-23 THz). Oscillation of O-H bond leads to 

ultrafast (sub-ps) fluctuations of collective dipole moment of water which makes its imprint in the 

THz absorption coefficient 𝛼𝑇𝐻𝑧(𝜈) according to the following relation34 

𝛼(𝜈) =
1

4𝜋𝜀0
 

2𝛽𝜐2𝜋

3𝑉𝑐𝑛(𝜈)
∫𝑑𝑡𝑒−𝑖𝜈𝑡 < 𝑀(0)𝑀(𝑡) >   (6.4) 

in which 𝑀(𝑡) (= ∑ 𝜇𝐼(𝑡))
𝑁
𝐼=1  is the total molecular dipole moments of V volume of sample, 𝑛(𝜈) 

is the frequency dependent refractive index at 𝑇 =
1

𝑘𝐵𝛽
. Detailed experimental analysis of α(ν) are 

provided in the 2.IV.G section. The 𝛼𝑇𝐻𝑧(𝜈) profile of water (figure 6.III.6) shows characteristic  

 

 

Figure 6.III.6. Frequency dependent absorption co-efficient (α(ν)) profiles of bulk water. 

 

features and is fitted using a damped harmonic oscillator model (DHO) (in the section 2.I.D), 

𝛥𝛼(𝜈) = ∑
𝑎𝑖𝜔0,𝑖𝜈

2

4𝜋3[
𝜈2𝜔0,𝑖

2

𝜋2 +(𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2−𝜈2)

2

]

𝑁
𝑖=1     (6.5) 

where 𝑎𝑖, 𝜔0,𝑖, and  𝜈𝑑,𝑖 elucidate the amplitude, the damping width, and the center frequency of 

the 𝑖𝑡ℎdamped harmonic oscillator modes, respectively. Subsequent modes can be extracted from 
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the unperturbed center frequency, 𝜈𝑐,𝑖, obtained by, 𝜈𝑐,𝑖 = √𝜈𝑑,𝑖
2 +

𝜔0,𝑖
2

4𝜋2. The model discerns three 

vibrational modes: 𝜈𝐻𝐵 associates intermolecular H-bond stretching mode centred at ~ 136 cm-1 

and two restricted rotational modes; in plane libration (𝜈𝑖𝑛 at ~390 cm-1) and out of plane libration 

( 𝜈𝑜𝑢𝑡 at ~600 cm-1). Replacement of water molecules by the less absorbent solutes create “THz 

defect” and offers distinct hydration features compared to bulk water.57 For a quantitative insight 

we calculate the difference absorption co-efficient, ∆𝛼(𝜈) (=𝛼𝑠𝑎𝑚𝑝𝑙𝑒(𝜈) − 𝛼𝑤𝑎𝑡𝑒𝑟(𝜈)) of these 

solutions (figure 6.III.7A, B, and figure 6.III.8). It is important to note here that being a difference 

spectrum, ∆𝛼(𝜈) eliminates any bulk contributions and therefore offers explicit information on the 

solute surface hydration. We use the same DHO model (equation 6.5) to fit all the experimentally 

obtained ∆𝛼(𝜈) profiles. The fitted parameters are provided in Table 6.III.5. Interestingly, in case 

of Gdm containing solutions, we observe one additional positive band appearing in the ∆𝛼𝑆𝑎𝑙𝑡(𝜈) 

 

Figure 6.III.7. Dissection of THz (FIR) experimental () spectra of GdmCl aqueous solution 

(4M) (A), and of NMA aqueous solution (B), fitted using a damped harmonic oscillator model. The 

black dashed lines represent experimental data and the red solid lines stand for the overall fit. Four 

damped modes are observed: HB stretching mode (~130-150 cm-1), in-plane librational mode 

(~230-350 cm-1), rattling motion of ions (~350-450 cm-1), and out of plane librational mode (~500-

640 cm-1). The combined representation of peak frequencies (empty symbols) and corresponding 

amplitudes (filled symbols) of the HB stretching mode and the ion rattling mode for the different 
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solutions are presented in (C) and (D), respectively. Colored background stands for the absence of 

that particular mode of the respective system. The error bar signifies the standard deviations.  

 

 (=𝛼𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈) − 𝛼𝑤𝑎𝑡𝑒𝑟(𝜈)) profiles in the 350-450 cm-1 frequency window (figure 6.III.7A 

and figure 6.III.8, table 6.III.5). This particular band signifies ion-rattling mode (𝜈𝑟𝑡𝑙) 58-60 which 

originates from the dipole-dipole auto and cross correlation of ions and water.36 Thus, this band 

provides explicit information of salt hydration.61 We summarise the 𝜈𝐻𝐵 and 𝜈𝑟𝑡𝑙 mode frequencies 

and the corresponding amplitudes for all the systems in figure 6.III.7 (C and D). It is important to 

note that while the mode frequencies offer structural insights, the corresponding amplitude values 

associates the population of water molecules responsible for that particular mode. For example, if 

we consider the collective change in H-bond network, it appears that we could not recover the 𝜈𝐻𝐵 

mode for NMA-GdmCl, while for NMA-Gdm2SO4 solution the 𝜈𝐻𝐵 mode gets blue shifted 

compared to the Gdm2SO4.aqueous solution. Intriguingly, a significant decrease in the rattling 

amplitude suggests a loss of collective ion hydration involving Gdm+ and Cl- ions as it interacts 

with NMA.  

 

Figure 6.III.8. Dissection of 𝛥𝛼(𝜈) profiles of Gdm2SO4 aqueous solution (4M) and NMA-Salts 

systems. 

 

Discussion 

Our study is aimed to understand the contrasting behavior of GdmCl and Gdm2SO4 towards protein 

stability and we hypothesize that tripartite (salt-protein-water) interactions play the key role in 

determining the process. To mimic the interaction of these salts with proteins, we use a model 

peptide NMA and perform various spectroscopic and simulation investigations to determine how 

these two salts interact with NMA in aqueous medium. Interfacial thickness and interfacial 

capacitance measurements (figure 6.III.1) of the aqueous salt solutions indicate strong hetero-ion 

interactions between Gdm+ and SO4
2-, which, on the other hand, is rather negligible in GdmCl. 
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Formation of such hetero-ion association is also supported by simulation results (figure 6.III.2). 

For the trinary systems, simulation predicts the formation of extended cluster-like structures in 

case of Gdm2SO4-NMA (figure 6.III.2D), in which water is entrapped, eventually retarding its 

dynamics, as also has been evidenced from the MSD calculations (figure 6.III.3). This prediction 

is supported experimentally by the TTDS measurement; the thus obtained H-bond relaxation time 

constant confirms a relatively slower dynamic around NMA aqueous solution (figure 6.III.5C, 

Table 6.III.4). Addition of GdmCl accelerates water relaxation dynamic, whereas addition of 

Gdm2SO4 slows it down. This result unambiguously confirms the formation of hetero-ion paring 

in Gdm2SO4, which makes the Gdm+ ion less accessible to the NMA molecules and thus leads the 

NMA dynamics to remain unaltered; in GdmCl, however, the Gdm+ ions bind to the NMA 

molecules, making the relaxation dynamics slower compared to that in GdmCl-water solution 

(Table 6.III.3 and 6.III.4). 

 

 

Figure 6.III.9. Dissection of 𝛥𝛼(𝜈) profiles of guanidinium salts hydration with NMA. 

 

Finally, to delve into the contrasting behaviour of the Gdm salts, we explore the hydration 

structure of the trinary system using THz-FTIR measurements (figure 6.III.8B,C, Table 6.III.5). 

The experimentally measured 𝛼𝑇𝐻𝑧(𝜈) is a collective parameter with contributions from different 

components: 𝛼(𝜈) = ∑𝜙𝑖𝛼𝑖(𝜈), where 𝜙𝑖  denotes the volume fraction and 𝛼𝑖(𝜈) is the frequency 

dependent absorption co-efficient of the i-th component. Interestingly, each hydration contribution 

offers non-overlapping and distinct features in the THz fingerprint regions. This unique feature 

enables one to analyse these contributions individually to discern the solvation status of each 

constituent(s). To obtain the explicit ion (both Gdm+ and the counterions) solvation change in 

presence of NMA, we calculate: Δ𝛼𝑠𝑎𝑙𝑡(𝜈) =  𝛼𝑠𝑎𝑙𝑡+𝑁𝑀𝐴+𝑤𝑎𝑡𝑒𝑟(𝜈) − 𝛼𝑁𝑀𝐴+𝑤𝑎𝑡𝑒𝑟(𝜈) profiles and 
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fitted them as before. The results are summarized in figure 6.III.9 and Table 6.III.6. We can further 

write the 𝛼(𝜈) values in analytical terms: 

𝛼𝑠+𝑁+𝑤(𝜈) = 𝜙𝑠𝛼𝑠(𝜈) + 𝜙𝑠ℎ𝛼𝑠ℎ(𝜈) + 𝜙𝑁𝛼𝑁(𝜈) + 𝜙𝑁ℎ𝛼𝑁ℎ(𝜈) + 𝜙𝑏𝛼𝑏𝑢𝑙𝑘(𝜈)  (6.6) 

𝛼𝑁+𝑤(𝜈) = 𝜙𝑁
′ 𝛼𝑁(𝜈) + 𝜙𝑁ℎ

′ 𝛼𝑁ℎ(𝜈) + 𝜙𝑏
′ 𝛼𝑏𝑢𝑙𝑘(𝜈)     (6.7) 

𝛼𝑠+𝑤(𝜈) = 𝜙𝑠
′′𝛼𝑠(𝜈) + 𝜙𝑠ℎ

′′ 𝛼𝑠ℎ(𝜈) + 𝜙𝑏
′′𝛼𝑏𝑢𝑙𝑘(𝜈)     (6.8) 

where the subscripts ‘N’, ‘s’ and ‘w’ stands for NMA, salt and water, respectively; ‘Nh’ and ‘sh’ 

denote NMA and salt hydration, respectively. Noteworthy that all the ions and NMA individually 

offer very low absorbance in this frequency window and one can neglect the contributions of the 

𝛼𝑠 and 𝛼𝑁 terms. Thus, the expression for the explicit salt hydration, Δ𝛼𝑠(𝜈) takes the form:  

 Δ𝛼𝑠(𝜈) = 𝛼𝑠+𝑁+𝑤(𝜈) − 𝛼𝑁+𝑤(𝜈) 

