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Abstract

Proteins are ubiquitous in nature and play a crucial role in every living body, including maintaining
cellular processes, controlling metabolism, regulating cell signaling, supporting immune defense,
facilitating molecular recognition, and regulating gene expression. To gain more information about
the protein's functionality, integrating it with nanoparticles has led to the emergence of a new field
called nanotechnology. Nanoparticles have intriguing properties, such as a high surface-to-volume
ratio and high electrical and optical properties. However, when these nanoparticles are injected
into the body, the protein adsorbs to their surfaces, forming a protein corona that has detrimental
effects on both the protein and the nanoparticles, including protein aggregation, amyloid fibril

formation, nanoparticle aggregation, and many more.

Given the extensive use of nanoparticles in biomedical applications, people often overlook the
adverse effects associated with protein-nanoparticle interactions. This thesis addresses this
problem by studying the structural properties of the protein at the bio-nano interface using
vibrational Raman spectroscopy. Vibrational Raman spectroscopy is a scattering-based technique
that provides molecular-level insights into protein structure, both in the absence and in the presence
of a perturbing environment. However, Raman is a weak-scattering phenomenon, and to enhance
it, surface-enhanced Raman spectroscopy (SERS) is employed, which involves plasmonic
nanoparticles such as gold and silver that use electromagnetic and chemical enhancement

mechanisms to achieve high signal intensity at trace-level concentrations.

In this thesis, we investigated protein-nanoparticle interactions at the bio-nano interface. By
combining molecular dynamics simulation and SERS, we studied protein-nanoparticle interactions

using two bio-ionic liquids: one tends to adsorb to the nanoparticle surface, thereby preventing
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direct protein-nanoparticle interaction, whereas the other remains suspended in solution and affects
protein structure. Building on this, we studied the effect of iodide ions on two different lectins,
wheat germ agglutinin (WGA) and concanavalin A (ConA), with and without their carbohydrate
ligands, using SERS and principal component analysis (PCA). This study further unravels the
effect of KI, widely used by researchers to obtain stronger SERS signals (for proteins). It discusses

the impact of adding KI to protein nanoparticles and protein-ligand complexes.

Since Raman is a weak-scattering phenomenon, to enhance the signal, we tried to increase the
chemical enhancement mechanism of SERS by pre-shining the microwave synthesized alumina
nanofibers substrate with UV-visible light which leads to the formation of electron hole in the
substrate which then subsequently transferred to the silver nanoparticles fermi level and thereby
increasing its charge density and then in the presence of laser these electrons gets transferred to
the analyte which leads to high signal intensity. This technique is called photoinduced Raman
spectroscopy (PIERS). Parallelly, we investigated the PIERS effect on the widely used titanium
oxide (TiO) substrate by synthesizing TiO substrates via different mechanisms, each with distinct
oxygen vacancies. This thesis examines how defect engineering in plasmonic-semiconductor
hybrids enhances photo-induced Raman responses, offering a route toward ultrasensitive

biosensing platforms.

Overall, this thesis explains the complex interplay between proteins and nanoparticles at the bio-
nano interface and demonstrates how interfacial engineering can control protein behavior. The
findings in this thesis are very crucial in developing safer, more efficient nanomaterial-based
platforms for biosensing, diagnostics, and biomedical applications. Moreover, the efforts involved
in studying the PIERS mechanism with different substrates are useful for trace-level molecule

