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ABSTRACT 

Binding Interactions of Biologically Relevant Molecules Studied Using Surface-

Modified and Nanostructured Surfaces 

December 2023 

Palak Sondhi, M.S. Chemistry-Graduate, University of Missouri-St Louis, MO, 

USA 

Chair and Advisor: Professor Keith J. Stine 

This research focuses on the field of surface nanobioscience, wherein different 

nanosurfaces that will be used as working electrodes in the electrochemical cell are 

manufactured and surface modified to understand the critical binding interactions 

between biologically significant molecules                  like proteins, carbohydrates, small drug 

molecules, and glycoproteins. This research is essential if     we are to determine 

whether a synthetic molecule can serve as a therapeutic candidate or diagnose    a 

disease in its early stages. In order to fully understand the binding interactions, the 

study begins with defining some of the fundamental concepts, principles, and 

analytical tools for biosensing. 

Afterwards, we addressed a crucial issue in material chemistry: integrating a large 

surface                          area with easy molecular movement in the same material. The problem was 

successfully resolved by developing a hierarchical nanoporous gold (hb-NPG) 

electrode using the fundamental principles of electrochemistry. An important 

biomarker for osteoporosis called fetuin A was monitored using square wave 

voltammetry technique by employing surface-modified hb-NPG as working 
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electrode. The project was advanced by creating a monolith, which has a wide range 

of industrial applications. The material was created by using the approach of 

templating and dealloying and was characterized using Brunauer-Emmett-Teller 

analysis, thermogravimetric analysis, and scanning electron microscopy techniques. 

The surface modification process was extended to include other materials like 

indium tin oxide and Au coated quartz crystal in addition to NPG and hb-NPG. It was 

critical to comprehend the affinities of synthetically produced compounds with 

membrane proteins implicated in the transmission of the disease to investigate their 

potential as therapeutic candidates against a particular disease. Lipopolysaccharide 

antagonists (such as AM12 and compounds with a lactone                        structure) and curcumin 

analogs are examples of synthetic compounds used in this investigation. Lipid 

binding protein (LBP), Cluster of differentiation 14 (CD14), and Myeloid 

Differentiation factor 2 (MD-2) are the key proteins in sepsis, and in this study, we 

examine how well they attach  to the LPS antagonists. Receptor Binding Domain 

(RBD) and Angiotensin Converting Enzyme 2 (ACE2) are another set of proteins that 

are investigated that are important in covid and explored for their binding affinity 

towards curcumin analogs. 

We created platforms with immobilized proteins to test these drugs' binding affinities 

for membrane proteins. To observe the outcome of the interaction, various sensing 

techniques including Quartz Crystal Microbalance, Electron Impedance 

Spectroscopy, and fluorescence have been employed. The solubility and stability of 

curcumin analogs were also explored before exploring their binding potential. As 

seen using UV-vis spectrophotometry, the presence of sugar  units in the side chain 

boosted their hydrophilicity and stability. 
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the binding affinity of C10 with CD14 and LBP 

respectively. 
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Chapter I INTRODUCTION 

 

1.1 Overview 

 

Our investigations' main objective was to create electrodes with surface 

modifications for measuring protein-protein, protein-drug, and lectin-glycoprotein 

binding                              interactions. Various electrode materials, including hb-NPG, ITO, and Au-

based QCM sensor, were used in our analysis. The binding affinities have been 

examined using a variety  of electroanalytical techniques. Sensors designed in the 

study can monitor even the smallest   change in analyte levels and assess if the 

binding is strong enough. The platforms have enormous potential for disease 

diagnosis and determining a good drug candidate. 

The key principles used in the research are introduced in Chapter I. It has 

been discussed how the field of nanobiotechnology will develop in the future. The 

components                      of biosensors and their expanding influence on the healthcare system 

have also been described. To comprehend the study discussed in the next chapters, 

it is essential to understand how to modify the surfaces of nanomaterials and use 

them to detect analytes utilizing electrochemical methods. Chapter II goes into 

detail about the materials and methods used in this study. In Chapter III, the 

fabrication of hb-NPG and its application in studying the glycoprotein-lectin 

interaction utilizing SWV are discussed along with the results. The findings and 

discussion of the binding affinities of AM12 and other LPS antagonists with sepsis-

related protein receptors are covered in Chapter IV. In Chapter V, the potential 

inhibitory action of curcumin analogs against the binding of RBD and ACE2  is 

presented, and in Chapter VI, a compilation of all the other brief experiments 
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conducted                                           while pursuing the main objectives of the research is presented. 

 

1.2 Nanobiotechnology-Importance and scope 

 

Integrating different scientific disciplines so that their shortcomings are 

overcome by one another suggests promising outcomes. Biotechnology has 

achieved significant advancements during the past few decades. In recent years, 

nanobiotechnology—which combines biotechnology and nanomaterials—has 

advanced significantly.1 Researchers can create less labor-intensive, more 

economical, and effective procedures by combining nanotechnology and 

biotechnology methodologies.2 Lynn W. Jelinski, a biophysicist at Cornell 

University in the United States, coined the phrase "nanobiotechnology" initially.                 A 

promising field called nanobiotechnology brings together nanofabrication and 

biosystems for the mutual benefit of both.3 When it comes to nanobiotechnology, 

biology offers models and biologically constructed components as sources of 

inspiration, while nanotechnology offers instruments and technological platforms 

for the investigation and modification of biological systems. As a result of 

nanobiotechnology, new classes of micro- and nanofabricated devices and 

machines that are motivated by bio-structured machines have been developed.4-6 

Nanobiotechnology has grown in prominence in the fields of gene therapy, tissue 

engineering, medication delivery, cancer immunotherapy, and wound healing.7 To 

fill the gap between the two fields of science, there is a constant need for novel 

materials and methods. To expand the uses of nanobiotechnology in health, 

numerous innovative and promising technologies, and procedures for the creation 

of nanomaterials are being developed through chemical modification, biological 
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reduction, and scaffolding. Biosensor development has been aided by 

nanobiotechnology in various ways. In fabricated devices, the fusion of 

biomaterials and nanomaterials can produce unseen functions. To create new 

devices, a variety of biomaterials have been used, including metalloproteins, 

antibodies, enzymes, DNA, RNA, ribozymes, and aptamers.8 The development of 

biosensing devices has benefited from the expansion of the use of biomaterials 

made possible by the advent of nanotechnology. Nanotechnology offers 

nanopatterns, nanostructures, and nanoscale electrodes. The electrode platform can 

be created using nanopatterns.9 Also, nanotechnology produces synthesized 

nanomaterials including topological insulators, quantum dots (QDs), graphene, 

gold nanoparticles (AuNPs), silver nanoparticles, and carbon nanotubes (CNTs).10-

11 Biomaterials can be mixed with the produced nanomaterial to improve their 

electrical characteristics or add new functionality. Nanobiotechnology has 

enormous potential for disease diagnosis, treatment, and prevention; however, more 

thorough research is required to address potential clinical trial challenges, 

regulatory issues, and toxicity in order to advance medical science and healthcare 

in the future.12 

Modern analytical chemistry relies heavily on nanobiosensors, but they are 

also an important area of multidisciplinary study that connects the fundamentals of 

basic science with those of bio/nanotechnology and electronics.13 It is crucial to 

understand how the five main components of the biosensor function before learning 

about the basics                  of the nanobiosensor.14 
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1.3 Biosensors 

 

A biosensor is a device that detects the presence of an analyte in a biological 

or chemical reaction and produces signals corresponding to the concentration of the 

analyte.15 Leland C. Clark Jr. developed the first "true" biosensor in 1956 for the 

purpose of detecting oxygen. He is regarded                     as the "father of biosensors," and the 

oxygen electrode he created, the "Clark electrode," is named              after him. In 1962, 

Leland Clark performed a demonstration of an amperometric enzyme electrode            for 

the detection of glucose using the fabricated biosensor.16 Every biosensor possesses 

a set of both static and dynamic characteristics. Selectivity, repeatability, stability, 

sensitivity, and linearity are a few characteristics that affect how well a biosensor 

performs.15 

Biosensors typically consist of three major parts comprising of a signal 

processing system, a physicochemical detector or transducer, and a biological 

sensing component.17 In order to interact with the target analyte and produce a 

signal, biological sensing components are used. Materials like tissues, bacteria, 

organelles, cell receptors, enzymes, antibodies, and nucleic acids are frequently 

used as sensing elements. The transducer converts the signal produced by the 

interaction of the sensing element and the target analyte into a quantifiable and 

detectable electrical  signal. Therefore, the signal processing system amplifies the 

electrical signal before sending it to a data processor, which creates a signal that 

can be measured.18-19 In recent years, the field of biosensor development has 

experienced spectacular expansion, with new applications appearing in a variety of 

areas. These encompass disease detection, food safety, defense, and environmental 
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monitoring. 

The focus of our study will be the discipline of medical science, where applications 

for biosensors are expanding quickly. Applications like cancer diagnosis and 

monitoring, cardiovascular disease monitoring, and diabetes management have 

profited from the development of biosensors.20 In the field of medicine, biosensors 

can be used to track the growth of cancer, identify microorganisms, and monitor 

blood glucose levels in diabetics. Emerging biosensor technology may play a key 

role in the early detection of fatal diseases and the efficient administration of 

treatment.21 Biosensors can identify the presence of an abnormality in its early 

stages and provide information on whether treatment is successful in lowering or 

eliminating such problems by monitoring levels of certain proteins expressed 

and/or secreted by cells.20 

Several sensitive biosensors for the detection of various biomarkers in 

complicated biological fluids have been developed and implemented in the medical 

area using ligand-receptor                       interactions (LRIs), which are the basis for all biological 

processes occurring in live cells. Drug- target interactions, one of the LRIs, are 

crucial to comprehending the biological mechanisms that help in the future 

development of novel and improved therapeutic compounds. We can determine 

whether it is necessary to modify currently available medications or to generate 

new ones using biosensors based on these interactions.22 Numerous cell adhesion, 

signaling, and regulatory activities are triggered by ligand interactions with 

membrane proteins. Membrane proteins are significant therapeutic targets because 

of their wide range of functions.23 A crucial part of the cell membrane, 
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carbohydrates are specifically recognized by molecules like proteins.24 The 

interactions between carbohydrates and proteins are crucial for biological processes 

such cell adhesion, cell trafficking, cell communication, and immunological 

responses.25 The elucidation of intercellular signaling pathways would be aided by 

a greater comprehension of carbohydrate- protein interactions, perhaps resulting in 

the development of new diagnostic and therapeutic tools.26-27 Due to the importance 

of detecting carbohydrate-protein interactions, new, effective biosensing 

techniques are needed for quick and accurate recognition testing. 

1.4 Surface modification 

 

 

The abundance and significance of numerous detecting processes that take 

place                     at interfaces have heightened attention in the design of chemically modified 

interfaces in recent years.28 Self-assembled monolayers (SAMs) are used as an 

interface layer between a metal surface and a solution29 or vapor.30 SAMs made 

from organosulfur compounds chemisorbed at metals have gained popularity in 

recent years because to their potential applications in a wide range of technical 

fields, in addition to the fact that they make excellent interface models.31 Metals 

like gold, copper, and silver are used as substrates for the SAMs preparation based 

on organosulfur species as they strongly coordinate onto  these metals. Due to its 

resistance to the majority of contaminant adsorption and oxide production, gold is 

primarily used as a substrate to build monolayers.32 SAM technology                                     produces the 

best outcomes of all the reported immobilization techniques.33 SAMs can provide 

a very convenient and flexible technique for the covalent immobilization of 

biomolecules on gold surfaces for the construction of biosensors because of their 
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stability, orientation, and capacity to functionalize the terminal groups on the 

molecules.34-35 Because it contains sulfur, LA has drawn a lot of interest in the field 

of gold surface functionalization for a variety of reasons, including the expectation 

that its longer alkyl chain will produce a more disordered SAM than a 

straightforward mercaptoalkyl tether and that disulphide attachment to gold 

surfaces will increase   stability. To connect lipids, carbohydrates, proteins, and 

oligonucleotides to gold surfaces, LA has been used as a linker.36 

The advantages of SAMs are their orderly compact arrangement, high substrate 

coverage, and few defects. Forming an Au-thiol self-assembled monolayer (SAM) 

with a bi-functional linker molecule that has a thiol group at one end and a 

chemically reactive                                       group at the other end (functionalization) for covalent bonding 

of biomolecular probes is                                          the "gold standard" for biomolecule immobilization.37-38 

An ideal, SAM of alkanethiolates supported on a gold surface with a (111) texture 

is shown in Figure 1. 

The SAM's structure and characteristics are emphasized. 

 

Figure 1. SAMs as components of nanoscience and nanotechnology. Reproduced 

from reference 37. 
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Biological molecules' amino (carboxyl) groups can be connected to the carboxyl 

(amino) groups at the end of a SAM using a coupling agent, which creates ideal 

circumstances for immobilization.39 In the development of biosensors, self-

assembled monolayers (SAMs) and 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide/N- hydroxysuccinimide (EDC/NHS) have 

frequently been utilized to form covalent amide bonds between solid substrate and 

bio-recognition components.40-41 Three stages are normally required for the 

covalent immobilization of bio-recognition components on a solid surface: 

attaching SAMs to an inert surface, subsequent surface activation by EDC/NHS to 

create an active layer, and covalent attachment of biomolecules such as proteins, 

carbohydrates, antibodies, etc.42 In the coupling chemistry of EDC-NHS, EDC 

combines with a carboxylic acid group on the SAM (depicted by the spheres bearing 

the                       number 1) to produce an amine-reactive intermediate called O-acyl isourea. 

This intermediate could interact with an amine on a biomolecule (depicted by the 

spheres bearing the number 2), resulting in a conjugate of the two molecules 

connected by a strong amide bond. The amine-reactive intermediate is stabilized by 

the addition of sulfo- NHS by becoming an amine-reactive sulfo-NHS ester, 

improving the effectiveness of EDC-mediated coupling processes (Figure 2).43 The 

EDC/NHS reaction will significantly affect the stable modification of the bio-

recognition elements required to obtain good reproducibility when developing 

biosensors, but the conditions during these  immobilization processes involving the 

reaction time, the concentration ratio of reagents, and the composition in the buffer 

solution should be optimized for the adsorption of SAMs.44-45 
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Figure 2. EDC-NHS coupling chemistry mechanism. Reproduced from reference 

43. 