= 𝜙𝑠ℎ𝛼𝑠ℎ(𝜈) + (𝜙𝑁ℎ − 𝜙𝑁ℎ
′ )𝛼𝑁ℎ(𝜈) + (𝜙𝑏 − 𝜙𝑏

′ ) 𝛼𝑏𝑢𝑙𝑘(𝜈)    (6.9) 

The last two terms in equation (6.9) represent NMA induced change in ion solvation. From the 

DHO fitting parameters, we estimate the amplitude (𝐴𝑖) of each damped oscillatory mode 

measured at the central frequency (𝜈𝑑,𝑖) of the respective mode (Table 6.III.6). The recovered 

amplitude for the intermolecular H-bond stretching mode (𝐴𝐻𝐵) is directly correlated to the NMA 

induced changes in the ion hydration shell. 𝐴𝑟𝑡𝑙 defines the NMA induced change in the residual 

rattling population around the ion solvation sheath. Notably, the magnitude of 𝛼𝑁ℎ and 𝛼𝑏𝑢𝑙𝑘 terms 

are very small compared to that of 𝛼𝑠ℎ in the rattling frequency window (350-450 cm-1). Therefore, 

any modification in 𝐴𝑟𝑡𝑙 explicitly defines alteration in ion hydration. It is noteworthy that the 

water dipole correlation of HB and rattling modes do not intersect, and therefore allows one to 

extract independent hydration information of each mode. We schematically show the HB and 

rattling mode of vibration for the cation and anion hydration in figure 6.III.10A and B. As we are 

interested to understand the NMA mediated changes in ion hydration, we define a parameter 

depicting the change in amplitude: ∆𝐴𝑖 = 𝐴𝑠𝑎𝑙𝑡 𝑖𝑛 𝑁𝑀𝐴−𝑤𝑎𝑡𝑒𝑟 − 𝐴𝑠𝑎𝑙𝑡 𝑖𝑛 𝑏𝑢𝑙𝑘 𝑤𝑎𝑡𝑒𝑟, and plot it for 

the two modes (blue: HB and red: rattling) for the two salts (figure 6.III.10C). We find that 

∆𝐴𝐻𝐵
𝐺𝑑𝑚𝐶𝑙 is negative indicating a lowering of H-bonded water population around GdmCl in 

presence of NMA. It implies that the presence of NMA perturbs the outer layer of the ion-hydration 
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sheath and thereby making Gdm+-NMA interaction feasible. This, in turn, also explains the protein 

denaturing propensity of GdmCl.  

 

Figure 6.III.10. Schematic images of cation (A) and anion (B) hydration with defined vibrational modes. 

Changes in the amplitude of (C) intermolecular H-bond stretching mode (∆𝐴𝐻𝐵), and ion-water rattling 

(∆𝐴𝑟𝑡𝑙) mode for the salt(s) solution(s) from the absence to the presence of NMA. 

 

Contrastingly, ∆𝐴𝐻𝐵
𝐺𝑑𝑚2𝑆𝑂4 is found to be positive, which unambiguously confirms that Gdm2SO4 

does not lose its hydration structure in presence of NMA indicating that it does not directly interact 

with NMA. ∆𝐴𝑟𝑡𝑙, on the other hand, describes interfacial ion-water structure for the Gdm salts in 

presence of NMA. We found that ∆𝐴𝑟𝑡𝑙
𝐺𝑑𝑚𝐶𝑙 is negative while ∆𝐴𝑟𝑡𝑙

𝐺𝑑𝑚2𝑆𝑂4 is positive. This apparently 

contrasting trends could be understood in the light of the linewidth (𝜔𝑜) of the damping of the 

vibrational modes within the ion-water complexes. Broadening of solvated ion modes, specifically 

out of plane libration, is governed by the librational motions of the surrounding water molecules.56 

For GdmCl, we observed that the 𝜔0
𝑜𝑢𝑡 decreases from ~ 517 cm-1 to ~ 277 cm-1 in presence of 

NMA (table 6.III.6). This reduction in 𝜔0
𝑜𝑢𝑡 corresponds to the Gdm ion association with NMA, 

which also gets reflected in the reduction of 𝜔0
𝑟𝑡𝑙 value from 899 cm-1 to ~ 538 cm-1 (table 6.III.6). 

Interestingly, the damping width for Gdm2SO4 rattling mode (𝜔0
𝑟𝑡𝑙) increases in presence of NMA 

suggesting more restricted water environment around the ion surface. This corroborates excellently 
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with the co-operative ion pairing picture as depicted from the MD simulation results revealing the 

existence of hetero-ion pairing in the Gdm2SO4 solution.  

 

Figure 6.III.11. Snapshots of the two different types of ion pairs; (A) solvent shared ion pairs (SIPs) and 

(B) contact ion pairs (CIPs) observed in the simulated Gdm2SO4 systems at 2M concentration.  

 

Simulation snapshots (figure 6.III.11) for the possible hetero-ion pairing interactions confirm both 

solvent shared ion pairs (SIPs) and contact ion pairs (CIPs) formation in the Gdm2SO4 solutions. 

The observed positive values of both ∆𝐴𝐻𝐵
𝐺𝑑𝑚2𝑆𝑂4   and ∆𝐴𝑟𝑡𝑙

𝐺𝑑𝑚2𝑆𝑂4  aligns with the fact that the 

population of shared water molecules increases, while the population of unshared water molecules 

decreases correspondingly.57 The shared water molecules mostly donate H-bonds to SO4
2-.58 

Additionally, the increased 𝜔0
𝑟𝑡𝑙 also infers a reduced likelihood of forming CIPs in a crowded 

NMA environment in Gdm2SO4.  

6.IV. Conclusions.  

Our combined spectroscopic and MD-simulation investigation using a model amide NMA 

unambiguously concludes that it is the contrasting ion-pairing propensity of the Gdm+ ion with the 

counterion (Cl- or SO4
-) that decides its protein denaturation ability. While ion-paring in Gdm2SO4 

does not lead free Gdm+ ions to interact with NMA, it can abundantly do so in GdmCl due to the 

lack of any such ion-pairing. 
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Table 6.III.1. Molecular composition of various simulated systems 

Species Gdm2SO4 GdmCl NMA NMA-Gdm2SO4 NMA-GdmCl 

Gdm+ 76 38 0 76 38 

X- 38 38 0 38 38 

NMA 0 0 152 152 152 

 

Table 6.III.2. Self-diffusion coefficient of water in different systems 

System Diffusion coefficient (D × 10-5 cm2s-1) 

Bulk Water 5.78 ± 0.09 

NMA 4.49 ± 0.11 

GdmCl 3.78 ± 0.10 

NMA-GdmCl 2.51 ± 0.03 

Gdm2SO4 1.09 ± 0.09 

NMA-Gdm2SO4 0.48 ± 0.01 

 

Table 6.III.3. Double exponential fitting parameters of hydrogen bond autocorrelation function. 

System α1 α2 c τ1 

(ps) 

τ2 

(ps) 

<τ> 

(ps) 

R2 score 

Bulk-water 0.54 0.42 0.02 0.69 4.22 2.23 0.999 

GdmCl 0.51 0.45 0.03 0.65 4.88 2.63 0.998 

Gdm2SO4 0.45 0.43 0.11 0.6 7.49 3.96 0.999 

NMA 0.47 0.48 0.03 0.68 4.96 2.84 0.998 

NMA-Gdm2SO4 0.36 0.42 0.20 0.52 10.31 5.79 0.999 

NMA-GdmCl 0.44 0.50 0.05 0.64 6.01 3.49 0.999 
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Table 6.III.4. Debye relaxation fitting parameters of each NMA-salt system, water and only aqueous 

solution of NMA and salts. 

Sample εs ε1 

ε2 ε∞ 1 

(ps) 

2 

(fs) 

 

(S) 

water 78.3 9.4(0.5) 5.7(0.02) 4.2(0.02) 8.6(0.4) 545(50) 5E-6 

NMA 81.6 5.8(0.4) 3.4(0.01) 2.2(0.01) 17.1(1) 604(100) 5E-6 

GdmCl 41.8 8.1(0.06) 4.4(0.05) 4.9(0.04) 4.3(0.05) 259(10) 5E-3 

Gdm2SO4 58 7.8(0.07) 4.4(0.05) 4.6(0.04) 9.6(0.2) 278(20) 4.5E-3 

NMA-GdmCl 55 7.9(0.06) 4.4(0.04) 4.2(0.04) 10.75(0.2) 290(10) 3.8E-3 

NMA- Gdm2SO4 55 6.6(0.06) 3.8(0.06) 4.0(0.05) 16.5(0.5) 263(10) 4.1E-3 

 

Table 6.III.5. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc): Respective values for hydrogen bond stretching 

mode, for water in plane librational motion, for rattling motions of ions, and for water out of plane 

librational motion of each NMA-salt system, water and only aqueous solution of NMA and salts. 

Sample a0 (a.u) ω0 (cm-1) νd (cm-1) νc (cm-1) 

HB stretch 

water 6627376 809.4(11) 45.5(4) 136.6(4) 

NMA  -593282.7 700(94) 115(10) 160(18) 

GdmCl  162614.8 275.2(26) 137.8(1) 144.5(4) 

Gdm2SO4  984745.4 483.2(51) 119.7(4) 142.3(9) 

NMA-GdmCl - - - - 

NMA- Gdm2SO4 1344510 499.6(159) 127.5(7) 150.3(26) 

In-plane libration 

water 2398116 714(49) 375.6(1) 392.4(8) 

NMA  -677944 524(42) 336.8(2) 347(7) 

GdmCl  -2089400 858(33) 190.2(5) 234.1(7) 

Gdm2SO4  -6340508 1720.4(61) 68.3(54) 282.2(54) 

NMA-GdmCl -672875.7 353.6(8) 226.2(0.6) 233.1(1) 

NMA- Gdm2SO4 -6606865 1354.2(534) 168.7(58) 273.7(72) 

Ion rattling 

water - - - - 

NMA  - - - - 

GdmCl  3291027 899(14) 328.3(2) 358.1(3) 

Gdm2SO4  5877086 1100.8(25) 362.3(2) 402.5(4) 

NMA-GdmCl 2808708 845(22) 413(1) 434.3(4) 

NMA- Gdm2SO4 10902733 1557.8(118) 408.7(18) 478(26) 

Out of plane libration 

water 32996001 1840.3(43) 525(7) 601(10) 
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NMA  -80051.2 233(49) 471.5(4) 473(9) 

GdmCl  -1604304 517.4(1) 595.5(1) 601.2(2) 

Gdm2SO4  150606 253.9(8) 507.2(0.4) 508.8(1) 

NMA-GdmCl -950996.7 380.6(47) 639.6(14) 642.5(16) 

NMA- Gdm2SO4 - - - - 

 

Table 6.III.6. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc): Respective values for hydrogen bond stretching 

mode, for water both librational motions, and for rattling motions of ions are enlisted of each salt system. 