detection.
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adsorption of the protein on the NP surface in the case of [Ch][CI]........cccceeviiiviiiiiiieiiiieeiee 64
Figure 3.6 Time-dependent UV-vis spectra of Ag-Lyz in the presence of a different concentration
of [Ch][DHC] IL show the aggregation of the NPs interacting with the protein surface with the
increase in the concentration of the [Ch][DHC]. (50 mM, 100 mM, 500 mM) However, very less
aggregation of NPs was observed for the small concentrations (ImM, 10 mM) of [Ch][DHC]. The
inset figures show the decrease in the intensity of the plasmonic peak and the increase in the
longitudinal mode of the NPs with increasing concentration of [Ch][DHC]. ........cccccooieiiinnn. 65
Figure 3.7 Time-dependent UV-vis spectra of Ag-Lyz in the presence of different concentrations
of [Ch][CI]] IL show the aggregation of the NPs interacting with the protein surface as the
concentration of [Ch][Cl] increases. However, very less aggregation was observed for the small
concentrations (1mM) of [Ch][CI]. The inset figures show the decrease in the intensity of the
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Figure 3.9 A) Average RMSD plot for the Lyz backbone in different conjugates. Lyz in water in
orange color, Lyz on Ag surface in blue, Lyz on the Ag surface in the presence of [Ch][DHC] in
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Figure 3.10 (a) The schematic of the attachment of Lyz over the Ag surface. The angle between
the surface normal and the line passing through the B-sheet is given as 0. (b) Orientation of
absorption of Lyz in the absence of ILs (green), in the presence of [Ch][DHC]...........ccoeennee. 72
Figure 3.11 (a) g(r) of [Ch] and [DHC] over the Ag surface in the absence of Lyz. (b) g(r) of [Ch]
and [Cl] over the Ag surface in the absence of Lyz. (¢) g(r) of [Ch] and [DHC] over the Ag surface
in the presence of Lyz. (d) g(r) of [Ch] and [CI] over the Ag surface in the presence of Lyz. ..... 73
Figure 3.12 a) g(r) of DHC around [Ch] in the absence of Lyz. b) g(r) of [DHC] around [Ch] in
the presence of Lyz. ¢) Schematic showing the formation of a hydrogen bond between [Ch] cation
and [DHC] anion on the NP SUITACE. ......cccuiieiiiiiiiieeeece et 75
Figure 3.13 (a) Residue contact map of Lyz in water. Differential contact map for (b) Lyz on Ag
surface, (¢) Lyz over Ag surface in the presence of [Ch][DHC], (d) Lyz over Ag surface in the
Presence OF [ChI[CL]. .ottt ettt ettt e st et et eenbeeseees 76
Figure 3.14 DCCM plot of (a) Lyz in water, (b) Lyz on the Ag surface, (¢) Lyz over Ag surface
in the presence of [Ch][DHC], and (d) Lyz over Ag surface in the presence of [Ch][CI] aqueous
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Figure 3.15 The Z-component of the centre-of-mass (COM) of an amino acid (including the
SERS-active aromatic ones) over (a) Ag surface, (b) in the presence of [Ch][DHC], and (c) in the
presence of [Ch][CI] within the cut-off distance of 1 nm over the surface. These amino acids were
chosen due to their proximity to the AgNP surface, as shown in (d), where the amino acids, Arg-
21 and Arg-128, are shown in ball and stick representation. ...........ccccoeceeveererieneenenieneeneneenn. 79
Figure 4.1 (A) The plasmonic peak of AgNPs is shown at 422 nm. (B, C) Transmission electron

micrograph of AgNPs at 100 nm and 50 nm scale. (D) Histogram showing the average size of NPs.
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Figure 4.2 (A, B) UV-vis spectra and DLS spectra of AgNPs incubated with increasing
concentrations of ConA (1-15uM), showing redshift and particle size growth indicating
conjugation and aggregation. (C, D) UV-vis and DLS data for AgNPs with WGA (1-6 uM),
showing similar spectral redshift and size increase with higher WGA concentrations. ............... 90
Figure 4.3 UV-visible spectra of AgNPs -ConA with KI addition. B) UV-visible spectra of AgNPs-
WGA With KT @ddition.......coouiiiiiiiiieee ettt ettt 92
Figure 4.4 A) SERS of WGA (black) and ConA (red) protein. B) Shows the scatter plot for
AgNPs ConA (blue) and AgNPs WGA (Red). C) Loading plot shows differences in the two
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Figure 4.5 Surface electrostatic potential maps of (A) Wheat Germ Agglutinin (WGA) and (B)
Concanavalin A (ConA). The protein surfaces are colored according to electrostatic potential (=5
to +5), with red indicating negative potential and blue indicating positive potential. Aromatic
amino acid residues (Tyr, Trp, and Phe) are highlighted in magenta, while cystine (disulfide-
containing) residues are shown in yellow, illustrating their spatial distribution over the protein
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Figure 4.6 (A) shows the SERS spectra of WGA in the absence (black) and presence (red) of KI.
(B) Shows the scatter plots for AgNPs WGA (blue) and AgNPs WGA KI (red). (C) Shows the
loading plot for PC1 and PC2 components, respectively. (D) shows the SERS spectra of ConA in
the absence (black) and presence (red) of KI. (E) Shows the scatter plots for AgNPs-ConA (blue)
and AgNPs ConA KI (red). (F) Shows the loading plot for PC1 and PC2 components,
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Figure 4.7 (A) SERS spectra of AgNPs WGA (blue) and AgNPs WGA NAG (yellow mustard).