 

Thin films made of bio-inspired polymers are frequently used as reactive coatings  to 

immobilize biomolecules on a variety of surfaces. For instance, the synthetic 

polymer polydopamine (PDA) was created as a thin film by the spontaneous 

oxidative polymerization of dopamine.46-48 Due to its adaptability to numerous 

substrates, good biocompatibility, and chemical reactivity, PDA has garnered 

considerable interest for biological and biomedical applications since its 

development.49-51 Because of its active quinone group, which may covalently 

conjugate to nucleophilic amine in biomolecules via Schiff's base formation or 

Michael addition, it has been widely employed as a universal reactive coating for 

protein/DNA attachment. In neutral solution, these reactions happen on their own 

without the requirement for an extra reagent or activation step. Additionally, PDA's 

active quinone group is stable, making it a particularly practical  technique to prepare 

many surfaces for protein attachment (Figure 3).52-53 
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Figure 3. The immobilization of L-Arg in the PDA coating. Reproduced from 

reference     53. 
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1.5 Transduction elements 

 

Biosensor transduction element is influenced by the material utilized, 

sensor device characteristics, and the actual signal conversion process. The 

materials used in transducers can be                      categorized as inorganic, organic, conductor, 

biological molecule, insulator, and semiconductor. The capabilities of the active 

sensing material dominate the definition of the transducer's parameters, but the 

device's design also has a significant impact on the specifications.54 Different 

transduction units used in the study are porous gold substrate, Au-QCM sensor, and 

ITO coated glass. 

Gold electrodes are among the most common electrochemical biosensor 

substrate materials because they can easily be functionalized with thiolated 

biomolecules. The increased surface area and sensitivity of NPG electrodes, 

however, make them more responsive than planar gold                   electrodes.55-56 As a mesh 

barrier against electrode fouling agents while allowing tiny analytes of interest to 

access the sensor, NPG electrodes also display anti-biofouling capabilities.57-58 

NPG electrodes have been utilized to create immuno, enzymatic, small molecule, 

and DNA sensors, illustrating the range of biosensor applications for these 

materials.59 

The QCM is potentially the most used mass-based biosensor transduction 

component. Due to their sensitive mass detection capabilities and the ability to 

observe binding events in real time, QCM-based biosensors are an alternative to 

standard analytical techniques. On both sides of quartz  crystal sensors, there is a thin 
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layer of a metal that acts as an electrode.60-61 The sensor is coupled to an oscillator 

circuit, which causes the quartz crystal to vibrate at a specific frequency. A broad 

transverse wave is created, and it moves parallel to the quartz surface. The surface 

of the crystal is often covered with a particular receptor material that interacts with 

the target analyte to raise the rigid mass of the crystal. As a result, the crystal's 

fundamental resonance frequency changes, and                       this sensor signal can be utilized to 

precisely calculate the adsorbed mass on the crystal surface.62 

Considering the geometrical and physical characteristics of quartz crystal, the 

Sauerbrey equation, which is shown in equation (1), has been utilized to convert 

frequency to mass. This equation demonstrates the linear relationship between the 

quartz crystal's resonance frequency and the additional mass of the solid layer that 

is applied to the surface.63 

(1) 

 

Here, f, μ, ρ, Δm, and A represents the crystal's fundamental resonance frequency, 

shear modulus (=2.947 1011 g/cm. s2), quartz density (ρ = 2.648 g/cm3), surface 

mass loading, and gold disk area,             respectively. The mass increase per unit of area 

(ng cm-2) is represented by the unit Δm/A and the frequency variation is represented 

as ΔF.63 
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ITO coated onto glass is the most popular ceramic electrode among sensor matrices 

because of its superior electrical conductivity, wide operating window (0.4 –1.9 V), 

high substrate adhesion capability, low capacitive current, consistent 

electrochemical and physical characteristics, and optical clarity.64-65 In order to 

anchor biomolecules, ITO has been increasingly  employed in biosensors using 

silanization which involves forming a covalently bound SAM layer on a hydroxyl 

surface using silane molecules such as 3-aminopropyltriethoxysilane (APTES) to 

anchor biomolecules.64 ITO is a material that holds promise for biosensing 

technology. 

1.6 Sensing techniques-General overview and principle 

 

1.6 a) Electrochemical Impedance Spectroscopy (EIS): This technique which is 

frequently used  in corrosion studies, semiconductor science, energy conversion and 

storage technologies, chemical           sensing and biosensing, noninvasive diagnostics, 

etc., provides kinetic and mechanistic data of diverse electrochemical systems. EIS 

is based on the perturbation of an electrochemical system that is in equilibrium or 

in a steady state by applying a sinusoidal signal (ac current or voltage) over a broad 

frequency range and observing the sinusoidal response of the system (current or 

voltage, respectively) to the applied perturbation.66 EIS provides the capacity to 

investigate inherent material characteristics or particular processes that might affect 

an electrochemical system's conductance, resistance, or capacitance. The difference 

between impedance and resistance is that the resistance in DC circuits directly 

follows Ohm's Law. The impedance response is measured using a modest signal 

stimulation. The current response to a sinusoidal potential is a sinusoid at the 
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applied frequency, whereas the electrochemical cell response is pseudo-linear in 

that a phase-shift is acquired.67-68 As a result, equation (2) illustrates the excitation 

signal as a function of time: 

                                              Et= E0 sin(ωt)                 (2) 

 

where E0 is the signal's amplitude, Et is the potential at time t, and ω is its radial 

frequency. Equation (3) is used to determine the relationship between the applied 

frequency (f) and the radial  frequency (ω):67 

                                        ω=2·π·f                               (3) 

 

Equation (4) states that in a linear system, the signal is amplitude- and phase-

shifted (φ) from I0. 

                                  It = I+ sin (ωt + φ)                    (4) 

 

Thus, equation (5) may be used to determine the impedance of the entire system: 

 

Z = E/I = Z0 exp(iφ) = Z0 (cos φ + isinφ)     (5) 

 

Here, Z, E, I, ω, and φ stand for impedance, potential, current, frequency, 

and phase shift between E and I, respectively. The impedance is expressed in terms 

of a magnitude, Z0, and a phase shift, φ.67 EIS is available in both faradic and non-

faradic forms. In our investigation, faradaic EIS, which produces impedance when 

redox reactions occur, was applied. In order to concentrate on the Rct fluctuations 

between the solution and the electrode interface, EIS measurements were carried 

out in Faradaic mode utilizing electrochemical redox probes (electron                   mediators). 

We employed ferro/ferricyanide as our usual redox probe.69 

Electrical circuits with electrical components (resistors, capacitors, and inductors) 

are used to mimic and compute electrochemical processes connected to the 
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electrolyte/interface and redox reactions. To comprehend and assess the many 

elements of the EIS system, an electric circuit was                      created and put into use.70 The 

Randles equivalent circuits simplify the Warburg resistance (Zw), charge transfer 

resistance (Rct), resistance of the solution (Rs), and double layer capacitance at the 

electrode surface (CdI). At electrode-electrolyte contact, a diffusion process 

produces Warburg resistance.70 EIS is illustrated using Nyquist plots, where the 

real component of the impedance (Zreal) is plotted on the X-axis and the imaginary 

component of the impedance (Zimag) is plotted on the Y-axis. The Zimag is negative, 

whereas each point on the Nyquist plot represents an impedance                           value at a certain 

frequency. Low frequency impedance is conducted on the right side of the plot 

along the X-axis, whereas higher frequency impedances are formed on the 

left.71-72 Randles equivalent electrical circuit over a broad frequency range is shown 

in Figure 4. 
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Figure 4. Randles equivalent electrical circuit over a broad frequency range. 

Reproduced from reference 66. 

The components of the equivalent circuit are determined by fitting the 

parameters of the equivalent circuit to best match the data in the Nyquist plot. To 

analyze surface features from fitting the electrical circuit simulation, the EIS curve, 

which is the most crucial datum, must first be produced.70 The electrode matrix 

(i.e., composition of the working electrode) and the electrochemical reactions 

occurring either at the surface of the working electrode or in the bulk solution 

determine the shape of a Nyquist plot. A Bode plot, which is highly popular in the 

engineering world in contrast to the Nyquist plot and consists of two independent 

logarithmic plots: magnitude vs. frequency and phase vs. frequency, is another 

approach to present the impedance measurements.70 EIS is a crucial approach for 

comprehending the interfacial characteristics connected to specific bio-recognition 

events, such as the antigen-antibody capture that takes place at the sensor                   surface. 

The kinetic binding of the receptor and analyte at the sensors surface produces a 

difference in the electrical signal in EIS-biosensors.73 The amount of bound 

molecules is then reflected by a change in the electron transfer/charge transfer 

resistance. As a result, the EIS biosensors allow for the direct determination of 

biomolecular recognition actions.74 The use of EIS biosensors has expanded 

dramatically because of its easy manipulation, quick reaction, ability to be 

miniaturized,                 and readiness for lab-on-a-chip integration with affordable and real-

time monitoring to detect very                              low concentrations.75-76 
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1.6 b) Square Wave Voltammetry (SWV): To eliminate capacitive effects from the 

response and reduce detection limits, pulsed voltammetric techniques are a frequent 

strategy to increase  detection sensitivity in electroanalysis.77 Due to its ability to 

perform analyses more quickly than other pulse techniques like differential pulse 

voltammetry or normal pulse voltammetry, SWV, which was first developed by 

Kalousek and Barker,78 is especially popular. The most typical application of SWV 

is to improve electroanalytical current signals of a target redox analyte.79 SWV 

produces a voltammetric linear sweep by superimposing a square wave potential 

pulse waveform on a stair step (Figure 5a). SWV's standard current sampling 

method minimizes non-Faradaic contributions (such as charging currents) by 

considering the current response during the second half of the potential pulse.80 The 

forward and reverse current samples are extracted from the forward and reverse 

pulses, and the difference between them is used to represent the current- voltage 

curve (Figure 5b). This further minimizes any charging current that may still be 

present and amplifies the peak current to produce square wave voltammetric data 

with great sensitivity.81-82 
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Figure 5. Schematic showing the square-wave voltammetry potential shape. A 

single SW cycle and the procedure for measuring the current in SWV are shown in 

the inset. Square-wave voltammogram showing the transport of electrons between 

a working electrode and a water- soluble redox analyte (forward, backward, and 

net current components). Reproduced from reference 82. 

a) 

b) 
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SWV is a great option for sensitive analyte determination because of its 

potent discrimination capabilities against both background and charging currents. 

SWV has found                       applications in the study of mechanisms despite being developed 

and utilized largely for electroanalytical purposes.83-84 Furthermore, access to the 

thermodynamic and kinetic characteristics of diverse electrode reactions is made 

possible by the technique's robust theoretical foundation. Numerous kinetic 

methods based on the analysis of the net-peak height, its half-peak width or peak 

potential, as well as the relative positioning of the forward and backward 

voltammetric components have been developed because of the abundance of data 

obtained from the differential and experimentally measured forward and backward 

voltammetric components.85-86 

 

 

1.6 c) Fluorescence spectroscopy: One of the most practical and effective 

methods for the efficient and trustworthy investigation of protein-ligand 

interactions is fluorescence spectroscopy.87 Electronic transitions in molecules with 

conjugated bonds are the source of fluorescence. A fluorophore that has been 

stimulated by a photon may produce fluorescence as it transitions back                           from an 

excited singlet electronic state to the ground singlet electronic state. If the energy 

of the light quantum is equal to the difference in energy levels between the two 

states, an exciting light beam can cause the transition between two electronic 

states.88 The optical density and quantum yield are both related to the observed 

fluorescence intensity If, which is a wavelength-dependent variable. It is given as 

equation 6.  
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                                                  If = I0 φ(1-10-εcl) ~2:303I0 φ εcl    (6)  

where I0 is the intensity of the excitation light, ε is the molar extinction coefficient 

at the excitation wavelength, and c is the molar concentration, and l is the optical 

path length.88 

 

The stoichiometry and energetics (affinity and thermodynamics) of binding 

can be calculated using equilibrium titration methods if a change in the fluorescence 

properties (such as intensity or anisotropy) occurs along with the binding of two 

species. Such methods have been widely applied to investigate a variety of protein-

ligand interactions in solutions.89 In general, whenever a molecule changes in its 

intrinsic fluorescence (for example, tryptophan in a protein) upon being titrated 

with a nonfluorescent molecule, the change in fluorescence signal (intensity or 

anisotropy) is measured as a function of total ligand concentration to calculate the 

binding affinity                          between the two.90-91 

1.7 Impact of the study on healthcare system 

 

1.7 a) Osteoporosis: Glycoproteins, whether soluble or membrane-bound, 

hold a special place in all our biological systems since they are involved in so many 

crucial functions. Diseases alter the structure of eukaryotic cells' glycan-adorned 

cell surfaces. Changes in the glycosylation pattern can be used as a biomarker to 

determine the presence of a disease.92 Proliferation, differentiation, adhesion, and 

metastasis are examples of cellular activities that are affected by changes in either 

the type or level of glycosylation. It is vital to identify an altered glycosylation 

pattern on the glycoprotein since it can provide significant insight into the course of 

the disease and function as a possible biomarker to help with early identification.93-
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94 

The development of osteophytes, synovial inflammation, cartilage loss, and bone 

mineral density rise are all symptoms of osteoarthritis (OA), a common cause of 

morbidity in the elderly population.95 Extracellular levels of inorganic phosphate 

and calcium, as well as levels of                         mineralization inhibitors that may be expressed 

systemically or locally, all have an impact on the                 mineralization of tissues. Serum 

glycoprotein fetuin-A, also known as α2-HS, is crucial for the stability and 

elimination of precursor phases in amorphous minerals.96 Fetuin-A serves as a lipid 

transporter in addition to binding calcium phosphate, which may affect 

calcification, inflammation, and apoptosis.97 Fetuin-A, a 59 kDa protein that is a 

member of the cystatin family, is mostly made in the liver. Serum fetuin A levels 

are shown to have an inverse relationship with OA severity in those with knee OA, 

making it a crucial biomarker for tracking the disease's progression.98 

Numerous indicators linked to various illnesses can be found through the 

investigation of protein  glycosylation in biological systems. This encourages study 

into the effectiveness of lectins in figuring out how much a sample is glycosylated. 