Sample a0 (a.u) ω0 (cm-1) νd (cm-1) νc (cm-1) 

HB stretch 

water 6627376 809.4(11) 45.5(4) 136.6(4) 

Only GdmCl  162614.8 275.2(26) 137.8(1) 144.5(4) 

Only Gdm2SO4  984745.4 483.2(51) 119.7(4) 142.3(9) 

Explicit GdmCl 77028.3 324.1(88) 108.2(7) 120(16) 

Explicit Gdm2SO4 1018618.6 534.8(207)) 113.7(8) 142(34) 

In-plane libration 

water 2398116 714(49) 375.6(1) 392.4(8) 

GdmCl  -2089400 858(33) 190.2(5) 234.1(7) 

Gdm2SO4  -6340508 1720.4(61) 68.3(54) 282.2(54) 

Explicit GdmCl -283371.2 274.2(43) 216.1(3) 220.4(8) 

Explicit Gdm2SO4 -1297160 574.3(120) 217.8(17) 236.2(26) 

Ion rattling 

water - - - - 

GdmCl  3291027 899(14) 328.3(2) 358.1(3) 

Gdm2SO4  5877086 1100.8(25) 362.3(2) 402.5(4) 

Explicit GdmCl 2140369 538.5(25) 376.5(2) 386.1(4) 

Explicit Gdm2SO4 6744771 1250.4(37) 435.5(6) 478.8(8) 

Out of plane libration 

water 32996001 1840.3(43) 525(7) 601(10) 

GdmCl  -1604304 517.4(1) 595.5(1) 601.2(2) 

Gdm2SO4  150606 253.9(8) 507.2(0.4) 508.8(1) 

Explicit GdmCl 486167 277.5(26) 484(2) 485.7(5) 

Explicit Gdm2SO4 - - - - 
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Chapter 7 

7. Thiocyanate ion (SCN-) offers a major impact in rapid protein 

amyloidosis: a salient role played by the protein solvation 

Thiocyanate (SCN-) is known to be a naive ion abundant in biological fluids, blood, and urine. 

It is also used as a biomarker as it can penetrate to the brain by crossing the blood brain barrier 

(BBB) and also gets into the Cerebrospinal Fluid (CSF) through the blood-CSF barrier. 

Considering its importance in human physiology, we examine the effect of SCN- ions on three 

model proteins: ovalbumin (Ova), bovine serum albumin (BSA) and lysozyme (Lys). We 

observe that an elevated level of SCN- (~0.5 M) leads to an otherwise unusual instant 

fibrilization of all these proteins at pH=2 at ambient temperature. Field emission scanning 

electron microscopy (FESEM) and atomic force microscopy (AFM) reveal two distinct initial 

amyloid-aggregated states: nucleus, protofibril and two mature fibril states (upon 24 hours of 

incubation): crosslinked network or matrix and bundle-like structures. Despite the structural 

variation of the three proteins, formation of these morphologies depends on the counterion: 

Na+ and guanidinium (Gdm+). Since these processes are assisted by the associated alteration in 

the protein hydration, we determine the protein and the salt hydration at different phases using 

THz-FTIR spectroscopy in the 1.5-22.5 THz (50-750 cm-1) frequency window. We found that 

depending on the counterion, interfacial hydration could act either as a “lubricant” or as a “de-

wetting” agent and the findings can be a potential foundation for future handling of 

amyloidosis. 

. 

7.I. Introduction. 

Thiocyanate (SCN-) is an otherwise innocent ion abundantly found in human body1 in varying 

concentrations (0.01-2 mM) in biological fluids, blood, and urine.2, 3 SCN- in human body is 

mostly acquired from the dietary sources;4, 5 tobacco consumption including inhalation of 

smoke significantly contributes to elevated SCN- levels.6 A portion of SCN- is also generated 

through a detoxification process involving the reaction between cyanide (CN-) and thiosulphate 

(S2O3
2-) in the liver.7-9 SCN- is also a widely used biomarker in cerebrospinal fluid (CSF) as it 

readily penetrates into extracellular spaces coupled with its slow excretion.10 An elevated level 

of SCN- ion acts as marker of a smoker against a non-smoker.11 The first documentation 

regarding biological role of SCN- ions dates back to 1814 when SCN- was identified as a 
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substance in human saliva that exhibits a blood-red coloration upon the addition of ferric ions.12 

In the early to the mid- 20th century, research on SCN- garnered notable interest in 

pharmacology as an oral antihypertensive agent.13 A significant discovery raised concerns 

about the potential role of SCN- in the gastric cancer development.14 Moreover, it was found 

that high serum concentration of SCN- could result into lung cancer.15, 16 SCN- from blood 

plasma can penetrate to the brain by crossing the blood brain barrier (BBB)17 and also gets into 

the CSF through the blood-CSF barrier.18 The brain can have 5 times higher accumulation of 

SCN- ions than in the CSF,17 arising concerns about its potential effects on brain tissues and/or 

biomolecules. These findings conclude that SCN- is a very important component of human 

physiology. 

Ions play a pivotal role in several biophysical processes. It has been found that the presence of 

several cations at concentrations beyond a threshold limit could bring about substantial changes 

in biomolecular conformations leading to protein aggregation and consequently phase 

transitions. While much attention has been paid on the cation selectivity of such biomolecular 

aggregation, less has been explored about the anionic counterpart. Ion induced biomolecular 

aggregation has mostly been governed by the well-known Hofmeister series, the ions present 

at the edge of the series being more prone to bring about protein precipitation.19 In this respect 

SCN- holds a special mention as it occupies a terminal position among the anions. Interestingly, 

compared to the other anions, SCN- is weakly solvated and could bring about mild to 

considerable perturbation in biomolecular conformation depending on the cation it is associated 

with; grouping with potent protein denaturant guanidinium (Gdm+) cation its denaturing 

capacity is enhanced.19 This unique nature coupled with substantial bioavailability makes the 

otherwise naive SCN- a rather interesting species to investigate, specifically its effect on 

proteins at varied concentration and pH range. In this study, we investigate the impact of SCN- 

ions on three naturally occurring proteins: ovalbumin (Ova), the most abundant protein source 

in chicken; bovine serum albumin (BSA), a dairy source protein, also a serum protein; and 

lysozyme (Lys), an enzyme presents in human organs. The choice of the proteins lies on the 

fact that these proteins are essential and human consumes these proteins through dietary 

sources. Both of Ova and BSA are globular proteins; Ova has the α-helical and β-sheets 

contents in the 1:1 ratio.20 BSA is a model serum albumin; analogues to human serum albumin 

(HSA) with approximate 76% structural similarity.21 Lys is a small protein with an important 

role in the innate immunity.22 We use two counter-cations: Na+ (the most common cation in 

biofluids, which is one of the major components of blood plasma and highly permeable to cross 
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BBB) and guanidinium, Gdm+ (a weakly hydrating cation that can induce protein denaturation 

and has structural similarity to one of the amino acid residues, arginine). We observe that 

NaSCN does not produce significant effect on protein structures at neutral pH (7.4), however, 

GdmSCN induces precipitation of Ova at this pH condition, the effect on the other two proteins 

seems mild. As SCN- is mostly consumed dietarily, we check the effect of this anion on these 

three proteins at pH =2 to reproduce the digestion track environment. We observe that all the 

proteins precipitate in presence of both these salts. Field emission scanning electron 

microscopy (FESEM) and atomic force microscopy (AFM) images reveal that the types of 

precipitation differ for the two salts. We identify four distinct states of fibrillar aggregates: a 

nucleus state for NaSCN, a protofibril state for GdmSCN, and mature fibril states characterized 

by a crosslinked network or matrix for NaSCN and a bundle-like structure for GdmSCN. 

Water, the base solvent and the major component of body fluids, exhibits crucial impact in 

shaping the structure and the stability of protein aggregates. Proteins in aqueous medium 

possess a distinct hydration environment that differs markedly from the bulk water.23 Protein 

surface hydration plays a pivotal role in governing the key processes in protein aggregation: 

starting from nucleation to the growth and maturation of the nanostructures. Thus, 

understanding the nature of protein solvation is a key to underline the molecular mechanisms 

of salt induced protein aggregate formation. Here we study the change in protein hydration 

during such SCN- ion induced amyloidosis using ATR THz-FTIR spectroscopy in the 1.5-22.5 

THz (50-750 cm-1) frequency window. THz absorption spectroscopy is an efficient label-free 

technique for analytically probing fluctuations in collective water dipole moments. This 

method offers explicit insights into changes within the water network by detecting 

intermolecular vibrational modes of water molecules.24-29 Our results strongly answered that 

protein hydration during SCN- ion induced amyloidosis follows distinct features when it 

grouped with different cations and plays a pivotal role in understanding the ultimate fibrillar 

arrangements. 

7.II. Materials and Methods. 

Salts, guanidinium thiocyanate (G9277; ~99%) and sodium thiocyanate (251410; ~98%) were 

purchased from Sigma Aldrich. All proteins bovine serum albumin (A4503), Lysozyme 

(L6876) and Ovalbumin (Albumin from chicken egg white; A5503) were also purchased from 

Sigma Aldrich without further purification. Thioflavin T (ThT) dye also we brought from 
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Sigma Aldrich. The details of all the used instruments are described in the section 2.III and the 

experimental analysis details are also mentioned prior in the section 2.IV. 

Buffer preparation: All pH buffers, used in this study were freshly prepared in laboratory. 

• pH 2 We prepare 50mM pH 2 buffer from KCl salt and HCl acid using the Henderson-

Hasselbalch equation.  