(B) PCA score plot for AgNPs WGA (blue) and AgNPs WGA NAG (mustard yellow) systems
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showing clear separation along PC1 (68.1%), indicating significant spectral variation. (C)
Electrostatic surface charge representation of WGA in the presence of NAG (shown in lime color)
ligand, where the red region shows negative charges and the blue region shows positive charge on
the surface, and aromatic amino acids are shown with magenta color. (D) SERS spectra of
AgNPs ConA (black) and AgNPs ConA Mannan (red). (E) PCA score plot for AgNPs ConA and
AgNPs ConA Mannan (mustard yellow). (F) Electrostatic surface charge representation of ConA
in the presence of Mannan (shown in lime color) ligand, where the red region shows negative
potential, the blue region shows positive charge on the surface, and aromatic amino acids are
shown with Magenta COLOT. .........cc.iiiiiiiiii e et 104
Figure 4.8 (A) SERS spectra of AgNPs-WGA-NAG (black) and AgNPs-KI-WGA-NAG (red)
complexes showing marked intensity changes and disappearance of characteristic vibrational
bands upon KI addition. (B) PCA score plot for WGA-NAG systems showing clear separation
along PC1 (76.5%) between Kl-treated (green) and untreated (yellow) samples, indicating
significant spectral variation. (C) SERS spectra of AgNPs-ConA-Mannan (black) and AgNPs-
ConA-Mannan-KI (red), highlighting shifts and attenuation of phenylalanine and tryptophan-
associated modes upon KI interaction. (D) PCA score plot for ConA-Mannan systems displaying
distinct clustering of Kl-treated samples (green) from untreated ones (yellow), with PC1
accounting for 49.3% of the VariancCe. .........ccccceeviiiiiiiiiii e 105
Figure 5.1 (A) Schematic diagram showing the formation of the AINFs using a microwave
synthesizer. (B) TEM image of AINFs at 100 nm scale. (C) UV-visible spectra of AINFs and Ag-
AINFs suspended in ethanol are shown in black and red, respectively. (D) TEM image of Ag-
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Figure 5.2 UV-visible spectra showing (A) temperature optimization. The higher the temperature,
the greater the increase in the intensity of the UV-vis peak observed, indicating a higher formation
of AINFs. (B) Optimization of the concentration. The greater concentration of AI(NO3)3. 9H»O salt
indicates a greater formation of fibers; however, to prevent excessive wastage of the chemical, a 5

mM concentration was chosen, and (C) Time for the synthesis of AINFs in ethylene glycol solvent.

Figure 5.3 A. UV-vis spectra of AINFs in ethylene glycol in the presence of MW heating (red) and
hydrothermal heating (black) B. (i, ii)) TEM images of ALNFs prepared via hydrothermal at
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Figure 5.4 (A) Averaged low accumulation SERS spectra of lysozyme on Ag—AINFs with (blue)
and without UV (red) exposure. The green-shaded portion shows the increase in the Ag—S mode
(258 cm—1) upon UV exposure, indicating perturbation of the disulfide bond in the protein. (B)
The SERS spectra of lysozyme with (dark blue filled) or without UV exposure (pattern filled)
show various modes of the protein, specifically S-S, C—S, and other aromatic amino acids modes.
(C) UV-exposed time-dependent UV-visible spectra for only AgNPs showing no change after
exposure to the UV light. A small 2 nm red shift was observed due to the agglomeration of
nanoparticles over time or due to the heat generated by irradiation. (D) UV-exposed time-
dependent UV-visible spectra for Ag—AINFs (blue) showed a blue shift of approximately 10 nm
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Figure 5.5 Schematic showing the pre-irradiated SERS spectrum and enhanced binding of the
protein to the nanoparticle surface by sulfide bond. After pre-irradiation, the solvated electrons
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Figure 5.6 Shows the UV-vis spectra of Nanoparticles before (black color) and after UV exposure
(red color). The addition of the thionin dye further reverses the electron-transfer process, shifting
the plasmonic peak back to its original position (green color). UV-vis spectrum of only the thionin
compound 1S SHOWN 1N DIUE COLOT.........uiiiiiiieiiieeiecee et e e e e 126
Figure 5.7 (A) and (B) Differential absorption spectra for AgNPs and Ag—AINPs, respectively.
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Figure 5.8 SERS of (A) lysozyme, (B) BSA, (C) myoglobin, and (D) DNA in the presence (dark
blue filled) and absence of UV exposure (pattern filled). The inset figures of A, B, and C show a
cartoon representation of the proteins, highlighting the number of disulfide bonds in yellow. . 130
Figure 5.9 A and B) Shows the SERS mapping of the 1567.8 cm™! peak of the thiophenol (10 M)
compound adsorbed over non-UV-exposed Ag-AINFs substrate and UV exposed Ag-AlINFs,
respectively. The scale bar on the right shows the enhanced SERS intensity of the thiophenol in
UV exposed sample (shown in red color) and less intensity in the case of the non-UV-exposed
sample (shown in blue color), C and D) Show the SERS mapping of thiophenol at peak 1067.8
cm! over non-UV-exposed Ag-AINFs substrate and UV-exposed Ag-AINFs respectively. ...... 133
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Figure 6.2 (A) TEM image of TiO> (U_700) USP synthesized nanoparticles. (B) SAED pattern of
TiO2 (U_700) sample (C), HR-TEM image of TiO> (U_700), (D) TEM image of TiO> (S_700)
sample, (E) SAED pattern of TiO> (S_700), (F) HR-TEM image of TiO> (S_700), (G) TEM image