The relevant group of proteins, called lectins, have an affinity for particular 

carbohydrate structures, and they bind to them.99 The specificity and  affinity of the 

lectin-carbohydrate complex are determined by the lectin, whose binding behavior 

can be highly sensitive to the structure of the carbohydrate or to the orientation of 

the anomeric substituent (vs anomer or both). In the interaction of lectins with 

carbohydrates, hydrogen bonds, van der Waals (steric interactions), and 

hydrophobic forces are mostly present.100 Creating array- based methods for 
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screening glycoforms is gaining increasing interest from researchers exploring 

glycomics. The measurement of protein glycosylation variations in blood samples 

is now possible  thanks to recent advancements in lectin-based antibody microarray 

and lectin-ELISA techniques.101-102 ELISA is the industry standard for 

immunoassays, whereas enzyme-linked lectinsorbent assays (ELLA), which use 

lectins as the glycans' recognition element, are rarely used.                                   Lectins are the preferred 

recognition components in glycoanalysis while carbohydrate-specific antibodies 

are less frequently used due to the decreased affinity of the resultant antibodies. 

Although ELLA are significant techniques for the analysis of glycoforms, they have 

not been utilized as frequently as ELISA. This is partially due to the weaker 

carbohydrate-lectin affinities, the complexity of the carbohydrate distribution in 

biological systems, the lack of a standardized and user-friendly technique, and the 

high background in traditional ELLA due to the nonspecific adsorption of other 

proteins that are frequently glycosylated and thereby bind to the lectin.103 

To solve the issue, our lab has recently devised a rapid and dependable 

process using electrochemical alloying and dealloying methods to produce 

hierarchical bimodal nanoporous gold electrodes (hb-NPG) with structural 

hierarchy. Large specific surface areas for functionalization based on smaller pores 

and quick transport channels for faster reaction based on considerably larger pores 

are both present in the design of the hb-NPG. The surface architecture of hb-NPG 

demonstrated significant potential for the creation of biosensors and enhanced 

analytical performance by changing the scaling relations between volume and 

surface area.104-105 
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In the present study, SWV-based kinetic ELLA on NPG and hb-NPG are 

compared as two  distinct substrates with different topological features. We also 

demonstrate that glycoproteins immobilized on NPG and hb-NPG react differently 

to the binding of a lectin-enzyme conjugate (SNA, Sambucus Nigra bound to 

alkaline phosphatase), as demonstrated by SWV detection of oxidation of the 

product p-aminophenol formed when alkaline phosphatase acts on the substrate p-

aminophenyl phosphate (p-APP). It has been discovered that sialic acid coupled to 

galactose or N-acetylgalactosamine can bind to SNA. NeuAcα2→6Galα1→4Glc 

specifically binds to SNA in                          contrast to monomeric sialic acids.106 The inclusion of 

terminal Neu5Ac-Gal/GalNAc sequences is required for high affinity binding of 

SNA; in particular, N-acetylneuraminic acid linked by 2,6- linkages to galactose or 

N-acetylgalactosamine bind with remarkable affinity. The current study 

demonstrates how, compared to the traditional NPG electrode design, hb-NPG 

offers better sensitivity and specificity towards the electroanalytical detection of 

glycoprotein-lectin                   interactions.107 

1.7 b) Sepsis: Sepsis is a potentially fatal illness characterized by bacterial infection 

and a substantial rise in systemic inflammation.108 A crucial element for bacterial 

cell integrity, survival, and protection against environmental stress is 

lipopolysaccharide (LPS). Almost all Gram- negative bacteria retain a significant 

amount of LPS, which is a potent inducer of inflammatory responses. The immune 

system and disease susceptibility are directly impacted by LPS because it is 

continually present in the environment.109-110 It can trigger the host defense system, 

causing pro- inflammatory processes to be activated, by interacting with proteins 
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that are either embedded in the membrane or floating freely in the blood. The 

immune system becomes too engaged when LPS  levels are too high, which causes 

an exaggerated inflammatory response, serious organ damage, and sepsis 

damage.111 With an estimated increase of 11.5%, the cost of treating 

microbiological sepsis during hospital stays in the United States is among the 

highest, totalling more than $20 billion yearly.112 

LPS is composed of three structural components: O-antigen, hydrophilic 

polysaccharides, and lipophilic lipid A (Figure 6). One of these is the Lipid A 

region, which has a polyacylated glucosamine disaccharide and is mostly 

responsible for the toxic activity.113-114 

Figure 6. Lipopolysaccharide (LPS) transport pathway in Escherichia coli.                        

Reproduced from reference 114. 
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To understand the sequential chemical and structural basis of LPS 

recognition, numerous investigations have been conducted. Lipopolysaccharide 

aggregates are regularly released by gram-negative bacteria as outer membrane 

vesicles. For the LPS monomer to be freed from the LPS micelles, LBP and CD14 

must work together.115-116 To exert its effects, LPS interacts with the plasma LPS-

binding protein (LBP), which has a strong affinity for both the Lipid A region of 

the endotoxin and the glycosylphosphatidyl inositol-anchored LPS receptor CD14 

on mononuclear                   phagocytes. Once the LPS-LBP complex binds with CD14, the 

Toll-Like Receptor 4 (TLR4) and its co-receptor MD-2 become implicated in 

complex formation.114 The integral membrane protein TLR4 transmits the LPS 

signal inside of the cell, and it also initiates the signaling pathways that lead to the 

production of proinflammatory molecules like the cytokine tumor necrosis factor-

α (TNFα) (Figure 7).117-118 
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Figure 7. Schematic showing mammalian endotoxin sensing and signaling. 

Reproduced from reference 118. 

 

 

Several researchers have expressed a great deal of interest in the 

development of antimicrobial antagonists (LPS antagonists), which target and 

block protein receptors like LBP and CD14 and halt the infection/immune response 

cascade. Numerous LPS antagonists built on carbohydrates have been synthesized 

and studied.119-120 Monosaccharide lipid A precursors were the focus of the initial 

search for LPS antagonists. One of them is the LPS antagonist AM-12, developed 

by Demchenko, Nichols, and others. The lipid A analog LPS antagonist, AM-12, 

has been demonstrated to be a potent inhibitor of LPS-induced tumor necrosis 

factor-alpha (TNF- alpha) production in human macrophages. It has a 
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glucopyranoside core, hydrophobic ether substituents, and an amino acid. It is 

stable, active, nontoxic, and comparatively simple to use.108 

The 2,3-di-O-alkylated methyl glucoside linked to Fmoc-protected serine via a 6-

O-succinoyl bridge is one of the main structural components of AM-12. Significant 

LPS antagonistic action without toxicity is shown by compound AM-12 (Figure 8). 

Preliminary research on the relationship between structure and activity revealed 

vital structural traits that are responsible for the potent antagonist activity and 

minimal toxicity of these drugs. Extremely lipophilic Fmoc and alkyl (tetradecyl) 

groups, as well as a free carboxylic acid group, are some of these features.112 

 
Figure 8. The LPS antagonistic action of compound AM-12 with good cell 

viability. Reproduced from reference 112. 

 

The possible antibacterial activities of six-membered lactones (δ-lactones) have 

lately come under investigation. A preliminary analysis of new possible δ-lactone 
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compounds as  antibacterial drug candidates has been done. Regarding the action 

on bacterial lipopolysaccharide (LPS) in the model strains of Escherichia coli K12 

(LPS of different lengths in its structure) and R2-R4 (LPS of different lengths in its 

structure), special emphasis was placed on the selection of the structure of lactones 

with the highest biological activity.121-122 The components of the bacterial  

membrane that carry LPS underwent polarity rearrangement as a result of their 

interaction with lactones.123 

A co-receptor for TLR4, MD-2 has recently been discovered to be a target 

for LPS antagonists and small compounds that can bind to its hydrophobic pocket. 

The cellular TLR4 signaling pathway induced by LPS can be inhibited by blocking 

the signaling TLR4 coreceptor, MD-2.124 In the past, it has been observed that a 

number of organic, bioactive herbal components and phytochemicals have 

therapeutic benefits on sepsis. Patients with sepsis may supplement their  diets with 

phytochemicals that have similar anti-inflammatory effects in an effort to prevent 

problems from sepsis.125 

Many studies have documented the therapeutic advantages of plant-derived 

bioactive chemicals in a range of biological events, including reducing necrotic cell 

death, modifying cellular antioxidant defense systems, restoring redox equilibrium, 

and decreasing inflammation.126                   Several MD-2 inhibitors have been reported so far 

which includes chalcone derivative, xanthohumol competitively binding with MD-

2.127 The LPS-induced TLR4 activity has also been  demonstrated to be inhibited by 

natural substances that include 3-(4-hydroxyphenyl) acrylaldehyde in their core 

structure by blocking MD-2 receptor.128 Another bioactive dietary polyphenol 
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known as curcumin has been utilized for thousands of years in Asian households 

and is well-known for its cardiovascular, anti-inflammatory, anticancer, and 

antioxidant properties.129According to molecular docking studies, curcumin, a 

planar hydrophobic molecule, can fit into the cavity of MD-2, a key protein target 

for innate immune response suppression. Curcumin may be positioned in the 

hydrophobic cavity of MD-2 through stable hydrogen bonding                    interactions with the 

residues R90 and Y102 of MD-2, according to simulated studies of molecular 

dynamics (MD). Additionally, experimental evidence supports the idea that these 

residues play a role in the recognition of curcumin's protein-binding.130 Curcumin 

binds at submicromolar affinity  to MD-2 thereby, inhibiting its linkage to LPS.131 

Although curcumin has received a lot of interest recently, its poor stability and low 

solubility have hampered its potential for use in medicine. Curcumin's poor 

bioavailability, which restricts the concentration that may be reached in the 

biological system, is explained by the fact that it degrades quickly in physiological 

buffer, in the presence of light, and under reducing conditions, according to 

pharmacokinetic studies.132 To mitigate the above limitations researchers are 

looking into synthesizing new curcumin analogs with good efficacy and reduced 

toxicity.133 As a symmetrical β-diketone that contains numerous functional groups, 

curcumin provides a lot of room for structural changes. Numerous research teams 

have tried to change the structural motif                                of curcumin by concentrating on the, α,β-

unsaturated carbonyls acting as Michael acceptors for nucleophilic additions, 

altering the side chains of aryl compounds, changing the functionality of active 

methylene, and producing metal complexes of curcumin.134 A bioconjugate of 
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Luteinizing Hormone Releasing Hormone (LHRH) and curcumin has been 

prepared by Aggarwal and coworkers by aryl side chain modification, wherein the 

water soluble conjugate has shown to inhibit cell proliferation.135 Ferrari et al. 

created derivatives of curcumin by glycosylating aromatic rings to increase its 

solubility in water, kinetic stability, and hence bioavailability. Curcumin 

derivatives' cytotoxicity toward cisplatin-sensitive and -resistant human ovarian 

cancer cell lines has been found to be reduced by the binding of glucose to 

curcumin.136 Tetrahydrocurcumin , a double bond reduced derivative of curcumin 

produced by Wu et al., has been found to inhibit the signaling of 

phosphatidylinositol 3-kinase/protein kinase B and mitogen-activated protein 

kinase.137 Under mild basic conditions, the diketone moiety can be quickly changed 

to enolic form, and it is the β-diketone moiety that may be the cause of the rapid 

metabolic breakdown of curcumin in vivo. As a result, numerous groups are working 

to create monocarbonyl curcuminoids that nevertheless have biological action.138 

The methylene group is another active site that causes rapid                                     metabolism of curcumin 

and removes it from the body. Hence, adding groups on the methylene site has 

attracted a lot of attention. Figure 9 below is depicting the structural possibilities 
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for modification of curcumin.133 

Figure 9. Aryl side chain modification (A), modification of the diketo 

functionality (B), modification of the double bond (C), modification of the active 

methylene functionality (D), metal complexes of curcumin (E), and appended 

curcumin mimics/structural analogs of curcumin (F) are examples of structural 

modifications that can be made to curcumin. Reproduced from reference 133. 

The study of compounds that can block the interaction between protein receptors 

and LPS  may offer new treatment alternatives to treat sepsis. In the current study, 

we created a surface- modified QCM sensor to measure the binding affinities of 

certain novel LPS antagonists with protein receptors, such as LBP and CD14, in 

an effort to look into compounds that block LPS signaling without inducing the 

inflammatory cascade. Also, we screened the binding efficiency of glyco-curcumin 

derivatives to the pocket of MD-2 protein. The binding constant was evaluated 

using fluorescence data. Further, we assessed the stability and solubility of these 

curcuminoids under physiological conditions. 
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1.7 c) Covid-19: Acute respiratory tract infections are the most prevalent infections 

affecting individuals, regardless of age or gender. These illnesses are frequently 

caused by a wide variety of bacteria and viruses, including Streptococcus 

pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Influenza A or B 

("the flu"), respiratory syncytial virus (RSV), parainfluenza, adenoviruses, 

coronaviruses, and others. The most serious infections, however, are frequently 

associated with coronaviruses, influenza A or B, and RSV, which have been 

implicated in numerous epidemics and pandemics and have the capacity to spread 

as well as cause medical catastrophes.139 The fast spreading Coronavirus disease-

19 (COVID-19), which the World Health Organization labeled a pandemic on 

March 11, 2020, has recently attracted the interest of the public health community 

on a global scale. SARS coronavirus-2, the most recent coronavirus species to infect 

humans, is categorized as a novel beta CoV strain. The virus' genomes resembled 

SARS-CoV by more than 80%, but unlike SARS, it possesses a novel, risky, and 

deadly viral infection mechanism, pathophysiology, death rate, and other 

dangers.140 

The receptor binding stage of viral invasion is crucial. SARS-CoV-2, like SARS-

CoV, is able to recognize the host receptor angiotensin converting enzyme 2 

(ACE2) through its spike protein. The C-terminal domain of the S protein, often 

referred to as the receptor-binding domain (RBD), recognizes ACE2 and is 

essential for establishing the host range.141 The SARS-COV-2 virus's Spike (S1) 

protein binds readily to host cell membrane receptors like ACE2 and 

transmembrane serine protease 2 (TMPRSS-2) protein, which facilitates virus 
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replication (Figure 10). This infection spreads from person to person via 

aerosolization and rapidly affects the lungs.142 

 

 

 

 

 

 

Figure 10. The SARS-CoV-2 structure is displayed along with the viral S protein's 

attachment to the host's ACE2 receptor. Reproduced from reference 142. 