• pH 5 The buffer (pH 5) was prepared with citric acid and tri-sodium citrate (.2H2O) of 

50 mM concentration also using the Henderson-Hasselbalch equation. 

• pH 7.4 Sodium dihydrogen phosphate (NaH2PO4) acid and disodium hydrogen 

phosphate (Na2HPO4.2H2O) salt were used to prepare the phosphate buffer of pH 7.4 

(physiological pH). The concentration of the buffer kept 50mM using the mentioned 

equation. 

• pH 12.6 We also prepare 50mM pH 12.6 buffer using KCl and NaOH beads 

accordingly. 

Sample preparation and aggregation assays: Each protein and salt samples were prepared 

separately by dissolving directly into a specific pH buffer. The buffer solutions were filtered 

with a 0.2 um filter prior to prepare each sample. Details of preparation of all the used pH 

buffers have mentioned in supporting information section. Initially, to monitor the aggregation 

assay different sets of protein samples (at fixed concentration) were prepared by adding 

different salt concentration. Later for all the measurements, we have prepared the aggregations 

just adding the pH 2 solution of the thiocyanate salt into the protein pH 2 solution where for 

each case salt and protein concentration maintained to 0.5M and 200 µM, respectively. 

ThT assay: We first prepare a stock ThT solution in fresh mili-Q water and measure its 

concentration using UV-Visible spectrophotometer (Shimadzu UV 2600). That stock solution 

was added which maintain overall ThT concentration 10 μM in the sample. Here we run all the 

steady state measurements using a fluorimeter Fluorolog (HORIBA, JOBIN YVON). The ThT 

solutions were excited at wavelength 𝜆𝑒𝑥 ~ 440 nm the slits (both excitation and emission) were 

kept 5 for all measurements. In every batch of protein salt samples, we consistently maintain a 

ThT concentration of 10 µM. Specifically, for the protein salt samples at pH 2, we assess the 

ThT kinetics by adding the mother aggregates into the pH 7.4 ThT solution. 
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7.III. Results and Discussions. 

Visual analysis: Figure 7.III.1A depicts the phase behaviour of BSA, Ova and Lys (200 M) in 

presence of NaSCN and GdmSCN (0.5 M) at different pH’s. The blue ticks represent the 

appearance of precipitation and/or turbidity while the cross symbols represent clear solutions.  

 

Figure 7.III.1. (A) pH dependent solubilization of BSA, Ova and Lys solutions (200 μM) in presence 

of GdmSCN and NaSCN (0.5 M). The white and grey panels signify t=0 and t=24 hours, respectively. 

The tick marks represent the appearance of protein aggregates, the cross marks represent a clear 

solution. Isoelectric point (pI) of each protein has been marked by dotted lines. (B) Optical images of 

Ova in presence of NaSCN at pH=2 (upper panel) and GdmSCN at pH=7.4 (lower panel).  

 

It is to be noted that in the chosen experimental condition ([protein]~200 µM and [salt]~ 0.5 

M] both the protein and the salt individually remain as monomer(s) (not exemplified). Figure 

7.III.1B shows the FESEM images of the precipitate formed upon the addition of the salts in 

Ova in two different experimental conditions (pH) and on incubation. It is interesting to observe 

that the microscopic morphology of the aggregates differs with the type on the cation as well 

as incubation time. For example, Ova-NaSCN (pH=2) forms small cubic crystals which on 

incubation transforms into mature fibrils (upper panel, for exact phase characterization, see the 

FESEM studies Figure 7.III.3). Likewise, upon the addition of GdmSCN in Ova (pH=7.4), 
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micron-sized cubic crystal-like aggregates are formed at t=0, which upon overnight standing 

produces rod-like structures. Figure 7.III.1A clearly demonstrates that the precipitation 

phenomenon is protein specific, ion specific and pH specific. Interestingly, all the protein-salt 

duo produce precipitate at pH=2. We therefore perform most of the further investigations at 

this pH only. 

 

Figure 7.III.2. (A) Fluorescence emission spectra of ThT bound to ovalbumin (at pH 2) with 

and without GdmSCN and NaSCN salts. (B) Normalised ThT emission kinetic profile in 

ovalbumin (at pH 2) in presence of GdmSCN or NaSCN. Error bars signify the standard 

deviations. (C) Elongation rate constants of the three proteins (at pH 2) in presence of GdmSCN 

or NaSCN. (D) Representative CD spectra of BSA protein at pH 7.4 and at pH 2 in absence 

and in presence of GdmSCN or NaSCN. The arrows are used to follow the observed trend. 

 

ThT kinetics and secondary structural measurements: To confirm the formation of the 

aggregates we perform ThT binding and its emission characteristics.30 Figure 7.III.2A shows 

the emission profile of ThT in bare Ova solutions at pH 2 in absence and in presence of the 

salts (at t=24 hrs). We observe noticeable increase in the ThT fluorescence intensity upon the 

addition of both the salts, strongly suggesting the proteins to form aggregates. To further 

explore the time dependency of aggregate formation we monitor ThT intensity in the 

aggregates (at the peak frequency) as a function of time; a representative profile for Ova is 
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shown in figure 7.III.2B. We observe a near-sigmoidal intensity pattern for all the three protein-

salt solutions at pH 2 (representative profile figure 7.III.2B). Such a sigmoidal growth kinetics 

confirms fibrillar aggregation.31 We detect two distinct regions: elongation or growth phase 

(steep increase in intensity) and saturation phase or plateau phase (in which emission does not 

change appreciably). It could be noted here that we do not recover any lag phase; perhaps the 

rapid kinetics of protein aggregation is beyond our instrumental time resolution. It is important 

to note here that fibrillization mostly initiate through a lag phase, and the growth process could 

be tuned in this phase only. The SCN- induced aggregation is rather instantaneous and therefore 

one cannot control the lag phase and consequently cannot tune the fibril formation. This rather 

unusual instantaneous nature of aggregation makes the SCN- ions non-trivial. We fit each 

kinetic profile using an empirical asymptotic exponential function y=a-b.cx; a is asymptote, b 

is response range and c is the growth rate. We further calculate the elongation rate constant (k) 

from the growth rate c as k=-lnc. The measured rate constants for the different systems are 

shown in figure 7.III.2C. We observe that while the elongation rate is protein specific in 

GdmSCN, it is almost constant in case of NaSCN. We also perform similar kinetic 

measurements at pH 7.4 solutions in presence of GdmSCN. While in Ova we found an 

asymptotic exponential growth in the ThT fluorescence intensity, the changes do not follow 

any particular pattern in Lys. 

We perform circular dichroism (CD) and mid-IR measurements to underline the 

secondary structural changes in the proteins during aggregation. From far-UV (190-260 nm) 

CD measurements (figure 7.III.2D), we observe a less negative molar ellipticity value at pH 2 

compared to pH 7.4. This indicates a decrease in α-helical content, as the native protein exhibits 

two characteristic negative peaks at 208 nm and 222 nm, indicative of its abundant α-helix 

structure. Interestingly, the decrease in α-helical contents is more significant in presence of the 

both thiocyanate salts. Then we quantitatively determine the relative abundance of all 

secondary structural components (α-helix, parallel and antiparallel -sheet, -turn and random 

coil) for each sample. A significant increase in % of the total -sheet content is clearly observed 

in presence of the salts with a concomitant decrease in the -helix contribution (figure 7.III.3A-

B). Notably, the effect of acidic pH on the native state is minimal for Ova and Lys but 

prominently visible in BSA. On the other hand, deconvolution of the amide I band of the mid- 
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Figure 7.III.3. Percentage change in α-helix (A) and β-sheets (B) structure of all the three 

proteins at pH 7.4 and at pH 2 in absence or presence of GdmSCN or NaSCN salt. 

 

IR spectra yield contributions of five major structural components: -sheet at 1620-1625 cm-1, 

random coil at 1635-1643 cm-1, -helix at 1653-1659 cm-1, -turn at 1667-1676 cm-1 and anti-

parallel -sheet at 1682-1690 cm-1. All the analysed peak intensity and area % values are 

summarised in table 7.III.1. The area under each fitted curve corresponds to the relative  

 

Figure 7.III.4. (A) Representative deconvolute mid-IR spectra of ovalbumin at pH 2. The 

black dashed line represents raw data and the red line is the overall fitted line. Percentage 

change in secondary structure content of all the three proteins analysed by mid-IR (B) and CD 

(C) spectroscopy.  

abundance of the different secondary structural components (as marked in the figure 7.III.4A). 

The % change in secondary structure content (-helix and total -sheet content containing anti-

parallel -sheet as well) for all the three proteins are shown in figure 7.III.4B-C. Here we 

present how the secondary structure of the respective protein gets alter in absence and in 

presence of salt (GdmSCN or NaSCN) at pH 2 compared to its native state (pH 7.4). Both CD 

and FTIR results infer a significant alteration in the protein secondary structure in presence of 

the salts. 
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Figure 7.III.5. FESEM images of (A) ovalbumin, (B) lysozyme, and (C) BSA upon the 

addition of GdmSCN or NaSCN: instantly and after 24 hours standing. (D-F) Representative 

AFM images of different states of ovalbumin protein fibrillization (e.g., nucleus, proto-fibril 

and fibril). (G-I) Height distribution profiles as obtained from AFM analysis of these states. 

 

Morphological analysis: We use electron microscopy (FESEM) and atomic force microscopy 

(AFM) to image the various aggregated states. The morphologies obtained at pH=2 for all the 

protein-salt pair(s) are depicted in figure 7.III.5. As clearly evident from the images, addition 

of GdmSCN to proteins forms protofibrils (of dimension ~10-40 µm) at t=0 which then 

undergo transition to bundle-like mature fibrils upon overnight incubation. In case of NaSCN 

we observe cubic crystal-like fibrillar nucleus state at t=0 (of dimension ~0.5-2.5 µm) which 

elongates into fibrillar network like structures upon standing. Interestingly, in case of Ova we 

notice cross-linking of amyloid protofibrils which co-exists with the cubic nucleuses (figure 

7.III.5A-C). The FESEM images thus identify the appearance of three distinct phases during 
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protein fibrillation process: nucleus, protofibril, and mature fibril. All the three phases are 

distinctly visualised through AFM micrographs also and the structures exhibit their height in 

the range of a few nm with a m order length. The histograms (figure 7.III.5(G, H, and I) 

present nm-scale height distributions for these fibrillar states. Notably, the observed higher 

average height of the nucleus phase signifies the initial random accumulation of the monomers, 

which then gradually organizes and elongates to form the ordered protofibril phases followed 

by the formation of mature fibrils.  