of TiO2 (S_500) sample. (H) SAED pattern of TiO2 (S_500) (I) HR-TEM image of TiO2 (S_500).
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Figure 6.3. (A, B) Shows the Scanning electron microscope images of synthesized TiO:
(USP_700), (C) TiOz (Sol_700), and (D) TiO2 (Sol_500)......cccceoiriiiiiiiiiiiiiiicrcsceceeee 146
Figure 6.4 (A) UV-vis spectra of TiO> (U 700), TiO2 (S_700), and TiO> (S _500) samples, (B)
Tauc plot of TiO2 (S_500), (C) TiO2 (S_700), and (D) TiO2 (USP_700) samples, respectively. (E)
XRD pattern of TiO2 (U_700), TiO2 (S_500) and TiO2 (S_700) sample. (F) Williamson-Hall (W-
H) plot of TiO2 (U_700), TiO2 (S_500), and TiO> (S_700) samples, respectively..................... 149
Figure 6.5 A) Shows the Raman modes associated with the differently synthesized TiO». (B, C,
and D) Shows the time-dependent UV visible spectra for pre-shined AgNPs-TiO; (S_500), AgNPs-
TiO2 (S_700), and AgNPs-TiO, (USP_700), respectively. The blue shift in the LSPR peak indicates
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Figure 6.6 (A—C) XPS survey spectra of TiO2 (S_700), TiO: (S_500), and TiO- (USP_700),
respectively, confirm the presence of Ti 2p and O 1s core-level peaks. (D—F) High-resolution XPS
spectra of the Ti 2p region for TiO2 (S_700), TiO2 (S_500), and TiO: (USP_700), respectively,
showing the presence of both Ti?", Ti**, and Ti*" states; however, no reduced titanium peak is
observed for TiO2 (USP_700), indicating the absence of vacancy defects. (G—I) Deconvoluted O
Is spectra for TiO2 (S_700), TiO2 (S_500), and TiO2 (USP_700), respectively, reveal the presence
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Figure 6.8 EPR spectra of TiO2 (Sol-500), TiO2 (Sol-700), and TiO> (USP-700) are shown in black,
red, and BIUE, T€SPECTIVELY. ....cciiiiiiiii et e e e b e e e beeeeaeeeeneas 158
Figure 6.9 (A, B) Shows the Raman spectrum of the R6G molecule at a concentration of 10° M
for non-UV irradiated and after UV irradiation of the TiO» (S_500) sample. (C) Shows the overlaid
Raman spectrum of TiO> (S_500) to show the intensity difference before and after UV irradiation.
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irradiation and after UV irradiation of the TiO> (S_700) sample. (F) Shows the overlaid Raman
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Figure 6.12 Shows the enhancement factor for TiO> (S 500), TiO2 (S _700), and TiO2 (USP_700)
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Figure 6.13. Schematic for efficient charge transfer in the TiO2 (S _500) and TiO> (S_700) due to
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PIERS Photoinduced-Enhanced Raman spectroscopy
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DLS Dynamic light scattering
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DCCM Dynamic Cross-correlation maps
[Ch][DHC] Choline Dihydrogen Citrate
[Ch][CI] Choline Chloride

LSPR Localized Surface Plasmonic Resonance
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MRE Mean Residual Ellipticity

MD molecular Dynamics

PBC Periodic boundary Condition

RMSD Root Mean Square Deviation
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PME Particle Mesh Ewald
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