The binding interface is adjacent to the areas of significant glycosylation on the 

ACE2 receptor and spike proteins, respectively. The importance of glycosylation 

in binding has been highlighted, even though the interactions between amino acids 

at the ACE2-spike binding interface have received most of the attention. The 

extracellular domain of the ACE2 receptor contains multiple O-glycosylation sites 

(such as T730) and seven N-glycosylation sites (N53, N90, N103, N322, N432, 

N546, and N690). The only ACE2 glycosylation site whose effects on spike binding 
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and viral contagiousness have been properly investigated is N90. Previous SARS-

CoV research has shown that glycosylation at the N90 position may impair virus 

binding and infectivity.143 

From the viral envelop, the spike glycoprotein appears as a clove-shaped 

homo-trimer. Each monomer consists of two segments, S1 and S2. The contact of 

the S1 domains from the three  trimers results in the formation of the ectodomain of 

a viral spike, whereas the association of the trimer's S2 domains results in the 

formation of the spike stalk, transmembrane, and microscopic intracellular 

domains. The host cell surface receptor is recognized by the S1's receptor-binding 

domain (RBD), a subdomain. Another S2 cleavage site becomes accessible during 

virus entry when the RBD binds to the peptidase domain of the ACE2 receptor. The 

cleavage by host proteases  facilitates the fusion of the viral membrane with the host 

membrane. The RBD is composed of a core domain and an addition called the 

receptor-binding motif (RBM). A few simple adjustments at the RBM in the 

instance of SARS-CoV and SARS-CoV2 can drastically alter the binding affinity 

of RBD to the ACE2. SARS-CoV2 S1 domain binding to human ACE2 has an 

equilibrium  dissociation constant (KD) of 94.6 ± 6.5 nM, whereas SARS-RBD has 

a KD of 408.7 ± 11.1 nM,                           according to real-time surface plasmon resonance (SPR) 

tests. 144-146 

According to literature, several medicinal plant extracts and phytocompounds have 

broad- spectrum antiviral activity since the majority of those antiviral plants contain 

flavones, polyphenols, and alkaloids. The rapid spread of new, highly contagious 

viruses, the reappearance                 of diseases that are challenging to cure due to treatment 
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resistance, and the simultaneous accessibility of cutting-edge scientific tools have 

all given rise to an increased interest in the antiviral activity of medicinal plants. 

According to recent studies, a variety of plants' natural compounds and metabolites 

have a surprising capacity to block specific SARS-CoV-2 proteins. Phytochemicals 

are top prospects for the development of antiviral drugs due to their widespread 

use, affordability, and minimal risk of adverse effects.147-148 In numerous clinical 

trials, the phytochemicals quercetin, isoquercetin, and curcumin that are used to 

treat COVID-19 are being studied. It's interesting to note that a phase 2 clinical trial 

for a spray formulation of curcumin- based anti-SARS-CoV-2 therapy has been 

successfully completed. Notably, phytocompounds have a lower bioavailability, 

are less toxic, and have less adverse effects, hence the best effective  dosage is 

higher.149 

Curcumin has several disadvantages despite having potential as an antiviral. Only 

1% of the injected curcumin is absorbed by the body; the remainder is essentially 

undetectable in the target tissues. At physiological pH, curcumin is also unstable 

and degrades into several ineffective metabolites. The exceedingly encouraging in 

vitro results with curcumin have been impeded clinically by these limitations.150-151 

Our research is investigating the usage of glycocurcuminoids  to overcome these 

challenges. The curcumin analogs preserve the specific chemical skeleton of 

curcumin that is responsible for its biological efficacy while also enhancing its 

biological activity,  solubility, and/or stability. 

In the current study, we evaluated the ability of glycocurcumin derivatives 

to bind to the membrane proteins ACE2 and RBD. We created surface-modified 



62 
 

ITO which served as the working electrode in our electrochemical setup for the EIS 

measurements. In our investigation, membrane proteins like ACE2 and RBD were 

immobilized on the PDA modified ITO to conduct                          electrochemical measurements. 

Using electrochemical impedance spectroscopy data (EIS) data, the binding 

constant was assessed. 
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CHAPTER II: MATERIALS AND METHODS 

 

This chapter will provide a comprehensive list of all the chemicals and reagents 

used to fabricate and surface-modify the major transduction components used in 

our work, including the NPG, hbNPG, ITO, and Au coated QCM sensor. A separate 

section has a list of all the proteins used in our research to examine their absorption 

capacity on electrodes or their interactions with pharmacological molecules, 

glycoproteins, etc. The methods section essentially outlines the step- by-step 

procedure required to build, change the surface of electrodes, prepare varying 

solutions, and the procedures to characterize the material employed in the study. 

Without adequate characterization, the study would not be complete, hence the 

instrumentation section will go over all of the analytical tools employed in this 

investigation. 

 

2.1 Materials: Gold wire (0.2mm diameter, 99.99%) was obtained from 

Electron Microscopy Sciences (Fort Washington, PA). Alkaline phosphatase 

labeling kits were purchased from Dojindo                             Molecular Technologies Inc. (Rockville 

Maryland). Micro-square Spectrosil quartz fluorometer cell type 3-3.30-Q-

3(nominal volume = 0.225 mL) was purchased with an adaptor (FCA3.30) from 

Starna Cells (Atascadero, CA). Unpolished float glass, 50 x 75 x 0.7 mm, SiO2 

passivated/Indium Tin Oxide coated both surfaces, Rs = 5-15 Ω were purchased 

from Delta technologies limited (part no. CD-50IN-S207). 

Sodium chloride (NaCl), potassium dicyanoargentate (K[Ag(CN)2]) (99.96%), 

potassium dicyanoaurate (K[Au(CN)2])(99.98%), potassium hexacyanoferrate (II) 

trihydrate, potassium hexacyanoferrate(III), ethanol (HPLC/spectrophotometric 
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grade), α-lipoic acid, sodium hydroxide (99.99%), 4-aminophenyl phosphate 

monosodium salt hydrate, acetonitrile (HPLC  grade), N-(3-dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride (EDC) (>99%), glycine (99%), gold (III) 

chloride trihydrate, silver nitrate, dextran from Leuconostoc 

mesenteroides(average Mr = 60,000- 76,000), 11-mercaptoundecanoic acid (11-

MUA), curcumin, DL- dithiothreitol (DTT), HCl, DMSO, acetic acid, potassium 

chloride (KCl), citric acid anhydrous, and TRIZMA base were purchased from 

Sigma–Aldrich (St. Louis, MO). Sodium carbonate (enzyme grade,>99%), sulfuric 

acid (certified ACS plus), nitric acid (trace metal grade), hydrogen peroxide (50%), 

N-hydroxysuccinimide (NHS, ≥97%), sulphuric acid, sodium bicarbonate 

(certified ACS), acetone, isopropyl alcohol, dopamine hydrochloride, (3-

aminopropyl) triethoxysilane, (APTES), sodium citrate were all from Fisher 

Scientific (Pittsburg, PA). Sodium phosphate dibasic (Na2HPO4), potassium 

phosphate monobasic (KH2PO4), tribasic sodium citrate                                   dihydrate, sodium acetate 

anhydrous, and glycine were purchased from Fluka. 6-Ferrocenyl-1- hexanethiol 

(FcSH) was procured from Dojindo Molecular Technologies, Inc. West Gude Dr. 

Suite 260, Rockville MD20850. Milli-Q water (18.2MΩcm at 25°C) was prepared 

using a  Simplicity UV system from Millipore Corporation, Boston, MA, USA. 

Peroxidase from horseradish, fetuin from fetal calf serum (lyophilized 

powder), asialofetuin (type I) from fetal calf serum, bovine serum albumin (BSA) 

of ≥98% purity, SARS- CoV-2 Receptor Binding Domain (SAE-1000-50 μg) and 

Angiotensin Converting Enzyme-2 (SAE0064-50 μg) were purchased from Sigma-

Aldrich (St. Louis, MO). Sambucus Nigra from elderberry bark (SNA, EBL) 
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unconjugated lectin was obtained from Vector Laboratories. Lipid binding protein 

(LBP), Cluster of differentiation 14 (CD14), Recombinant human MD2-protein (50 

μg, unconjugated, derived from E. coli) were purchased from R&D systems. All 

chemicals, reagents, and proteins were used as received. 

 

2.2 Instrumentation: The surface morphology, thickness, and the live 

quantitative colored images of the fabricated electrodes were obtained using 

ThermoFisher Scientific Apreo 2C scanning electron microscopy equipped with 

Color SEM technology. Thermogravimetric analysis to estimate the SAM surface 

coverage was done using a Q500 thermogravimetric analyzer (TA  Instruments, 

DE, USA). The UV–vis spectra and adsorption of proteins onto NPG was studied 

using a Varian Cary 50 UV–Visible spectrophotometer. A Suprasil quartz 

spectrophotometer cuvette with a10mm light path and volume capacity of 1.0 mL 

(model number 14-385-902C, Fischer Scientific, Pittsburgh, PA, USA) was used 

for all experiments. Electrodeposition and dealloying were carried out using an 

EG&G Princeton Applied Research 273A digital potentiostat/galvanostat and the 

PowerPULSE software. Cyclic voltammetry scans and reductive                         desorption studies 

were done using a VersaSTAT 4 potentiostat/galvanostat (Princeton Applied 

Research, AMETEK Scientific Instruments) and the VersaStudio software. 

Square wave voltammetry (SWV) measurements were done using a VersaSTAT 4 

potentiostat/galvanostat (Princeton Applied Research, AMETEK Scientific 

Instruments) and the VersaStudio software. A Beckman Coulter SA-3100 Gas 

Adsorption Surface Area and Pore Size Analyzer (Beckman Coulter, Inc. 
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California, USA), with a claimed resolution of >0.01 m2 g-1, was  used to analyze 

surface area and pore size. The hb-NPG monolith samples were held in place using  

a typical BET sample holder (3cc RapiTube, model number 7215 006B, Beckman 

Coulter, Inc. California, USA). Annealing was done using a Barnstead Thermolyne 

47900 digital lab furnace (model F47915). QCM-I Mini from MicroVacuum Ltd. 

(model: eQCM-I-Mini, S/N:43122) equipped with BioSense 3 software, Masterflex 

Ismatec peristaltic pump (digital 12 roller model), QCM-Ti/Au coated sensors were 

acquired from Gamry (14 mm in diameter, 5MHz fundamental frequency) were 

used for all the QCM experiments. Harrick PDC-3XG plasma cleaner/ sterilizer 

was used to clean and activate the surface of QCM sensors. The stability and 

solubility studies on                         glycocurcumin analogs were done using a Varian Cary 50 

UV–Visible spectrophotometer. Fluorescence spectra were acquired using a Varian 

Cary Eclipse Fluorescence Spectrometer (Cary- 50). 

Harrick PDC-3XGplasma cleaner/ sterilizer was used to clean and activate the 

surface of ITO plates. The absorbance spectrum of gold nanoparticles in water was 

measured using a Varian Cary 50 UV–visible spectrophotometer. The surface 

modification on ITO plate (working electrode) was characterized using 

ThermoFisher Scientific Apreo 2C scanning electron microscopy. Electrochemical 

impedance spectroscopy analysis was carried out using a VersaSTAT 4 

potentiostat/galvanostat (Princeton Applied Research, AMETEK Scientific 

Instruments) and  the VersaStudio software. 
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2.3 Fabrication of electrodes 

 

2.3a) Nanoporous gold coated gold wires: Solutions of 50 mM solutions of K[Ag 

(CN)2] and K[Au (CN)2] in 0.25 M Na2CO3 were prepared. The already prepared 

solutions of K[Ag(CN)2] and K[Au(CN)2] were combined in a volume of 3.5 mL 

and 1.5 mL, respectively, and then degassed with argon for 10 minutes to create the 

electrodeposition solution. Using a three-electrode                           configuration in a glass cell with 

an Ag|AgCl (sat’d. KCl) reference electrode, a platinum wire counter-electrode, 

and 5 mL of salt solution, electrodeposition was carried out. The working electrode 

was made of a gold wire that was 5.0 mm long and 0.2 mm in diameter. The Au:Ag 

alloy                 with a composition of Au30Ag70 (at.%) was produced by electrodeposition for 

a period of 10 min at a potential of -1.0 V (vs. Ag|AgCl in KCl (sat’d). The 

electrodeposited Au+Ag alloy-coated gold wire underwent dealloying by being 

immersed in concentrated nitric acid for 17 hours, followed by a rinse with Milli-

Q water and ethanol, giving rise to NPG electrode.1 

 

2.3b) Hierarchical bimodal nanoporous gold coated gold wires: The sequential use 

of electrochemical dealloying-annealing-chemical dealloying process was used to 

create a  hierarchical bimodal nanoporous gold structure with two unique ranges of 

pore size. In 0.25 M Na2CO3, 50 mM solutions of K[Ag(CN)2] and K[Au(CN)2] 

were created. The solution for  electrodeposition was created by mixing 4.5 mL 

of K[Ag(CN)2] solution with 0.5 mL of K[Au(CN)2] solution, then degassing with 

argon for 10 minutes. A glass cell containing 5 mL of solution with a three-

electrode configuration was used for the electrodeposition process. Ten minutes of 
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electrodeposition at a potential of -1.0 V (vs. Ag|AgCl in KCl (sat’d.) produced an 

alloy  of gold and silver with a composition of Au10Ag90 (at.%). Ten minutes of 

electrochemical  dealloying were performed at a voltage of 0.6 V (vs. Ag|AgCl in 

KCl (sat’d.) in 1N HNO3. After the dealloying, the sample underwent a 3-hour 

annealing process at 600°C. The annealed gold wire was subjected to a second 

chemical dealloying process after cooling to room temperature, which involved 

soaking it in concentrated nitric acid for 17 hours before rinsing it with Milli-Q 

water and ethanol. Also, hierarchical structures were constructed of various alloy 

compositions, such as Au15Ag85, Au20Ag80, Au25Ag75, and Au30Ag70 (at.%), using a 

three-step method that involved alloying, partial dealloying, annealing, and 

chemical dealloying. A separate electrodeposition solution was utilized depending 

on the desired initial alloy composition. Au15Ag85, Au20Ag80, Au25Ag75, and 

Au30Ag70 needed the K[Ag(CN)2] and K[Au(CN)2] solutions to be combined in the 

amounts of (4.25 mL + 0.75 mL), (4 mL + 2 mL), (3.75 mL + 1.25 mL), and (3.5 

mL + 1.5 mL), 

respectively.1 

 

2.3 c) Hierarchical bimodal nanoporous gold monolith: A monolith with 

hierarchical architecture and two different ranges of pore size was created using a 

soft template technique and dealloying. Stock solutions containing 50 mM AuCl3 

and 50 mM AgNO3 were made in Milli-Q water. Dextran (2 g) was added to a Milli-

Q water-based solution of Au10:Ag90 to produce a viscous, brown liquid.  The metal 

ions were then totally reduced by leaving this combination at room temperature 

overnight.2 The organic template then decomposed because of thermal treatment 
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during the subsequent 30-minute annealing of the composite at 600°C. 