Hydration study: Protein (un)folding or misfolding process is strongly driven by hydrophobic 

hydration;33 we employ THz (50-750 cm-1, 1.5-22.5 THz)-FTIR measurements to explore that. 

The details discussion on the roles of THz frequency window is already provided in the chapter 

1. Thus, the measured frequency dependent absorption co-efficient, 𝛼(𝜈) depicts the linear 

response of the collective dipole fluctuations in the aqueous system. () profile of water 

(buffer pH 7.4; figure 7.III.6A; upper panel) shows two distinct modes which are deconvoluted 

using a damped harmonic oscillator model (depicted in the section 2.I.D) and we find the H-

bonds stretching mode (𝜈𝐻𝐵) to appear at ~129 cm-1 and a restricted rotational mode (libration 

or 𝜈𝐿𝑖𝑏) to appear at ~565 cm-1. Notably, the 𝛼(𝜈) profile of buffer at pH 2 (figure 7.III.6A; 

lower panel) appears slightly different than that observed at pH 7.4; the profile could only be 

fitted by further deconvoluting the librational band into two sub-Guassian bands with peak 

positions at ~395 cm-1 and ~604 cm-1. The former band is attributed to the intermolecular “in-

plane” libration (𝜈𝑖𝑛) and the next one for “out-of-plane” librational motion (𝜈𝑜𝑢𝑡) of water.34  

() profile of protein solutions are distinct from that of bulk water as highly absorbing 

water molecules are replaced by proteins. For a quantitative insight we determine the difference 

absorption co-efficient, ∆𝛼(𝜈) (=𝛼𝑝𝑟𝑜𝑡𝑒𝑖𝑛+𝑏𝑢𝑓𝑓𝑒𝑟(𝜈) − 𝛼𝑏𝑢𝑓𝑓𝑒𝑟(𝜈)) of these solutions (figure 

7.III.6(B, C and D)). It is important to note here that since ∆𝛼(𝜈) is a difference profile, it 

excludes all the bulk contributions and therefore it offers explicit information on the protein 

surface hydration. We fit all the experimentally obtained ∆𝛼(𝜈) profiles and the fitted 

parameters are provided in table 7.III.2. The fitted parameters exemplify the collective 

properties of protein solvation and they markedly differ from that of bulk. The observed shifts 

in the vibrational modes imply that all these proteins at pH conditions significantly alter water 

structure at their surroundings. Interestingly, the bare salt solutions offer an additional 

vibrational mode in the ∆𝛼(𝜈) (=𝛼𝑠𝑎𝑙𝑡+𝑏𝑢𝑓𝑓𝑒𝑟(𝜈) − 𝛼𝑏𝑢𝑓𝑓𝑒𝑟(𝜈)) profile with positive 

contributions to appear in the 300-450 cm-1 window (figure 7.III.7A-C; table 7.III.2). This 
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particular mode signifies ion-induced contribution on water structure and is commonly defined 

as ion-rattling mode.27, 35-37. It is important to note here that this mode emanates from the 

dipole-dipole correlation of ions and water, and thus provides with explicit information on the 

salt hydration.36, 38, 39  

 

 

Figure 7.III.6. Frequency dependent absorption co-efficient 𝛼(𝜈)profiles of (A) pH 7.4 

(upper) and pH 2 (lower) buffers. Difference absorption co-efficient ∆𝛼(𝜈)profiles of protein 

(B) bovine serum albumin, (C) ovalbumin, and (D) lysozyme at pH 7.4 (above) and at pH 2 

(below) respectively.  

 

 

Figure 7.III.7. Frequency dependent difference absorption co-efficient ∆𝛼(𝜈) profile of (A) 

GdmSCN at pH 7.4, (B) GdmSCN at pH 2 and (C) NaSCN at pH 2.  

 

To obtain solvation change during aggregation we obtain the Δ𝛼𝑎𝑔𝑔(𝜈) profiles (=

 𝛼𝑝𝑟𝑜𝑡𝑒𝑖𝑛+𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈) − 𝛼𝑠𝑎𝑙𝑡+𝑤𝑎𝑡𝑒𝑟(𝜈)) and fitted them as before. The results are 

summarized in figure 7.III.8, and table 7.III.3-7.III.5. We observe that solvation change is 

dependent both on the type of the salt as well as on the incubation time. In figure 7.III.8, we 

present the peak frequencies of the different vibrational modes at different aggregated stages. 

It is interesting to find that protein-salt pair(s) offer varying solvation features irrespective of 

their comparable final fibrillar state(s). For example, in NaSCN-Ova system the 𝜈𝐻𝐵 mode 

appears at ~ 120 cm-1 which no longer is detectable as mature fibrils are formed upon 
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incubation. Similar trend is observed in Lys-NaSCN pair. However, in the case of BSA, while 

the 𝜈𝐻𝐵 mode remains undetectable in the nucleus state, it reappears in the matrix-like mature 

fibrillar form (at ~84 cm-1). In case of GdmSCN-Lys pair the 𝜈𝐻𝐵 appears at ~202 cm-1 in 

protofibrils, which experiences a minor red-shift to ~197 cm-1 in mature fibrils, while no 𝜈𝐻𝐵 

mode is detectable in case of the other two proteins. Such changes are also evident in the ion-

solvation rattling mode as well (figure 7.III.8, table 7.III.3-7.III.5). 

 

 

Figure 7.III.8. HB stretching frequency (HB) and ion rattling frequency (rtl) of water at 

protein (BSA (filled circle), Ova (filled square) and Lys (filled triangle)) interface in presence 

of NaSCN (A-B) and GdmSCN (C-D). Note that in NaSCN matrix like fibril are formed while 

in GdmSCN bundle like fibril are formed. 

 

Discussions: SCN- instigates unusually instantaneous fibrillar aggregation in proteins at pH=2 

at room temperature. Considering the otherwise naive characteristic of NaSCN the observed 

rapid aggregation of proteins in its presence at the ambient temperature is intriguing. The fact 

is worth noticing considering the possibility of transient accumulation of the ions in body parts, 

specifically in the digestive tract, where such a low pH if often encountered. Acidic pH 

environment, which leads to partial unfolding of the protein monomers,40 can initiate 

polymorphisms through nucleation process. It is worthy to note here that acidic pH 
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environment itself does not induce aggregate formation in the studied proteins as evidenced 

from the ThT fluorescence measurements (figure 7.III.2A). On the other hand, NaSCN, at 

neutral pH, does not initiate aggregation. This apparent incongruity strongly concludes the 

decisive role of the SCN- ions to induce the partially unfolded proteins to aggregate. We also 

observe intriguing cation-specific differences on the morphologies of the aggregated states; 

while GdmSCN forms a collection of rod-like (bundle-like) mature fibrils, NaSCN induces 

nanofibrillar crosslinking (matrix or network-like aggregates) (figure 7.III.5A-C).  

In general, formation of amyloid fibrils results as a consequence of protein misfolding.41 

Stepwise association of un/mis-folded proteins42 leads to the formation of unordered soluble 

oligomers;32 such oligomers serve as an intermediate during monomer to crystal-like nuclei 

formation. Melting of α-helix and extension of β-sheets in proteins gives rise to the formation 

of critical nuclei which is a key step in the fibrillization process as it accelerates its further 

growth.43, 44 Zipper-like intertwining (along fibre axis) of parallel and/or antiparallel β-sheets 

of protofilament units results in the formation of flexible protofibrils of nm dimensions. These 

protofibrils further intertwine to form more rigid m length mature fibrils having diameters in 

the nm dimension.42 A theoretical study by krone et. al. revealed intertwining of protofilament 

is associated with distinct changes in the interfacial solvation: either some water molecules get 

trapped as a “lubricant” and/or “de-wet” the protofilament surface;45 either way, the change in 

the protein solvation dictates the fibrilization process.46-50 We explore the solvation status of 

these fibrillar-aggregates using THz-FTIR hydration (figure 7.III.8, table 7.III.3-7.III.5). In 

these multicomponent systems, deconvolution of the 𝛼𝑇𝐻𝑧(𝜈) profiles into different 

contributions (𝛼(𝜈) = ∑𝜙𝑖𝛼𝑖(𝜈)) where 𝜙𝑖  denotes the volume fraction and 𝛼𝑖(𝜈) is the 

frequency dependent absorption co-efficient of the i-th component) leads us to obtain the 

solvation status of each component under different phases29 considering the fact that protein 

and salt hydration has non-overlapping and distinct fingerprint regions in the THz window.23, 

37 According to the additive contributions of all the hydration components to the absorption 

profile, we can further demonstrate the 𝛼(𝜈) in terms of, 

𝛼𝑝+𝑠+𝑤(𝜈) = 𝜙𝑝𝛼𝑝(𝜈) + 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + 𝜙𝑠𝛼𝑠(𝜈) + 𝜙𝑠ℎ𝛼𝑠ℎ(𝜈) + 𝜙𝑏𝛼𝑏𝑢𝑙𝑘(𝜈) (7.1) 

𝛼𝑠+𝑤(𝜈) = 𝜙𝑠
′𝛼𝑠(𝜈) + 𝜙𝑠ℎ

′ 𝛼𝑠ℎ(𝜈) + 𝜙𝑏
′ 𝛼𝑏𝑢𝑙𝑘(𝜈)                                (7.2) 

where subscript ‘p’, ‘s’, ‘w’ and ‘b’ stands for protein, salt, water content and bulk component 

respectively whereas ‘ph’ and ‘sh’ denotes protein and salt hydration shell respectively. 



Chapter 7: Results and Discussions 

134 
 

Now, we can write the explicit protein hydration as, Δ𝛼𝑝(𝜈) = 𝛼𝑝+𝑠+𝑤(𝜈) − 𝛼𝑠+𝑤(𝜈); 

Δ𝛼𝑝(𝜈) = 𝜙𝑝ℎ𝛼𝑝ℎ(𝜈) + (𝜙𝑠ℎ − 𝜙𝑠ℎ
′ )𝛼𝑠ℎ(𝜈) + (𝜙𝑏 − 𝜙𝑏

′ ) 𝛼𝑏𝑢𝑙𝑘(𝜈)  (7.3)  

Since we cannot ascertain the oligomer state during rapid nucleation, the initial perturbation in 

protein surface hydration from monomeric bare protein surface remains untouched. Rather we 

choose to monitor evolution of the protein hydration throughout the 24-hour transition period.  