2.4 Self-assembled monolayer preparation and analysis: The electrodes were 

placed in 1 mM alkanethiol ethanolic solution (17h) to create SAMs of thiolated 

molecules. Before doing any studies, the generated SAMs on the gold surfaces were 

thoroughly cleaned with ethanol, water, and the appropriate solvent. Our biosensor 

studies used 11-MUA and lipoic acid SAMs. To calculate the number of molecules 

immobilized on the electrode during SAM formation, the electrode was subjected 

to reductive desorption in a 0.5 M NaOH solution while being gassed with  argon for 

30 minutes. In a three-electrode cell setup, CV scans were carried out in 5 mL of 

solution.              A 20 mVs-1 scan rate was used for the CV scan, which was conducted 

between 0 and -1.5 V (versus. Ag|AgCl).1 

2.5 Activation and Surface modification of ITO glass: A series of 10-minute 

ultrasonic cleaning sessions in acetone, ethanol, isopropyl alcohol, and DI water 

were used to clean the ITO-coated glass plates. ITO glass plates that had been 

thoroughly cleaned were then put in a plasma chamber        and exposed to oxygen 

plasma for five minutes.3 After then, SAM of APTES was produced on clean, 

surface-activated ITO glass plates by immersing them in a 1 mM APTES solution 

(in ethanol) for two hours at room temperature. After three rinses with ethanol, the 

APTES molecules  that were interacting non-specifically with the substrate's surface 

were removed. Finally, the APTES modified ITO plates were dried while flowing 

N2. In the following stage of surface modification, AuNPs were synthesized using 

the Turkevich method, which comprises citrate reduction of HAuCl4 in aqueous 

solution. In a 10 mL glass vial, 1 ml of 1 mM HAuCl4 in 8 mL of water was heated  
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 to a rolling boil while being aggressively agitated. The rapid addition of 1 ml of 

38.8 mM sodium citrate to the solution's vortex after boiling caused the solution's 

hue to change from pale yellow to wine-red. The flame was turned off after 10 

minutes of boiling, and 30 more minutes were spent stirring.4 The resulting solution 

of colloidal gold nanoparticles was applied to the APTES ITO glass plate for an 

hour to prepare AuNPs-APTES-ITO sensor. After that, AuNPs and dopamine (0.5 

mg/mL) were incubated together in an oxidative environment (pH 8.5), which 

promoted the creation of the polydopamine layer. A freshly prepared 0.5 mg mL-1 

dopamine solution in Tris-buffer (10 mM, pH = 8.5) was applied to the AuNPs-

APTES-glass slide for 30 min at room temperature. Following the slide's removal 

from the solution, drying with N2 gas and  rinsing with DI water. The final step of 

surface modification involved protein immobilization. The PDA-AuNPs-APTES-

glass slide was exposed to membrane protein (ACE2 or RDB) solution (0.1 μM) for 

24 hours. The response to immobilization on the ITO surface was assessed using 

EIS in terms of increase in Rct value. 

2.6 Activation and Surface modification of Au-QCM sensor: When employing 

the QCM sensors, adequate cleaning/activation is required to get consistent 

readings. In this study, the QCM sensor  gold surface was cleaned with the use of 

piranha and ozone plasma. The piranha solution was made by combining 

concentrated sulfuric acid in a 3:1 ratio with a 30% hydrogen peroxide solution. 

For 5 minutes, each sensor was immersed in 1 mL of piranha solution. The sensor 

was then washed with ethanol and Milli-Q water. Then, oxygen plasma cleaning 

was carried out in the  plasma generator for 5 minutes at a medium radio frequency 
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(RF) level. Nitrogen gas was utilized  to dry the QCM sensor after cleaning.5-6 SAM 

of 11-MUA was immobilized on the sensor surface after the QCM sensor surface 

had been thoroughly cleaned. The pretreated sensors were thoroughly cleaned with 

ethanol before being used as a support for the SAM. The sensor was then immersed 

in 1 mL of a 1.0 mM 11-MUA solution for 17 hours at 4°C with Au-coated side of 

the crystal exposed to the solution. The SAM-coated Au sensors were then rinsed 

with ethanol to ensure the removal of physically absorbed 11-MUA molecules. The 

SAM surfaces were dried under N2 gas. In order to change the terminal carboxylic 

group into an active NHS ester, the 11- MUA-modified sensors were next subjected 

to a 4-hour treatment with 5 mM EDC and 5 mM NHS in acetonitrile. The sensor 

was then rinsed with acetonitrile and PBS buffer, dried, then dropped cast with a 

protein solution prepared in phosphate buffered saline (PBS, 10 mM, pH 7.4)                 for 

17 hours at 4 °C to evaluate the binding affinities of the immobilized protein with 

LPS antagonists using QCM. Extra protein molecules were removed by rinsing 

with PBS.7 

2.7 Preparation of protein solutions: In separate preparations, solutions of the 

proteins fetuin, BSA, and HRP at concentrations of 1 mg/mL, 0.5 mg/mL, and 1 

mg/mL in PBS buffer (0.01 M, pH 7.4) were prepared. Real-time monitoring of 

protein loading on the fabricated electrode was done by immersing it in 500 μL of 

the prepared solution placed in the low volume cuvette. Varying                               concentrations of 

fetuin and asialofetuin (from 0.2 μM to 5 μM) were prepared in PBS buffer (0.01 M, 

pH 7.4) for carrying out kinetic ELLA experiment. The impact of interfering 

proteins using BSA as a model serum protein was also investigated. To the 
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incubation solution for the kinetic ELLA, 5 mg mL-1 of BSA and 2 μM fetuin were 

added. For experiments to investigate the binding  affinities of the immobilized 

protein with LPS antagonists using QCM, protein solutions of LBP and CD14 were 

prepared separately in PBS buffer (0.01 M, pH 7.4) and stored at 4 °C. For carrying 

out EIS binding affinity experiments, 0.1 μM of protein (ACE2 or RBD) was 

prepared in PBS buffer and immobilized on the surface-modified ITO plate. A 

solution of recombinant MD2 protein was prepared using PBS buffer (0.01 M, pH 

7.4). Through dilutions from the stock solution, a protein solution containing 50 

nM was produced and used for fluorescence intensity measurement. 

2.8 Solution depletion technique to study protein loading onto fabricated 

electrodes: A UV-Vis spectrophotometer-based kinetic absorption analysis was 

carried out to assess the loading of protein molecules onto NPG and hb-NPG 

surfaces. The proteins fetuin, BSA, and HRP were prepared separately as solutions 

in PBS buffer (0.01 M, pH 7.4) at concentrations of 1 mg mL-1, 0.5 mg mL-1, and 

1 mg mL-1, respectively. One fabricated electrode was placed in the cuvette, which 

also contained 500 μL of the prepared solution. Before the protein solution was 

introduced,                             a baseline recording was made using only PBS buffer. At a wavelength 

of 280 nm, loading was continuously monitored for 120 minutes.1 The Beer-

Lambert equation, A280 = ε (280) x C x L, was used to calculate the concentration of 

the protein solutions in which, A280 is the absorbance at 280                    nm measured with a 

UV spectrophotometer, C is the concentration in M, L is the path length in cm, and 

ε280 is the protein's extinction coefficient at 280 nm measured in units of M-1 cm-1. 

The proposed equation was used to determine the ε280 values of proteins as the 
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weighted sum of the ε280 values of Trp, Tyr, and Cys: ε280 (M-1 cm-1) = no. of 

tryptophan 5500 + no. of tyrosine 1490 + no. of cysteine 125.8 ε280 (BSA) = 42,925 

M-1 cm-1, ε280 (Fet) = 19,840 M-1 cm-1, and ε280 (HRP) = 25,250 M-1 cm-1 were the 

values. After preparation, the protein solutions were used right away. First, we need 

to figure out the protein's molar extinction coefficient. The Lambert-Beer rule was 

then applied to the absorbance at time t=0 min to determine the initial number of 

molecules. Using the same formula, the number of molecules at time t was 

determined. By deducting the number of molecules present at the relevant time from 

the initial number present at t = 0 min, we determine the number of protein 

molecules that have entered the electrode structure and likely been  immobilized. 

The desorption of proteins from NPG and hb-NPG electrodes was also examined 

by suspending the electrodes in PBS buffer (0.01 M, pH 7.4) after they had been 

submerged in the protein solutions for two hours. After 24 and 48 hours of 

incubation, desorbed proteins were quantified using UV absorbance. 

2.9 Investigation of the electron transfer in 6-ferrocenyl-1-hexanethiol SAMs 

on NPG and hb- NPG: By dipping the three electrodes—bare gold wire, NPG, and 

hb-NPG—in a 1 mM ethanolic solution of 6-ferrocenyl-1-hexanethiol (FcC6SH) for 

18 hours at room temperature, SAM formation was accomplished. The electrodes 

were rinsed with ethanol after monolayer development. In the presence of 0.1 M 

NaClO4 supporting electrolyte that had been deoxygenated for at least 15 minutes, 

CV of all the modified electrodes were taken in the range of 0-0.8 V potential. 

2.10 Electrochemical detection of glucose and the effect of interferents: Working 

electrodes used for CV and chronoamperometry included bare gold, NPG, and hb-
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NPG. Before usage, ethanol and water were used to clean the electrodes. The 

working electrodes were utilized to detect glucose. At a scan rate of 50 mV s-1, the 

CV was conducted in 10 mM glucose in 0.1 M NaOH from -0.8 to 0.8 V, and the 

current response was recorded. For each of the three electrodes, the response was 

compared. With the aid of chronoamperometry, the real-time electrocatalytic 

activity for glucose oxidation on a bare gold electrode, NPG, and hb-NPG at 

potentials of -0.39 V, -0.02 V, and 0.57 V, respectively (vs. Ag|AgCl, sat’d KCl), 

was determined. The procedure for detecting glucose involved adding 50 μL of 10 

mM glucose incrementally to 4 mL of 0.1 M NaOH while  continuously stirring the 

mixture at 300 rpm. 

The non-enzymatic sensor was evaluated in PBS buffer (pH 7.4) containing 

interfering species that have concentrations 30 times lower than those of glucose. 

Ascorbic acid (50 μL of 2 mM), lactose (50 μL of 2 mM), sodium chloride (50 μL 

of 2 mM), and sucrose (50 μL of 2 mM) were used to assess the selectivity of the 

glucose sensor in the presence of these common interfering species. In 0.1 M NaOH, 

the current response of the sensor to successive injections of glucose with the 

interferents was investigated. 

2.11 Stability analysis of curcumin analog solutions: Using a UV-vis 

spectrophotometer, the absorbance spectra (200 to 800 nm) were collected at a 

regular time interval of 5 min for up to 2 hours to assess the stability of curcumin 

and curcuminoids. For this, a 25 μM solution of the analyte was prepared in a solvent 

system containing 1% DMSO and PBS (pH of 7.4, 10 mM sodium phosphate, 150 

mM NaCl). The chemical stability of deacetylated glucosyl/galactosyl 
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curcuminoids in aqueous media with a pH range of (4-9) was examined using the 

aforementioned                        method. Different buffers were utilized to achieve the desired pH 

range, ranging from tris buffer (0.01M, pH 8.5) and glycine buffer (0.1M, pH 9) in 

the alkaline range to citrate buffer (0.1M, pH 4), acetate buffer (0.1M, pH 5), and 

PBS (0.1M, pH 6.4) in the acidic range and PBS (0.01M, pH 7.4) in the neutral 

range. To mirror the cytoplasmic environment, the stability of curcumin and 

curcuminoids was also tested in a reducing condition. By adding 10 μM DTT in the 

solvent system  made up of 1% DMSO and PBS (pH 7.4), the reducing state was 

kept in place. Recordings of absorbance spectra were made after repeating the 

experiment. The following formula was used to determine how much curcumin and 

curcuminoids degraded: 

% Degradation = 100 (A0-At)/A0 

 

Where At denotes the absorbance at the wavelength of maximal absorbance at time 

t, and A0 is the initial absorbance at this wavelength. 

2.12 Solubility analysis of curcumin analog solutions: Curcumin and 

curcuminoids were examined for solubility in PBS (pH 7.4, 10 mM sodium 

phosphate, 150 mM NaCl). In a centrifuge tube with 1 mL of PBS, excessive 

curcumin was added. The mixture was shaken all night long. The following day, 

after performing high-speed centrifugation at 15,000 rpm for 10 min, the 

supernatant was collected to check the absorbance using a UV-vis 

spectrophotometer. The analog's calibration curve was then fitted with the 

absorbance value to calculate the concentration, which was then used to calculate 

the solubility in mg/L. 
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2.13 Preparation and immobilization of lectin-enzyme conjugate: The pre-

activated alkaline phosphatase (NH2 reactive ALP) was used to produce 50 μg mL-

1 of the SNA-ALP conjugate in accordance with the instructions provided in the 

Dojindo labeling kit. Briefly, 300 μg of SNA was  put to the microcentrifuge filter 

provided in the kit, washed twice with 100 μL of washing buffer, and then 30 μL of 

ALP dissolved in reaction buffer were added to the tube. The tube was then 

incubated at 37 °C for two hours. After being fully mixed, the SNA-ALP conjugate 

was added to                  the tube and kept there at -20 °C until needed. The created stock solution 

was diluted to the required            concentration for additional experiments using PBS. 

After conjugate preparation, for 4 hours, electrodes coated with lipoic acid SAMs 

were immersed in a mixture of EDC (5 mM) and NHS (5 mM) in acetonitrile. To 

study enzyme kinetics in the presence and absence of glycoproteins, the electrodes 

were rinsed with acetonitrile, dried, and then rinsed twice with phosphate buffered 

saline (PBS, 10 mM, pH 7.4). They were then immersed in the SNA-ALP conjugate 

solution (containing 50 μg of conjugate), in PBS buffer (100 μL) of pH 7.4, for 17 

hours, and then rinsed with PBS buffer.9 

2.14 Michaelis-Menten kinetics of the SNA-ALP conjugates on electrodes: The 

activity of the SNA-ALP conjugate on electrode surfaces was investigated to 

determine whether the lipoic acid SAM modified electrodes were suitable for 

conjugate immobilization. The SWV differential currents were monitored as the 

substrate concentration was changed to better understand the kinetics of ALP on 

the electrode surface. We changed the concentration of the substrate, p-APP, 

between 0.01 and 1.0 mM to examine the response. The SNA-ALP conjugate 

modified electrodes                              were exposed to these substrate concentrations for 5 minutes 
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each in order to produce the greatest   differential current. The peak difference 

current, as determined at the peak potential, is the difference between the maximum 

value of current and a background difference current.9 

2.15 Electrochemical enzyme-linked kinetic lectin assay: The electrodes modified 

with SNA-ALP were employed as a substrate for the binding of different 

concentrations (from 0.2 mM to 5 mM) of glycoprotein fetuin diluted in PBS buffer 

(10 mM, pH 7.4) for the kinetic immunoassay. Modified electrodes were incubated 

for two hours in the glycoprotein fetuin solution prepared in PBS buffer (pH 7.4, 

10 mM). The electrodes were next removed from the incubation solution, rinsed, 

and placed in 3 mL of glycine buffer (pH 9.0, 100 mM). The substrate, p-

aminophenyl phosphate (p-APP), was introduced using a micropipette into the 

stirred solution with the SNA- ALP conjugate modified electrodes before the 

potential scan was conducted. Prior to running the potential scan, the substrate was 

given five minutes to react. To get acceptable peak currents in SWV scans, 1 mM 

of p-APP was employed as the working substrate concentration. The square wave 

voltammetric measuring parameters were adjusted. 50 mV, 0.2 sec, and 2 mV, 

respectively, were chosen as the optimal values for pulse width, pulse height, and 

step height. The potential ranged from 0.1 V to 0.2 V and was scanned at a rate of 

5.0 mV/sec. The absolute value of the difference between the greatest peak 

currents |(I (before incubation) - I (after incubation)]| was plotted vs. the 

glycoprotein concentration to produce the response plots. A similar investigation 

was carried out utilizing the glycoprotein asialofetuin to study the specificity of the 

conjugate towards the glycoprotein of interest. 
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2.16 Characterization of surface-modified sensors: 

2.16a) Imaging the microstructure and morphology of the material (SEM/EDS): 

SEM was used to analyze the surface morphology of the manufactured electrodes 

and sensors. To determine the thickness of the electrode, it was positioned vertically 

on the SEM stage. EDS was used for elemental analysis with a voltage of 15 kV 

and current of 1.6 nA. Using the gold oxide stripping method, the electrochemical 

surface area was calculated by scanning in 0.5 M H2SO4 at 100 mV/s  from -0.2 V 

to 1.6 V and back to -0.2 V (vs. Ag|AgCl). Using the reported conversion factor of 

450 μC cm-2,10 the charge under the oxide reduction peak was integrated to measure 

the electrodes'                              electrochemically active surface area. 

2.16b) Thermal (TGA): The SAM-modified electrodes were air-dried, rinsed 

with ethanol and water, placed in a platinum weighing pan, and heated inside the 

thermogravimetric analyzer from  room temperature to 600 °C or higher at a 

ramping rate of 20 °C min-1. Nitrogen was employed as the carrier gas and was 

passed at a rate of 40 mL min-1. N2 gas was allowed to pass through the sample for 

5–10 minutes before the temperature ramp began. The analysis produced the initial 

mass, mass losses, and weight change percentage. Based on the net mass loss and 

the electrochemical surface area estimated using the gold oxide stripping method, 

the surface coverage of the molecules on the manufactured electrode was calculated. 

2.16c) Mechanical (AFM): Due to the technique's sensitivity to height 

differences, the coating must be placed on top of exceptionally flat surfaces. In our 

study, gold coating on top of the quartz                             crystals is not flat, but because it is just a 

few nanometers rough, the AFM may be used to scan the modified surface. The 

molecular-level characterization of organic thin films is made possible by AFM. 
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On a (3 μm x 3 μm) area, the topographic image and roughness profile were 

evaluated. On the surface profile depicted in the software, a line was drawn to depict 

the average surface roughness (Rrms) of the sensors at each level of surface 

modification.11 Peak Force Tapping mode was used to take pictures with ScanAsyst 

Air tips, and measurements were obtained in ambient conditions. 

2.16d) Optical (contact angle measurement): The contact angles of the Au-QCM 

sensors were measured using a home-built apparatus after each modification stage. 

Following the surface modification on the Au-QCM sensors, 10 μL of Milli-Q 

water was dropped before the measurement was taken. The contact angle was used 

to gauge the hydrophilic/hydrophobic characteristics of the sensor surfaces as well 

as surface energy.12 ImageJ was used in conjunction                     with contact angle plugins, 

much as the work cited by Lamour and colleagues.13 

2.16e) Surface chemical characterization (XPS): Using Smartsoft as the controller 

software and Multipak V9 as the analysis application, the chemical composition of 

the adsorbed species on the modified Au-QCM sensor was assessed using XPS on a 

PHI 5000 VersaProbe II. Monochromated                 Al Kα as X-ray source was employed. 

The X-ray was 90 degrees away from the analyser. When the tests were conducted 

at a stage tilt of 45 degrees, the analyzer axis was approximately 54.7 degrees away 

from the axis of the sample. XPS was used to evaluate the various signals generated 

by the surface alteration processes. By measuring the signals generated by the sensor 

modification  phases, the relative abundance of the atoms present on the surface was 

discovered.14 The study was performed by Dr. Huafang Li at the institute of 

material science and engineering at Washington University in Saint Louis. 
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2.17 Evaluation of binding affinities: The binding affinities of membrane proteins 

with other small                                        molecules were investigated using various analytical techniques. In 

our investigation, EIS has been used to comprehend the binding affinity of ACE2 

and RBD with curcumin analogs. In a three- electrode electrochemical cell, a 

modified working electrode (membrane protein/Au NPs/APTES), Ag/AgCl as the 

reference electrode, and Pt wire as the auxiliary electrode were used. With a pH of 

7.4, a concentration of 5 mM [Fe (CN)6]
3-/[Fe (CN)6]

4-, an AC voltage of 10 mV, a 

DC potential  of 0.2 V, and a scan rate of 50 mV/s, EIS was performed in the 

frequency range of 1 Hz to 100 kHz. EIS data was represented by Nyquist plot. A 

"Nyquist Plot" is created when the imaginary part (Zimag) is plotted on the Y-axis 

and the real part (Zreal) is plotted on the X-axis. The Zimag is negative, whereas each 

point on the Nyquist plot represents an impedance value at a certain frequency 

point. Low frequency impedance is applied to the right side of the plot along the X-

axis, whilst higher frequency impedances are applied to the left. The Randles 

equivalent circuits simplify the Warburg resistance (Zw), charge transfer resistance 

(Rct), resistance of solution (Rs), and double layer capacitance at the electrode 

surface (CdI). By fitting the values in the circuit, practical data was acquired. The 

electrical circuit simulation was fit, and the surface properties were assessed.15 

In the current investigation, fluorescence measurements were used to assess the 

MD2 protein's binding affinity for curcumin and its analogues. Prior to performing 

fluorescence intensity  measurements, solutions of glycocurcumin derivatives with 

protein MD2 were prepared. A    recombinant MD2 protein solution was created 

using PBS buffer (0.01 M, pH 7.4). Through dilutions from the stock solution, a 
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protein solution with a 50 nM concentration was produced. For doses ranging from 

0.3 to 30 μM, PBS buffer dilutions were used to create stock solutions of the 

curcumin analogs. Along with 25 μL of protein solution, the curcumin analog (5 

μL of one of the stock solutions ranging from 0.3 to 30 μM) was introduced to the 

fluorometer cell. The capacity volume was increased to 500 μL by adding, 470 μL 

of PBS buffer. Each measurement was performed at 25°C in a 3 mm quartz cell. 

The slit width used for excitation and emission was 20 nm. Fluorescence titrations 

were carried out at an excitation wavelength specific to the analog in order to 

measure the increase in curcumin fluorescence after coming into contact with the 

protein.  In a nutshell, 0.05 M MD-2 was used to titrate curcumin at doses ranging 

from 0.3 μM to 30 μM.              In order to make sure that the protein and analog would 

interact, the curcumin analogs and rh-MD- 2 protein solution were incubated for 15 

minutes. Curcumin's fluorescence in the presence of MD- 2 was subtracted from 

curcumin's fluorescence on its own. SigmaPlot 12.0 was used to fit the gathered 

data using nonlinear regression in order to determine the KD of curcumin using the 

equation below: 

Y = Bmax*X/Kd + X 

 

The technique of QCM is based on molecule recognition, in which the selective 

binding may result  in changes to mass loading and interfacial properties that are 

recognized by a corresponding shift in oscillation frequency. Receptor-ligand 

interactions can be examined in real-time using this method.16 Using the following 

equation, Sauerbrey theorized the relationship between the frequency shift and the 

mass change on the QCM's surface. 
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Here, the negative sign shows that as the additional mass on the surface of QCM 

grows, the resonance frequency lowers. The fundamental frequency of the QCM is 

f0, the density of the quartz crystal is ρq (=2.648 g/cm3), the shear modulus of the 

AT-cut quartz crystal is μq (=2.947 X 1011 g/cm. s2), the effective vibration area is 

A, and the Sauerbrey mass sensitivity is Cf. The extra mass  that is adhered to the 

QCM's surface and the accompanying frequency shift are denoted by the letters Δm 

and Δf, respectively. It is important to note that when the additional mass layer is 

stiff,  evenly distributed, and of small mass, the Sauerbrey equation is satisfied. The 

link between electrical impulses and mass information can be quantified using the 

Sauerbrey equation, providing the theoretical framework for the use of a QCM as 

a mass sensor.17 

Using QCM, we have attempted to quantify the binding interactions of CD14 and 

LBP with LPS antagonists. The QCM chamber and the biosens3 program were used 

to set up each protein- immobilized sensor for the experiment. Using a 12-roller 

peristaltic pump in continuous flow mode, PBS buffer was pushed at a flow rate of 

0.5 μL/min to create a stable baseline. Following the establishment of a stable 

baseline using PBS buffer, the sensor was subjected to injections of LPS 

anatagonists at a variety of concentrations diluted in running buffer, through the 

inlet pipe.18 
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CHAPTER III: METHODS TO GENERATE HIERARCHICAL BIMODAL 

NANOPOROUS GOLD ELECTRODE AND ITS APPLICATION 

(RESULTS AND DISCUSSION) 

 

 

3A. FABRICATION OF HIERARCHICAL BIMODAL NANOPOROUS GOLD 

FOR STUDYING GLYCOPROTEIN-LECTIN INTERACTION BY AN 

ELECTROCHEMICAL BIOSENSOR 

 

The pore volume and ligament size adjustments are of utmost significance for our 

prepared electrodes. In comparison to conventional NPG, the bimodal pore shape 

has demonstrated better electrocatalytic activity and sensitivity towards glucose 

oxidation. In this study, we fabricated a bimodal structure with changing Au/Ag 

ratios and focused on the characterization of the electrode based on surface 

morphology, surface coverage, and loading capacity. 

3.1 Characterization of nanoporous gold and hierarchical bimodal nanoporous 

gold electrode prepared by varying the ratio of the Au-Ag alloy: SEM was used for 

structural characterization, while EDX was used for composition analysis following 

the first and second dealloying steps. Around the gold wire, electrodeposition 

produced a shell-like shape. Using the side view images from the SEM and 

manually measuring the thickness using the scale bar, it was determined that the 

thickness of the hb-NPG surrounding the gold wire is approximately 3 μm. NPG 

has demonstrated an open, linked network of ligaments and pores following 

chemical               dealloying. Out of all the compositions, hb-NPG made from Au10Ag90 

(at.%) was comprised of upper and lower hierarchy without cracks in the structure, 

as seen in the SEM images of various alloy compositions. Here, larger pores are 

indicated by an upper hierarchy, whilst smaller pores are shown by a lower 

hierarchy. Figure 3.1 displays the SEM pictures of the top and side views of              the 
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exterior of hb-NPG coated gold wire made from alloys with different Au: Ag ratios. 

According to EDX study, there was a noticeable quantity of silver left over after the 

initial dealloying, as shown in Figure 3.2, and it ranged from 80 to 85 atomic%. 

Silver (red color) and gold (yellow color) are displayed at each stage of the 

fabrication of hb-NPG, and the color images show the  changes in elemental 

composition. 
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Figure 3.1. SEM images of a) 10:90 (Au: Ag) alloy prepared by applying −1.0 V 

(vs. Ag/AgCl, KCl saturated) for 10 min on gold wire, b) morphology after 

electrochemical dealloying, c) pore- coarsening seen after annealing, d) Larger 

pores seen after chemical dealloying in concentrated nitric acid, e) and f) are 

showing the ligament width and interligament distance in upper and lower  hierarchy 

respectively. The thickness of the hierarchical structure deposited on gold wire is 

shown in  (g), (h) Histograms showing the ligament width and interligament 

distance in upper and lower hierarchy respectively. 
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Figure 3.2. A) Color SEM of the A1) Au10:Ag90 alloy, A2) electrochemically 

dealloyed structure, A3) annealed structure, and a4) hierarchical nanoporous 

structure after the final step of chemical deallying B) EDX spectrum showing the 

elemental composition of the B1) alloy, B2) electrochemically dealloyed structure, 

and B3) hierarchical bimodal nanoporous gold structure 

The Apreo 2 instrument's ability to assign different colors to different 

elements is a useful                       feature of color SEM. Using ImageJ software, the electrode of 

interest for future study, made from Au10Ag90 (at.%), was further studied to identify 

structural parameters including ligament width and inter-ligament distance, which 
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are shown in Tables 1 and 2. Investigated were the impacts of  the alloy composition 

on the nanoporous structure's microstructures. It was observed that the ligament's 

size increased from 819 ± 71 to 1031 ± 272 nm when the silver content increased. 

During dealloying, the structure begins to coarsen; the rate at which this occurs may 

depend on the alloy composition, the amount of residual silver, the temperature, or 

the electrolyte. 

Table 2 displays the ligament width and interligament distance distributions 

for the                bimodal Au10Ag90 alloy structure. According to calculations, the ligament 

width in the upper and lower hierarchies was 938 ± 285 nm and 51 ± 5 nm, 

respectively. The interligament distance, which was found to be 853 ± 41 nm and 

52 ± 15 nm for the upper and lower hierarchical features, respectively, was 

comparable to their ligament width. 

Table 1. Distribution of ligament width and inter-ligament distance of varying alloy 

compositions. The evaluation was done after completion of the multistep synthesis 

involving electrochemical dealloying, annealing, and chemical dealloying. 