We can write Δ𝛼𝑝 as per the protein hydration at four different aggregation states; Nucleus (n), 

protofibril (pf), bundle like mature fibril (bf) and matrix like mature fibril (mf) as, 

∆𝛼𝑝
𝑛(𝜈) = 𝜙𝑝ℎ

𝑛 𝛼𝑝ℎ(𝜈) + Δ𝜙𝑠ℎ
𝑛 𝛼𝑠ℎ(𝜈) + Δ𝜙𝑏

𝑛𝛼𝑏𝑢𝑙𝑘(𝜈)                       (7.4) 

∆𝛼𝑝
𝑝𝑓(𝜈) = 𝜙𝑝ℎ

𝑝𝑓
𝛼𝑝ℎ(𝜈) + Δ𝜙𝑠ℎ

𝑝𝑓
𝛼𝑠ℎ(𝜈) + Δ𝜙𝑏

𝑝𝑓
𝛼𝑏𝑢𝑙𝑘(𝜈)                    (7.5) 

∆𝛼𝑝
𝑏𝑓(𝜈) = 𝜙𝑝ℎ

𝑏𝑓
𝛼𝑝ℎ(𝜈) + Δ𝜙𝑠ℎ

𝑏𝑓
𝛼𝑠ℎ(𝜈) + Δ𝜙𝑏

𝑏𝑓
𝛼𝑏𝑢𝑙𝑘(𝜈)                     (7.6) 

∆𝛼𝑝
𝑚𝑓(𝜈) = 𝜙𝑝ℎ

𝑚𝑓
𝛼𝑝ℎ(𝜈) + Δ𝜙𝑠ℎ

𝑚𝑓
𝛼𝑠ℎ(𝜈) + Δ𝜙𝑏

𝑚𝑓
𝛼𝑏𝑢𝑙𝑘(𝜈)                 (7.7) 

These analytical expressions help in detail understanding of the hydration effect in the observed 

fibrillar transitions. 

We make our further discussion based on the observed changes in the amplitudes (∆A, 

measured at the central frequency (𝜈𝑑,𝑖) of the corresponding mode) which defines the 

oscillator strength of different vibrational modes of water dipoles (figure 7.III.9). For a proto-

fibril (pf) to bundle fibril (bf) transition (in case of GdmSCN) the change in the frequency 

dependent amplitude (A) for any particular mode is given by, 

∆𝐴𝑝𝑓→𝑏𝑓 =(𝜙𝑝ℎ
𝑏𝑓

− 𝜙𝑝ℎ
𝑝𝑓

)𝛼𝑝ℎ(𝜈) + (Δ𝜙𝑠ℎ
𝑏𝑓

− Δ𝜙𝑠ℎ
𝑝𝑓

)𝛼𝑠ℎ(𝜈) 

+(Δ𝜙𝑏
𝑏𝑓

− Δ𝜙𝑏
𝑝𝑓

)𝛼𝑏𝑢𝑙𝑘(𝜈)               (7.8) 

Correspondingly, for the nucleus (n) to matrix fibril (mf) transition (in case of NaSCN), 

∆𝐴𝑛→𝑚𝑓 =(𝜙𝑝ℎ
𝑚𝑓

− 𝜙𝑝ℎ
𝑛 )𝛼𝑝ℎ(𝜈) + (Δ𝜙𝑠ℎ

𝑚𝑓
− Δ𝜙𝑠ℎ

𝑛 )𝛼𝑠ℎ(𝜈) 

+(Δ𝜙𝑏
𝑚𝑓

− Δ𝜙𝑏
𝑛)𝛼𝑏𝑢𝑙𝑘(𝜈)                 (7.9) 

Any change in the protein as well as salt hydration can be apprehended by these set of equations 

(7.8-7.9). Note that the sign of ∆𝐴𝑖 depends on the difference terms in volume fractions (𝜙𝑖) 

as the 𝛼𝑖 terms are always positive. The magnitude, however, is determined by all the terms.  
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Figure 7.III.9. Changes in the amplitude of (A) ion-water rattling (∆𝐴𝑟𝑡𝑙) mode and (B) 

intermolecular H-bond stretching mode (∆𝐴𝐻𝐵) of BSA, Ova and Lys in presence of salt(s) as 

bundle like fibril transitions ((∆𝐴𝑝𝑓→𝑏𝑓) in presence of GdmSCN, circles) and nucleus to matrix 

like fibril transition ((∆𝐴𝑛→𝑚𝑓) in presence of NaSCN, square symbols) takes place.  

We will focus our discussion on two major aspects: the change in hydration of the salts 

and that of the protein as the phase transitions occur. The two major parameters to be considered 

are: ∆𝐴𝑟𝑡𝑙 and ∆𝐴𝐻𝐵; while the first one is exclusive for the ions, the second one defines protein 

hydration. It is important to note here that the water dipole correlation of these two modes do 

not interfere,35, 36 and therefore enables one to extract independent hydration information. We 

plot these two parameters for the protein-salt pair(s) in figure 7.III.9. We first discuss ion-

hydration (figure 7.III.9A): the parameter ∆𝐴𝑟𝑡𝑙  is governed by the second term in the right-

hand side of equation 7.8 and 7.9 as the magnitude of the 𝛼𝑝ℎ and 𝛼𝑏𝑢𝑙𝑘 terms are very small 

compared to that of 𝛼𝑠ℎ in this frequency. So, ∆𝐴𝑟𝑡𝑙  directly correlates the extent of the 

collective rattling motion between Gdm+ and SCN- ions or Na+ and SCN- and the surrounding 

water molecules within their hydration shell. It is not possible to separate out the anion-water 

and cation-water contributions individually. However, the following rationale could be made: 

the rattling frequencies and amplitudes of GdmSCN and NaSCN are comparable (table 7.III.2), 

this suggests that either all the ions contribute equally or the anion dominates. The later can 

further be argued on that fact that rattling frequency of Na2SO4 is ~20 cm-1 blue shifted with a 

higher amplitude than NaCl. As evidenced from figure 7.III.9A, ∆𝐴𝑟𝑡𝑙 ~0 for protofibril to fibril 

transitions (GdmSCN-protein pairs) while for the NaSCN-protein pairs it shows non-zero 

values. This unambiguously confirms that the hydration state of GdmSCN does not change 

appreciably during the phase transition process, however, for NaSCN it does. This observation 

corroborates very well with a theoretical study in which it was concluded that during 

aggregation Na+ is partitioned away from the collapsed state of a model peptide and SCN- ions 

are excluded in the bulk.51 Thus, keeping in mind that Na+ remains in the bulk throughout, the 
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solvation environment of SCN- changes on phase transition and the term (Δ𝜙𝑠ℎ
𝑚𝑓

− Δ𝜙𝑠ℎ
𝑛 ) in 

equation 7.9 offers a non-zero value. The magnitude of the difference term is dependent on the 

SCN- immediate environment, which might differ with its specific interaction with protein(s). 

On the other hand, Gdm+ always remains in the protein vicinity, both in protofibril and in 

bundle fibril states, and therefore the term in equation 7.8 (Δ𝜙𝑠ℎ
𝑏𝑓

− Δ𝜙𝑠ℎ
𝑝𝑓

) ≈ 0. 

Regarding protein hydration it could be noted that in equations 7.8 and 7.9 both the first 

and the third terms in the right-hand side contributes to ∆𝐴𝐻𝐵 . Any de- or re-hydration in the 

protein surface, as manifested by the terms (𝜙𝑝ℎ
𝑓

− 𝜙𝑝ℎ
𝑖 ) (here ‘i’ and ‘f’ stands for initial and 

final states) is adjusted in the subsequent change in bulk solvation (𝜙𝑏
𝑓
− 𝜙𝑏

𝑖 ). We found that 

∆𝐴𝐻𝐵 for all the three proteins are nearly zero in GdmSCN. This suggests that there occurs no 

further alteration in the intermolecular H-bond structure during protofibril to bundle like 

mature fibril formation at the protein surface; consequently, both the first and the third term in 

equation 7.8 becomes zero. In case of NaSCN, however, we obtain nonzero ∆𝐴𝐻𝐵 values 

(figure 7.III.9B) indicating that protein solvation undergoes dehydration when water is released 

from aggregate interior to the bulk during fibrillar crosslinking. The negative ∆𝐴𝐻𝐵
𝐵𝑆𝐴 value 

affirms strong interactions between ions and the protein surface during the elongation process 

rupturing both of their solvation shells and thereby sum of first two terms in equation 7.8 are 

negative enough to overweigh the positive contribution from third term. On the other hand, the 

positive values of ∆𝐴𝐻𝐵
𝑂𝑉𝐴 and ∆𝐴𝐻𝐵

𝐿𝑦𝑠
 suggest a high positive ∆𝜙𝑏 (equation 7.8) which 

overwhelms the other two negative terms. The interactions thus are found to be extremely ion-

protein specific in nature. 

Our study provides a comprehensive understanding of how ion-specific hydration 

induces distinct arrangements in mature fibrils. Weakly hydrated SCN- ions initially bind to the 

protein surface initiating the self-aggregation of protein molecules. Depending upon its 

counter-cation the growth follows different routes. The bulky cation Gdm+, which does not 

associate a finite hydration shell,52 experiences strong interactions with the aromatic surface 

residues of the partially unfolded proteins through 𝜋 − 𝜋 stacking.53 Both Gdm+ and SCN- ions 

participate in binding interactions with the protein surface residues. Gdm+ ions further form 

bridges between the neighbouring fibril strands and arrange themselves into a bundle-like 

structure. The active role of Gdm+ in the formation of the bundle like structure is substantiated 

by its solvation characteristics (figure 7.III.9A). On the other hand, strongly hydrated Na+ ions 

do not experience such binding interactions with protein residues, rather it remains soluble in 
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the bulk as supported by the negligible change in the salt solvation (figure 7.III.9A). This results 

in a faster fibrillation rate in GdmSCN compared to the crosslinking of amyloid-fibrils in 

NaSCN (see figure 7.III.2B, C). Faster bridging of mature fibrils by GdmSCN maintains the 

collective hydration unchanged from the protofibril phase, however, the elongation rate for 

Gdm+ interactions is highly protein specific (figure 7.III.2C). Additionally, SCN- ions bound 

fibrillar nuclei form crosslinked network with equivalent growth rate for all three proteins 

whereas the collective hydration exhibits a distinct change in the water structure. This leads us 

to infer strongly that water acts as a “lubricant” in the bundle interface, while the formation of 

crosslinked matrix arrangements is driven by “de-wetting”.  