Alloy composition 

(Au:Ag)  

   

Mean pore size (nm)  

              Ligament width (nm)              Inter-ligament 

distance (nm)                      

30:70  819 ± 71  52 ± 7  

25:75  940 ± 269  50 ± 3  

20:80  1031 ± 272  62 ± 11  

 

Table 2. Distribution of ligament width and inter-ligament distance for the 

hierarchical bimodal structure where alloy composition was Au10:Ag90. The 

evaluation was done after completion of the multistep synthesis involving 

electrochemical dealloying, annealing, and chemical dealloying. 
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Hierarchy level                   
Ligament width 
(nm) 

Inter-ligament 
distance (nm) 

Upper 938 ± 285 853 ± 41 

Lower 51 ± 5 52 ± 15 

 

 

3.2 Surface area measurement and roughness factor analysis: The roughness factor 

of all the fabricated electrodes, which is the ratio of electrochemical surface area 

(ECSA) to the geometrical surface area, was determined using CV with a value of 

450 μC cm-1 for the reduction of a single layer of gold oxide1, where the charge 

under the oxide reduction peak was integrated to estimate the ECSA. Figure 3.3 

depicts the effects of different alloy compositions as well as the significance                 of the 

three-step fabrication method. Figure 3.3a displays the CV curves for hb-NPG 

electrodes made from Au: Ag alloys with various compositions. The area under the 

peaks for gold oxidation and reduction for the hb-NPG electrodes dramatically 

increases when the initial electrodeposited alloy's silver concentration rises, which 

raises the roughness factor. Figure 3.3b also compares the  chemically dealloyed 

NPG (10:90) with the multistep-fabricated hb-NPG (10:90), demonstrating the 

critical impact of two-step dealloying and annealing in raising the ECSA in 

comparison to chemical dealloying. The CV depicted in Figure 3.3c was taken after 

electrochemical dealloying and annealing. The CV demonstrates the presence of 

Ag and Au on the electrode surface upon annealing. Compared to pure silver (0.4 

V), the alloy's silver begins to oxidize at a more positive potential of 0.52 V. The 

oxidation of Au, on the other hand, occurs at a potential of about 0.8 V, while the 

oxidation peak for pure gold is observed at 0.96 V. The bimetallic composition was 

verified by the observed Au and Ag reduction peak during annealing. The absence 
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of the gold peak before annealing may be caused by the silver coating that covers 

the gold. Because Ag's atomic percentage was larger in the alloy than Au's, Ag had 

a higher peak intensity. The peak at 0.6 V was related to the oxidation of Ag2O to 

AgO, whereas the peak at 0.38 V in both cases was caused                     by the production of 

Ag2O layers. 

 

 

Figure 3.3. Cyclic voltammograms showing a) the comparison of electrochemically 

active surface                     area for the porous structure formed from different Au: Ag atomic 

percentages of the alloy. The varying composition of the starting alloy was 

Au10:Ag90, Au20:Ag80, Au25:Ag75 and Au30:Ag70 b) Au10:Ag90 alloy, chemically 

dealloyed structure formed after immersing in nitric acid, and finally the 

enhancement of peak current when electrochemical and chemical dealloying is used 
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in combination (c) the oxidation and reduction peaks after electrochemical 

dealloying are shown in red where the peak at 1) denotes the oxidation of Au. The 

oxidation and reduction peaks after annealing are shown in blue where the peak at 

1) is associated with the oxidation of Ag2O to AgO. The peak at 2) in both cases is 

due to the reduction to Ag2O layers. 

ECSA for hb-NPG was found to be 7.64 cm2. The average ECSA of NPG 

(Au30Ag70) (at.%) reported by our lab earlier was 12.5 cm2 and was based on oxide 

stripping tests using substrates with the same size gold wire. The surface roughness 

factor calculation and the ECSA values for all the electrodes that were 

manufactured are listed in Table 3. 

Table 3. Calculation of the roughness factor (Rf) and electrochemically active 

surface area (ECSA) of the final structure formed from varying Au:Ag alloy 

composition. The charge under the reduction peak seen in CV was evaluated for all 

the different compositions. The 10:90 composition  formed the hb-NPG structure 

with the highest roughness factor. 

 

Composition  Charge (mC) under 

reduction peak  

  Mean  Standard 

dev  

ECSA/cm2 Rf  

10:90  3.51    3.44  0.07  7.64 231.5  

  3.44          

  3.37          

20:80  1.82    1.82  0.11  4.04 122.4  

  1.93          

  1.7           

25:75  1.07    1.02  0.28  2.26 68.5  

  0.97          

  0.54          

30:70  0.13    0.20  0.14  0.45 13.6  

  0.11          

  0.37          
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3.3 Determination of surface coverage of lipoic acid molecules on NPG and hb-

NPG using thermogravimetric analysis and reductive desorption: In the current 

investigation, we employed the TGA method to quantify the molecules loaded onto 

hb-NPG and NPG, which in turn allowed us to estimate the surface coverage of the 

molecules while accounting for the electrodes' electrochemical surface area. We 

scanned up to 600 °C while pyrolytically decomposing the air-dried SAM modified 

NPG and hb-NPG electrodes in an inert environment. Lipoic acid molecules are 

anticipated to totally break down at this temperature. The modified electrodes were 

tested using TGA, and it was discovered that NPG lost 0.05% of its weight and hb-

NPG lost 0.1% of its weight throughout the temperature scan. The loading of 0.266 

g cm-2 of LA self-assembled onto the NPG surface, is equivalent to 1.3 x 10-9 mol 

cm-2 (12.5 cm2 electrochemical surface area), and 0.788 g cm-2 of LA loaded onto 

the hb-NPG surface is equivalent to 3.8 x 10-9 mol cm-2 (7.64 cm2 electrochemical 

surface area),  and were responsible for the mass losses. Figure 3.4 and Table 4 

show the TGA thermograms of LA loading on both electrodes (temperature ramped 

at 20 °C min-1) as well as data on reductive desorption. The higher coverage of LA 

molecules per unit area on hb-NPG than on NPG could be due to the better 

accessibility deeper into the material afforded by the larger pores. 

The reductive desorption approach was used to estimate the surface 

coverage. Around -0.9 V, a reduction peak connected with the Au-S bond in the 

SAM was seen. This peak resulted from the lipoic acid's reductive desorption from 

the gold surface. Utilizing the charge under the reductive desorption peak and the 

electrode surface area discovered by oxide stripping tests, the number of lipoic acid 



106 
 

molecules was estimated. On hb-NPG and NPG, respectively, the average surface 

coverage of lipoic acid SAMs was determined to be 3.42 x10-10 mol cm-2 and 2.09 

x10-10 mol cm-2, respectively. According to surface coverage data from TGA, more 

molecules are present in an electrode's region per unit of surface area than is 

typically the case. This shows that molecules from places inside electrodes that 

cannot be reached by electrochemical desorption may be contributing to mass loss. 

On top of those attached to Au surfaces, lipoic acid molecules may also be 

physisorbed in the interior. Prior research using commercially available gold plates 

(6.0 mm x 6.0 mm x 0.25 mm) revealed a surface coverage of 1.31 x 1018 molecules 

m-2 (equal to 2.18 x 10-10 mol cm-2). Theoretically, based on the unit cell dimensions 

of LA (a= 11.744, b= 9.895, c= 9.246), it is predicted that a fully ordered coverage 

of LA molecules on a gold surface would lie between 3.45 x 1018 and 4.40 x 1018 

molecules m-2. Per unit cell, this translates to four LA molecules. Among the 

surface coverages of LA on flat gold surfaces that have been reported are those of 

3.0 x 10-10 mol cm-2 (1.81 x 1018 molecules m-2), 3.50 x 10-10 mol cm-2 (2.11 x 1018 

molecules m-2), and 2.42 x10-10 mol cm-2 (1.46 x 1018 molecules m-2). 
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Figure 3.4. A) TGA thermograms of lipoic acid loading on NPG and hb-NPG from 

room temperature to 600 °C at a ramping rate of 20 °C min-1. B) Reductive 

desorption of lipoic acid immobilized on NPG and hb-NPG carried out in 0.5 M 

NaOH solution, performed between 0 and -1.5 V at a scan rate of 20 mV s-1.  

Table 4.  TGA and reductive desorption data showing surface coverage for Lipoic 

acid SAMs on NPG and hb-NPG. The data presented is compared with previously 

reported values.  

Method Substrate Surface coverage for LA SAMs (mol cm-

2) 

Reductive desorption NPG 2.09 x 10-10 

hb-NPG 3.42 x 10-10  
Substrate Wt. change 

(%) 

Mass loss 

(μg) 

Surface 

coverage LA 

mol /cm2 

TGA analysis NPG 0.05 3.3 ± 0.7 1.3 x 10-9 

hb-NPG 0.1 6.02 ± 0.03 3.8 x 10-9 

 

3.4 Adsorption of proteins with varying structures onto NPG and hb-NPG: 

 The adsorption of three selected proteins onto NPG and hb-NPG was 

examined and compared to evaluate differences in the capability of these two 

nanomaterials as supports for hosting proteins. Applications of enzymes adsorbed 

inside NPG have been extensive and subject of reviews. Additionally, other hosted 
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inside NPG materials have been used to develop biosensors. The absorption of 

proteins from solution onto NPG electrodes has attracted tremendous amounts of 

attention, primarily due to the great interest in the development of biosensor 

devices.169-171 Hierarchical bimodal nanoporous gold (hb-NPG) presents a new 

opportunity as a support for a range of applications due to the high loading capacity. 

The influence of surface morphology, pore size, and pore volume play a pivotal 

role in the study of absorption kinetics of proteins and glycoproteins.172 Synthesis 

of an electrode with a bimodal pore size distribution is highly promising to achieve 

high capacity loading of proteins as their diffusion deeper into the material should 

be enabled. This suggests that the rational design of a hierarchical bimodal pore 

size distribution in the hb-NPG electrode and the optimization of meso- and 

macropores maximized the protein loading.173  

 

Due to its use in various bioanalytical applications and diagnostic kits, 

horseradish peroxidase (HRP) is one of the enzymes of the plant peroxidase 

superfamily that has received the greatest research attention. The protein's 

glycosylation modification adds roughly 9.4 kDa to the HRP's 44 kDa molecular 

weight. The protein structure is sustained by four disulfide bonds and two calcium-

binding sites, according to the X-ray findings. The pH range of 6 to 8 is where HRP 

exhibits its highest activity, and its isoelectric point (pI) is 9. The pH of PBS, which 

was used for the loading experiment is 7.4, which is lower than the pI of HRP and 

can electrostatically bind with the negatively charged gold electrode surface. On or 

near its surface, HRP has 8 cysteine, 4 methionine, and 6 lysine residues. The 
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multipoint attachment of HRP on the electrode's surface has been made easier by 

the sulfur-containing amino acid residues (cysteine and methionine) and the -NH2-

containing amino acid residues (lysine). Additionally, the macropores found in hb-

NPG may be responsible for the improved accessibility of the enzyme to the inner 

surface. 

The 48.4 kDa serum glycoprotein fetuin, which is an important component 

of bone formation and human metabolic processes, was chosen as the second 

candidate in our loading experiment. It is an acidic glycoprotein with a lot of sialic 

acid, which contributes to its net negative charge at physiological pH in multiple 

aspartate/glutamate-rich regions as well as the terminal residues. Its isoelectric 

point is approximately 5, similar to albumin. When exposed to a metallic surface, 

the aqueous solution of fetuin partially adsorbs as a result of the dynamic interplay 

of electrostatic, van der Waals, and hydration interactions. This protein is useful for 

creating biosensors for glycoproteins and is of interest for future applications of hb-

NPG as a glycoprotein sensor. 

BSA, a protein with a higher molecular weight (66.4 kDa), accounts for 

roughly 10% of the total whey proteins in milk. The structural characteristics of 

BSA have made it suitable for applications involving medication delivery. The 

preferential binding of BSA to negatively charged surfaces has been linked to the 

60 lysine groups that are present on its surface and can interact electrostatically 

with negatively charged surfaces. BSA's isoelectric point is 4.6, making it 

negatively charged at pH 7.4. There are two probable methods for explaining the 

adsorption of BSA on the electrode surface: "end-on" binding and "side-on" 
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binding, where end-on contact results in a larger surface coverage of BSA on the 

electrode surface. 

Figure 3.5 shows graphically a study of real-time protein loading. Due to 

the strong electrostatic contact between the protein and the metal surface, more 

HRP molecules were observed to be immobilized on the electrode during the 

loading experiment than fetuin or BSA. For BSA and fetuin, the immobilization 

was higher for hb-NPG than NPG (Table 5). The dimensions of BSA are reported 

to be 14 nm x 4 nm x 4 nm, indicating a surface footprint for each protein molecule 

as small as 16 nm2 or as large as 64 nm2, corresponding to coverages of 6.25 x 1012 

molecules cm-2 and 2.5 x 1013 molecules cm-2, respectively. Our observed 

estimations of 2.0 x 1012 molecules cm-2 and 2.85 x 1012 molecules cm-2 on NPG 

and hb-NPG are accurate and indicate a very substantial level of BSA protein 

coverage within NPG and hb-NPG. The dimensions of HRP are reported to be 4.0 

nm x 6.7 nm x 11.7 nm. This indicates that each protein molecule may have a 

surface footprint as small as 27 nm2 or as large as 78 nm2, which corresponds to 

coverages of 3.7 x 1012 molecules cm-2 and 1.07 x 1013 molecules cm-2, 

respectively, and assumes complete coverage on a flat surface. Our observed 

estimations of 9.48 x 1012 molecules cm-2 and 7.0 x 1012 molecules cm-2 on NPG 

and hb-NPG, respectively, are plausible and reflect a very substantial extent of 

protein coverage of HRP within NPG and hb-NPG perhaps enhanced by 

electrostatic interactions. Our measured estimations for the amount of fetuin 

immobilized on NPG and hb-NPG, respectively, of 8.63 x 1012 and 9.33 x 1012 

molecules cm-2, are reasonable and also indicate a very significant degree of fetuin 
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coverage within NPG and hb-NPG.  

After 48 hours of incubation in the buffer (V = 1 mL), the desorption process 

of integrated proteins under the same conditions showed that the proteins did not 

desorb out into the buffer. It is widely known that proteins cling to gold surfaces 

through Au-NH2 interactions with accessible cysteines in the protein structure or 

with lysines on the protein surface. The internal gold surfaces appear to be highly 

physisorbed with these proteins.    