7.IV. Conclusions. 

Our experimental finding offers a primary evidence that SCN- instigates instantaneous protein 

aggregation and amyloid fibril formation at pH 2 environment. We further conclude that it is 

the counter-cation that leads in shaping the final arrangements of the mature fibrils. It is 

noteworthy that water behaves differently in the interface of the mature fibrils. Our study 

confirms that hydration pattern exerts a specific effect on each protein as they undergo fibrillar 

transition. Our study affirms the fact that accumulation of SCN- ions and an abrupt elevation 

of their abundance in blood plasma or extracellular fluid can lead to severe damage of human 

body. Considering that SCN- ion is used as a biomarker in the diagnostic of different medical 

conditions, diffusion of it into the brain and cerebrospinal fluid (CSF) through vascular infusion 

thus becomes a notable consideration. Also, that both Na+ and SCN- ions are permeable through 

the blood-brain barrier (BBB), increase in plasma concentration could lead to heightened risk 

of neurodegenerative disorders. Keeping these facts in mind our result finds its novelty in basic 

understanding of the fibrillar growth process by SCN-- protein interaction and indulge further 

studies on this aspect.

Table 7.III.1. The listed values of the fitted parameters after deconvolution of mid-IR spectra. All peak 

positions, area % and intensity values of each secondary structural components of protein systems.  

Components Protein Conditions Peak position Area % 

 sheet 

(including 

-

antiparallel) 

 

 

 

 

BSA 

pH 7.4 1620 

1697 

11.7 

1.5 

pH 2 1628 

1688 

11.8 

2.6 

GdmSCN (pH 2) 1625 

1685 

15.6 

8.2 

NaSCN (pH 2) 1622 

1681 

19.6 

5.2 
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Ova 

pH 7.4 1623 

1686 

16.5 

5.7 

GdmSCN (pH 7.4) 1624 

1687 

18.7 

9.4 

pH 2 1623 

1686 

21.2 

3.5 

GdmSCN (pH 2) 1625 

1682 

20.9 

9.7 

NaSCN (pH 2) 1624 

1683 

25.3 

3.8 

 

 

 

 

Lys 

pH 7.4 1622 

1690 

11.4 

4.5 

GdmSCN (pH 7.4) 1624 

1693 

12.2 

5.9 

pH 2 1622 

1689 

12.6 

4.6 

GdmSCN (pH 2) 1621 

1682 

18.8 

12.7 

NaSCN (pH 2) 1624 

1683 

25.3 

3.8 

Random 

Coil 

 

BSA 
pH 7.4 1636 26.7 

pH 2 1637 17.7 

GdmSCN (pH 2) 1643 21.4 

NaSCN (pH 2) 1639 26.3 

 

 

Ova 

pH 7.4 1638 30.0 

GdmSCN (pH 7.4) 1641 23.1 

pH 2 1638 29.5 

GdmSCN (pH 2) 1642 28.3 

NaSCN (pH 2) 1640 31.1 

 

 

Lys 

pH 7.4 1636 22.7 

GdmSCN (pH 7.4) 1640 19.0 

pH 2 1636 19.3 

GdmSCN pH 2 1641 25.1 

NaSCN pH 2 1640 31.1 

-helix  

BSA 
pH 7.4 1655 43.0 

pH 2 1653 43.0 

GdmSCN (pH 2) 1660 29.2 

NaSCN (pH 2) 1656 36.7 

 

 
pH 7.4 1656 27.7 

GdmSCN (pH 7.4) 1657 25.9 
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Ova 

 
pH 2 1655 29.3 

GdmSCN (pH 2) 1660 24.2 

NaSCN (pH 2) 1659 24.7 

 

 

Lys 

pH 7.4 1654 34.7 

GdmSCN pH 7.4 1657 32.2 

Lys (pH 2) 1653 35.7 

GdmSCN (pH 2) 1660 26.6 

NaSCN (pH 2) 1659 24.7 

-turn  

BSA 
pH 7.4 1676 15.0 

pH 2 1672 16.7 

GdmSCN (pH 2) 1675 19.9 

NaSCN (pH 2) 1672 8.3 

 

 

Ova 

pH 7.4 1672 13.9 

GdmSCN pH 7.4 1672 18.5 

pH 2 1672 13.2 

GdmSCN (pH 2) 1669 8.9 

NaSCN (pH 2) 1672 7.2 

 

 

Lys 

pH 7.4 1672 21.0 

GdmSCN (pH 7.4) 1676 26.4 

pH 2 1671 23.3 

GdmSCN (pH 2) 1671 8.5 

NaSCN (pH 2) 1672 7.2 
 

Table 7.III.2. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc) of respective modes (i.e. for hydrogen bond 

stretching mode, for ion rattling motion, for water in-plane and out of plane librational motion): 

Respective values are fitted results of pH 7.4 solution, pH 2 solution, each protein and salt solution at 

both pH. 

Protein pH Mode a0 (×10-6 a.u) ω0 (cm-1) νd (cm-1) νc (cm-1) 

 

 

0 

 

pH 7.4 

𝜈𝐻𝐵 4.81 641.2 79.6(2) 129.4(3) 

𝜈𝐿𝑖𝑏 4.26 2210 443.2(2) 565.8(3) 

 𝜈𝐻𝐵 6.71 845 41.2(4) 140.6(4) 

𝜈𝑖𝑛 3.61 827.1 373(1) 395.5(5) 
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pH 2 𝜈𝑜𝑢𝑡 29.19 1753.6 536(4) 604.2(5) 

 

Bovine 

Serum 

Albumin 

 

pH 7.4 

𝜈𝐻𝐵 -0.009 155.8 189(2) 190.6(3) 

𝜈𝐿𝑖𝑏 -0.48 2270 389.7(8) 531.5(13) 

 

pH 2 

𝜈𝑖𝑛 -0.28 685.5 279.6(2) 300(4) 

𝜈𝑜𝑢𝑡 -0.68 1338 534.8(4) 575.6(23) 

 

 

Ovalbumin 

 

pH 7.4 

𝜈𝐻𝐵 -0.08. 520.6 70(12) 108.2(16) 

𝜈𝐿𝑖𝑏 -1.02 2446.7 424.8(14) 576.3(30) 

 

pH 2 

𝜈𝐻𝐵 0.03 215 84.8(2) 91.4(4) 

𝜈𝑖𝑛 -0.32 779.4 278.6(2) 305(8) 

𝜈𝑜𝑢𝑡 -0.41 1031.5 533.5(5) 558.1(21) 

 

 

Lysozyme 

 

pH 7.4 

𝜈𝐻𝐵 -0.09 643.7 88.3(9) 135.3(11) 

𝜈𝐿𝑖𝑏 -1.51 3136.1 453.1(12) 674.1(22) 

 

pH 2 

𝜈𝑖𝑛 -0.25 639.8 282(2) 300(6) 

𝜈𝑜𝑢𝑡 -0.58 1267.5 522.8(6) 560.4(28) 

 

 

GdmSCN 

 

pH 7.4 

𝜈𝐻𝐵 -0.39 614.5 179.2(1) 204.2(4) 

𝜈𝑟𝑡𝑙 0.97 803.7 321.6(2) 346(3) 

𝜈𝐿𝑖𝑏 -1.54 847.8 637.1(3) 651.3(5) 

 

pH 2 

𝜈𝐻𝐵 -0.23 510.3 192.4(0.7) 208.8(3) 

𝜈𝑟𝑡𝑙 1.02 836 330.7(1) 356.5(2) 

𝜈𝐿𝑖𝑏 -1.06 723 638.1(4) 648.4(5) 

 

NaSCN 

 

pH 2 

𝜈𝑟𝑡𝑙 0.90 746.3 346.1(1) 366(3) 

𝜈𝐿𝑖𝑏 -2 1099.2 607.3(2) 632(4) 

 

Table 7.III.3. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc) of respective modes (i.e. for hydrogen bond 

stretching mode, for ion rattling motion, for water in-plane and out of plane librational motion): 

Respective values are fitted results of each protein-GdmSCN solution at pH 7.4. 

Protein 
Time 

(hr) 

Mode a0 (×10-6 a.u) ω0 (cm-1) νd (cm-1) νc (cm-1) 

 
 

Ovalbumin 

 

0 
𝜈𝑟𝑡𝑙 -0.60 701.7 351.4(0.7) 368.7(2) 

𝜈𝐿𝑖𝑏 0.16 272 607.5(1) 609(2) 

 
24 

𝜈𝐻𝐵 -0.27 369.8 94(1) 111(2) 

𝜈𝑟𝑡𝑙 -0.71 624.6 336.5(1) 351(3) 

𝜈𝐿𝑖𝑏 -0.35 575.4 454(3) 463.1(4) 
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Lysozyme 

 
0 

𝜈𝐻𝐵 0.21 581.2 190(3) 211.3(8) 

𝜈𝑟𝑡𝑙 -0.61 786.7 325.3(4) 348.6(6) 

𝜈𝐿𝑖𝑏 0.72 695.7 622.7(3) 632.5(6) 

 
24 

𝜈𝐻𝐵 0.12 463.6 193.3(3) 207(7) 

𝜈𝑟𝑡𝑙 -0.44 678.6 346.1(3) 362.6(5) 

𝜈𝐿𝑖𝑏 0.37 470.7 617.3(3) 621.9(6) 

 

Table 7.III.4. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc) of respective modes (i.e. for hydrogen bond 

stretching mode, for ion rattling motion, for water in-plane and out of plane librational motion) : 

Respective values are fitted results of each protein-GdmSCN solution at pH 2. 

Protein 
Time 

(hr) 

Mode a0 (×10-6 a.u) 

 
ω0 (cm-1) νd (cm-1) νc (cm-1) 

 

 
Bovine 

Serum 

Albumin 

 
0 

𝜈𝑖𝑛 -0.27 438.2 318.6(8) 326(18) 

𝜈𝑟𝑡𝑙 -0.37 714.3 401(41) 417(50) 

𝜈𝑜𝑢𝑡 0.12 279.5 592.3(3) 594(10) 

 
24 

𝜈𝑖𝑛 -0.13 339.3 314(7) 318.6(22) 

𝜈𝑟𝑡𝑙 -0.45 687.8 387.7(25) 402.8(29) 

𝜈𝑜𝑢𝑡 0.11 262 598.4(4) 599.8(10) 

 

 
 

Ovalbumin 

 
0 

𝜈𝑖𝑛 -0.20 427.3 320(3) 327.2(6) 

𝜈𝑟𝑡𝑙 -0.24 605.2 409(9) 420.1(13) 

𝜈𝑜𝑢𝑡 0.11 276.3 608(1) 610(3) 

 
24 

𝜈𝑖𝑛 -0.17 352.1 323.2(3) 328(6) 

𝜈𝑟𝑡𝑙 -0.31 560.6 405.7(8) 415.4(11) 

𝜈𝑜𝑢𝑡 0.20 265.3 624.3(9) 625.7(10) 

 

 
 

Lysozyme 

 
0 

𝜈𝐻𝐵 0.11 405 191.4(1) 202(2) 

𝜈𝑟𝑡𝑙 -0.63 754.1 329(1) 350.2(2) 

𝜈𝑜𝑢𝑡 0.36 549 605.1(1) 611.4(3) 

 
24 

𝜈𝐻𝐵 0.19 577.8 174.6(2) 197.3(6) 

𝜈𝑟𝑡𝑙 -0.52 734.7 331.1(2) 351.2(4) 

𝜈𝑜𝑢𝑡 0.83 683.3 652.1(9) 661.1(11) 

 

Table 7.III.5. The listed values of the fitted parameters; amplitude (a0), damping width (ω0), damped 

frequency (νd), and unperturbed center frequency (νc) of respective modes (i.e. for hydrogen bond 

stretching mode, for ion rattling motion, for water in-plane and out of plane librational motion): 

Respective values are fitted results of each protein-NaSCN solution at pH 2. 

Protein 
Time 

(hr) 

Mode a0 (×10-6 a.u) 

 
ω0 (cm-1) νd (cm-1) νc (cm-1) 

 
Bovine 

Serum 

Albumin 

 

0 
𝜈𝑟𝑡𝑙 -0.64 722.7 330.7(0.8) 350.1(2) 

𝜈𝑜𝑢𝑡 0.85 805.6 613.2(2) 626.5(5) 

 
24 

𝜈𝐻𝐵 -0.53 388.8 56(2) 83.6(2) 

𝜈𝑟𝑡𝑙 -0.69 698.2 328.2 346.5(2) 

𝜈𝑜𝑢𝑡 0.98 855 634.5 649(10) 

  𝜈𝐻𝐵 -1.97 522 86.6(3) 120(3) 
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Ovalbumin 
0 𝜈𝑟𝑡𝑙 -4.45 1061.8 366.3(1) 403.4(2) 
 

24 
𝜈𝑟𝑡𝑙 -0.35 563.3 348.7(2) 360(4) 

𝜈𝑜𝑢𝑡 0.91 784.9 614.7(5) 627.3(10) 

 

 
 

Lysozyme 

 
0 

𝜈𝐻𝐵 -1.26 533.6 52.4(1) 100(2) 

𝜈𝑟𝑡𝑙 1.25 759.1 336.7(0.7) 357.7(1) 

𝜈𝑜𝑢𝑡 0.57 666.8 620(1) 629(3) 
 

24 
𝜈𝑟𝑡𝑙 -0.40 583 342(1) 354.4(3) 

𝜈𝑜𝑢𝑡 1.07 803.2 614.1(3) 627.2(7) 
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Chapter 8 

8. Summary and Future Perspective 

8.I. Summary. 

The thesis is based on some spectroscopic studies to determine the conformational and functional 

insights of biomolecules in presence of co-solutes. For that we choose protein as a biomolecule 

and different types of ions as co-solutes. In the initial three works, we deal with the trivalent 

Lanthanide ions which induce microscopic phase behaviours (liquid–liquid phase separation 

(LLPS), re-entrant condensation) to the negatively charged globular protein BSA. As this phase 

behaviours are strongly dependent on salt (Cs) and protein (Cp) concentrations, we maintain Cs:Cp 

ratio 23.33 to minutely study the LLPS state of BSA in the prior two chapters. In the last one, we 

draw the overall phase diagram of protein for the Ln3+ ions by varying concentrations and analyze 

each phase separately. Our findings indicate that mono- and divalent salts do not induce LLPS at 

this specific ratio under ambient conditions. DLS studies reveal larger particles in the trivalent ion-

protein solution. Zeta-potential measurements show an inversion in protein surface charge, while 

CD measurements confirm that the protein's structural integrity is retained in the LLPS state. Our 

THz hydration experiments claim that mere charge (III in this case) is insufficient to describe the 

formation of LLPS by these ions, instead, it is essential to also consider the contribution from ion 

(hydrophilic)–hydration interactions. Lanthanides also exhibit distinct signature at temperature 

above the melting temperature (TM) of BSA. At T>TM and at Cs:Cp 23.33, where denatured BSA 

typically undergoes gelation with mono- and divalent ions, Ln3+ ions retain the LLPS state. UV-

turbidity, DLS and surface potential measurements corroborate well with our visual detection. DIC 

microscopy images and fluorescence anisotropy also provide clear picture of the micro-

environments. Finally, we determine the explicit hydration at the protein interface using THz 

spectroscopy and found an ion specific effect on both the gel and LLPS phase behavior. As an 

extension of the previous works, we deal with five lanthanide ions (La3+, Nd3+, Gd3+, Ho3+ and 

Lu3+). The detailed study of lanthanide-induced protein phases (protein homogeneous phase → 

turbid phase (metastable) → re-entrant to the homogeneous phase) are both concentration-

dependent and ion-specific. Our findings reveal that these microscopic phase behaviors of proteins 

are driven not only by changes in the protein surface charge potential but also by ion-protein 
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hydration. Additionally, the contrasting ion hydration distinguishes the metastable phase from 

others at a particular protein concentration. 

On the other part of the thesis, we concern over the unique nature of guanidinium (Gdm) ions on 

protein (de)stability, which varies depending on the counter ions. First, we address the exact reason 

of the contradict behaviours of GdmCl and Gdm2SO4 by combined THz spectroscopic and MD-

simulation investigation using a model amide NMA. The simulation results confirm a much 

stronger interaction between Gdm+ and X- in the case of Gdm2SO4 compared to that in GdmCl in 

both aqueous and NMA solution. Snapshots from the simulations suggest the possibility of contact 

and solvent-shared ion pairing between Gdm+ and SO4
2-. Our THz results conclude that the hetero 

ion-pairing propensity in Gdm2SO4 prevents free Gdm+ ions from interacting with NMA, whereas 

in GdmCl, the absence of such ion-pairing allows abundant interaction with NMA. Second, we 

monitor the thiocyanate-assisted fibrilization of some model proteins (BSA, Ova and Lys). The 

fibrillar morphology depends on the counterion(s) (Na+ and guanidinium (Gdm+)), specifically in 

varied concentration and pH range as evidenced by field emission scanning electron microscopy 

(FESEM) and atomic force microscopy (AFM). We underline the changes in protein hydration 

during the fibrillar processes using THz spectroscopy technique. We emphasize the mechanism of 

fibrillar arrangements and conclude that water behaves differently (either as a “lubricant” or as a 

“de-wetting agent”) in the interface of the mature fibrils depending on the ion-protein binding 

interactions.  

In brief the key findings of this thesis are: 

• Trivalent ions, which form LLPS, cause significant changes in overall protein hydration. 

The extent of these changes is specific to each ion, highlighting the important role of 

hydrophilic (electrostatic) hydration in the observed LLPS process. 

• Trivalent Lanthanide salts show unusual thermo-resistive behavior of protein as the room 

temperature formed LLPS retains their transparent and fluid like appearance at T>TM.  

• Lanthanide-induced protein phases (protein homogeneous phase → turbid phase 

(metastable) → re-entrant to the homogeneous phase) are both concentration-dependent 

and ion-specific. Ion specificity are not charge dependent rather the phase are driven by 

protein-ion hydration.
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• Contrasting ion-pairing propensity of the Gdm+ ion with the counterion (Cl- or SO4
-) 

decides its protein denaturation ability. 

• SCN- instigates instantaneous protein aggregation and amyloid fibril formation at pH 2 

environment. Counter-cation (Na+ and Gdm+) that leads in shaping the final arrangements 

of the mature fibrils. Our results strongly suggest that elevated level of SCN- ion in human 

body could lead to severe medical conditions. 

8.II. Future Perspective. 

The thesis deals with both microscopic (LLPS) and macroscopic (gel, amyloid fibril) protein 

aggregations which are the cause of different neurodegenerative diseases.1, 2 As the studies 

confirm, lanthanides are responsible for LLPS of model protein and such phase separation strongly 

depends on protein and ion hydration, one could consider the facts to deal with lanthanide toxicity. 

We believe our solvation studies of LLPS will help to attempt the study how toxic the lanthanides 

are with intrinsically disordered proteins (e.g. α-synuclein, tau, prion, amyloid β protein etc.) 

which are directly related to the chronic neurodegenerative diseases like Parkinson disease, 

Alzheimer disease, Creutzfeldt-Jakob’s disease etc.3-5 One should also learn a lesson that the 

excessive use of these rare earth elements in modern technologies will be an upcoming threat. 

Detail spectroscopic analysis suggests SCN- ion triggers amyloidosis. The amyloids are directly 

associated with various health conditions, including obesity, type 2 diabetes, neurological 

disorders, cancer, depression etc.6 This makes one of different scientific fields show grave concern 

in investigating each minute factor responsible for amyloid fibrillation. As SCN- ion is a naïve ion 

and we uptake SCN- from food resources, our claim that elevated level of the ion in human body 

could lead to these severe medical conditions.  

Our future plan will be to separate the lanthanides from metal mixtures with the help of the THz 

spectroscopy which will help in modern industries. We also aim to study the oligomeric state and 

LLPS state to know which one more prone to the neurodegenerative diseases. 
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