Figure 3.5. Real-time protein loading study using UV-vis spectrophotometer 
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showing the change in absorbance and the average number of immobilized BSA, 

Fetuin and HRP molecules on NPG and hb-NPG electrodes. BSA, Fetuin, and HRP 

loading on NPG is shown in (a), (c), and (e) respectively. The loading of same 

proteins on hb-NPG is shown in (b), (d), and (f) respectively. Each graph depicted 

is an average of three measurements. Data depicted as an average (N=3).  

 

Table 5. Number of immobilized protein molecules on NPG and hb-NPG. Data 

depicted as average (3 measurements)   

 

3.5 Quantitative analysis of the SAMs of ferrocene 1-hexanethiol  

Figure 3.6 shows CV data for FcC6SH ferrocene moieties immobilized on 

the Au, NPG, and hb-NPG electrodes as self-assembled monolayers. Sharp 

oxidation and reduction peaks can be visible on voltammograms taken on bare gold 

wire and an NPG electrode, whereas broad peaks can be seen on hb-NPG. 

Voltammogram form was discovered to be independent of scan rate from 0-0.8 V. 

The characteristics showing the stability of the monolayer to electrochemical 

cycling are not altered by repeated scanning. Monolayer heterogeneity causes the 

peak to broaden, and it appears that hb-NPG offers a more heterogeneous 

environment for SAM production.  Because of the interaction between ferrocene 

sites or the high surface coverage that causes site inhomogeneity, the monolayer 

Proteins used in the study 

(Molar extinction coefficient.M-

1cm-1) 

No. of molecules 

immobilized/cm2 on NPG 

No. of molecules 

immobilized/cm2 on hb-

NPG 

BSA 2.03 x 1012 2.85 x 1012 

HRP 9.48 x 1012 7 x 1012 

Fetuin 8.63 x 1012 9.33 x 1012 
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experiences lateral repulsive interaction, leading to a broader peak. The creation of 

a tightly packed monolayer, where anions screen repulsive interactions between 

ferrocenium cations, is suggested by the narrow width of the redox peak. The fact 

that there is such a minor difference between the anodic and cathodic peaks 

indicates that the adsorbed species on the electrodes underwent a redox reaction. 

The terminal ferrocene group of the monolayer undergoes both oxidation and 

reduction as seen in the cyclic voltammograms, which exhibit a pair of redox peaks 

in the potential range between +300 and +400 mV. The charge of the oxidation 

peak was used to estimate the amount of 6-ferrocenyl-1-hexanethiol. 

The charge associated with the cathodic voltammetric peak has been 

integrated to calculate the surface coverage of the redox-active surface group using 

the formula = Qcv/nFAECSA, where Q is the faradaic charge, n = 1 is the number of 

electrons involved in the redox process for the Fc/Fc+ redox couple, F is the Faraday 

constant, and AECSA is the electrode's electrochemical surface area.  
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Figure 3.6. Cyclic voltammograms of SAMs of 6-ferrocenyl-1-hexanethiol with 

unmodified bare gold wire, chemically dealloyed electrode, and hb-NPG (solution 

composition reported) (NaClO4, 0.1M; scan rate = 50 mV s-1). Increasing the 

concentration of the electrolyte to 0.5M has little variation on the shape of the 

curve.  

According to theory, ferrocene alkanethiol can cover a maximum surface area of 

4.5 x 10-10 mol cm-2 on Au (111). NPG and hb-NPG electrodes have been found to 

have high surface coverage of 5.47 x 10-9 and 30.1 x 10-10 mol cm-2, respectively. 

This may be explained by additional physisorbed molecules, lateral electron 

transport, or electrostatic interactions between redox groups. 

Along with other voltammetric parameters, the values for FWHM for the 

monolayers produced on NPG and hb-NPG are presented in Table 6. When the 

monolayer displays a perfect electrochemical response, the theoretical value of 

FWHM for a one-electron process is 90.6 mV. The differing responses from the 

monolayers on the various electrodes indicate that the monolayers created on hb-

NPG have repulsive interactions (FWHM > 90.6), whereas the monolayers formed 

on NPG have attractive interactions (FWHM 90.6 mV). We observed that the 

FWHM values for the bare gold wire, NPG, and hb-NPG were 9.1, 39, and 160 

mV. It has been found that the local habitats of the electroactive species anchored 

on surfaces with varying microstructures might be non-uniform due to various 

forces such as electrostatic interactions, strong dipole−dipole interactions, or high 

mobility. When there are such lateral interactions, molecules that are experiencing 

repulsive interactions have wider peaks, whereas molecules that are experiencing 
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attractive interactions have narrower peaks. The change in orientation of the 

ferrocene thiol species on the same substrate, but with different morphological 

properties, is what causes the kind of interaction. The monolayer's lateral contacts 

or a neighbor-attractive surface activity effect are demonstrated by the redox peak's 

narrowness. A densely packed layer where anions create attractive forces between 

ferricenium cations is characterized by the limited breadth of the redox peak of 

ferrocene hexanethiol SAMs in NPG. In contrast, the redox peak of ferrocene 

hexanethiol SAMs in hb-NPG is broader and less sharp. A widened voltammetric 

peak indicates kinetic inhomogeneity within the surface ferrocene population, 

which could be the result of repulsive interactions between ferrocene units or 

monolayer heterogeneity brought on by the presence of upper and lower 

hierarchical architectures on the electrode surface. The average of the anodic and 

cathodic potentials was used to calculate the redox potential E0, and the fact that 

there is only a few mV of difference between the peaks shows that the electron 

transfer happens quickly and reversibly. 

Table 6. Voltammetric parameters and surface coverage (per geometric area) 

values. Data depicted as average (3 measurements) ± std dev. 

              

Electrode Charge/μC Surface  coverage 

/nmol cm-2 

E0=(Ec+Ea)/2 

(mV) 

FWHM/mV Ic/ μA Ia/ μA 

Bare gold 1.1 ± 0.03 0.35 347.0 9.1 -3.46 4.6 

Chemically 

dealloyed 

16.9 ± 0.7 5.47 354.5 39.14 -25.89 37.07 

hb-NPG 92.9 ± 5.5 30.1 326.1 160 27.14 29.56 

 

3.6.  Electrochemical detection of Glucose: 

To determine the electrodes' catalytic efficiency, CVs for bare gold, NPG, and hb-
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NPG were measured in both the presence and absence of 10 mM glucose. 

According to Figure 3.7, the oxidation peak current was observed at -0.39 V for 

bare gold, -0.02 V for NPG, and 0.57 V for hb-NPG. Peak currents for bare gold, 

NPG, and hb-NPG were determined to be 30, 400, and 1000 μA, respectively. Hb-

NPG produced more than a two-fold increase in current compared to bare gold and 

NPG, demonstrating the electrode's increased sensitivity. More active sites are 

produced by the dual-sized pores and significantly greater roughness in hb-NPG, 

further demonstrating the electrode's enhanced catalytic activity. The 

characteristics observed in the NPG CV in the absence of glucose are identical to 

those previously reported in 0.1 M NaOH and likewise to those observed on cooled 

bead gold electrodes in 0.1 M NaOH solution. By oxidizing the water adlayer, an 

adsorbed layer of hydroxide is formed. Then, during the anodic scan, a surface layer 

of Au (OH)3 is formed, which is later reduced back to Au during the cathodic scan. 

The CV for hb-NPG in the absence of glucose has a reduction peak that is 

comparable to that of NPG, but it also has additional features in the anodic scan 

that could point to the presence of various exposed gold crystalline faces and 

perhaps a trace amount of residual silver.    
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Figure 3.7. CVs of (i) bare gold, (ii) NPG and (iii) hb-NPG recorded in N2 saturated 

NaOH solution with 10 mM glucose. 

Utilizing the chronoamperometric method at an applied constant voltage derived 

from the CV of the appropriate electrode, the electrocatalytic response of various 

quantities of glucose on NPG and hb-NPG was assessed in real-time. Figure 3.8 

illustrates the rapid current increment that was seen as the glucose concentration 

rose from 10 mM to 50 mM. The current response seen in NPG reached saturation 

at glucose concentrations greater than 50 mM. This could be as a result of the 

intermediates generated during the process adhering to the NPG electrode's active 

sites, which prevented the diffusion of incoming glucose molecules. As opposed to 

this, at 90 mM in hb-NPG, the current still did not saturate. Diffusion-controlled 

behavior is shown by the current response to changing glucose concentration, 

which showed a linear connection with a correlation coefficient of r2 = 0.93. 
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Previous studies on the effectiveness of glucose sensors based on gold 

nanostructures have demonstrated that the high sensitivity of the nanoporous gold 

electrode is due to its surface area, which promotes the electro-oxidation of glucose. 

 

Figure 3.8. The chronoamperometric curve of (i) NPG and (ii) hb-NPG towards 

glucose with successive addition in 0.1M NaOH at the working potential of 0.02 V 

and 0.57 V, respectively. The calibration curve of the NPG and hb-NPG glucose 

sensor is shown below each of the figures. 

The sensitivity was determined using the slope of the current versus concentration 

plot. In the current study, it was discovered to be 15.97 μA mM-1 cm-2 for hb-NPG 

against 6.53 μA mM-1 cm-2 for NPG, showing a better sensitivity for the hb-NPG 
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electrode. Hb-NPG is a promising electrode for electrochemical sensing 

applications because of its greater sensitivity and low detection limit. Evidently, a 

better current response results from the hierarchical architecture's exposure of 

numerous active Au-OH sites, which are known to be the active site for glucose 

oxidation in basic solution. In the presence of other competing species, the 

electrode's reaction to glucose was selective. As illustrated in Figure 3.9, the 

amperometric response for the selectivity of the hb-NPG sensor electrodes was 

tested by adding 10 mM glucose followed by 2 mM of interferents. It was 

determined that the hb-NPG-based sensor electrode was extremely selective, 

demonstrating negligible response for other species in the mixture under these 

circumstances after comparing the current response to glucose with several typical 

interferents. It has been suggested that the oxidation of glucose on NPG is 

kinetically controlled, but the oxidation of the interferents is controlled by 

diffusion, and that the magnitude of the current owing to the oxidation of glucose 

grows dramatically with surface area, whilst the magnitude from the interferents 

does not. Some of the interferents might also undergo oxidation at the higher 

potential required to detect the glucose reaction on hb-NPG. 
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Figure 3.9. The current response of the fabricated hb-NPG glucose sensor in the 

presence of common interferents  

Conclusion and future perspectives 

We have presented a simple procedure of hierarchically structuring porous gold 

nanostructures consisting of dual-sized pores, higher active electrochemical surface 

area, and high roughness factor by employing a multistep process involving 

electrochemical dealloying-annealing-chemical dealloying. We have shown how 

the variation in process parameters can alter the morphology and the 

electrochemical performance of the electrode. It was seen that the resulting 

hierarchical nanoporous gold electrode possessed macro and mesopores giving rise 

to higher loading capacity as compared to a nanoporous gold electrode when made 

with Au: Ag (10:90) and annealed at 600°C for 3h.  

The hierarchical electrode possessed curved interconnected ligaments with a 

ligament width of 938 ± 285 nm for the upper hierarchy dominated by highly active 
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low-coordinated atoms. The enhanced ligament width of hb-NPG is an excellent 

platform for catalytic reactions. The presence of an additional lower hierarchical 

ligament width of 51 ± 5 nm imparts a large specific surface area for 

functionalization. By transitioning from dealloying a binary alloy of Au-Ag to a 

dual-level hierarchy in hb-NPG, we are creating material for applications requiring 

fast access to larger molecules and their fast detection as seen in catalysis and 

sensing.  A significant increase in the roughness factor from 13.6 to 231.5 was seen 

when going from Au30:Ag70 to Au10:Ag90 alloy composition. The higher surface 

roughness of hb-NPG as compared to NPG gives rise to greater electrochemical 

activity. This work lays a solid foundation for the design of high-performance 

electrochemical biosensors. The advantages of the hierarchical design of an 

electrode in biosensor applications stem from the high surface area and easy 

modification of the surface.  

The hierarchical structure of the electrodes with a high surface area has an impact 

on the protein loading. In our study, we found that hb-NPG with dual hierarchical 

features enables higher loading capacity than the conventional NPG. The 

hierarchical architecture allows proteins to penetrate through their interconnected 

macropores and the lower hierarchical features lay a base for protein binding and 

communication with the substrate. Protein loading in an electrode is determined by 

the type of the material and its morphology. NPG and hb-NPG are both gold-based 

but the number of immobilized proteins is higher in hb-NPG due to the presence of 

macropores and mesoporosity which accelerates the binding of most proteins by 

physical/electrostatic interactions. The effect of morphological features in the 
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bimodal electrode has been seen to affect the shapes of CVs of ferrocene thiol 

SAMs. Non-ideal behavior in the form of peak broadening is observed in the case 

of hb-NPG. The electrochemical response of redox-active SAMs measured using 

CV has major a contribution coming from its electronic and supramolecular 

arrangement on the substrate.  

The hierarchical electrode fabricated in our study has shown the great potential of 

monitoring human health via tracking signals from biological fluids. The hb-NPG 

electrode demonstrated a higher sensitivity of 15.97 μA mM–1 cm–2 for glucose 

detection compared to the traditional NPG (6.53 μA mM–1 cm–2). The dual-sized 

porosity in hb-NPG provides a large surface area and easy penetration of the 

glucose molecules facilitating their oxidation.  

Although the materials with hierarchical architecture have realized great progress, 

there are still some challenges. For commercialization, there is a need to develop 

novel preparation strategies involving fewer steps and lower costs. The 

electrochemical performance of cathode and anode materials can be enhanced in 

the future by logically bringing together the strengths of compatible materials with 

novel architectonics. Studies focusing on solving the issue of large-scale production 

and deep investigation of the in-situ formation mechanism of the hierarchical 

structures will be interesting to work in the future.  
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3B. ENGINEERING HIERARCHICALLY NANOPOROUS GOLD MONOLITH 

USING TEMPLATING APPROACH 

Enhancing mass transfer and growing the active surface area are opposing 

processes in porous materials. Structural hierarchy could resolve this dilemma by 

generating continuous channels with                                   varying length scales. However, it is relatively 

difficult to create porous metallic materials with discrete hierarchical layers. Here, 

a straightforward method combining chemical dealloying and soft templating is 

described for creating a hierarchical nanoporous gold (hb-NPG) monolith with 

bimodal hierarchy. The current process has a lot of potential for creating more 

hierarchically porous metals with enhanced structural and functional properties.7 

3.7 The hierarchical bimodal pore structure characterization of hb-NPG monolith 

 

Larger pores in the structure improve mass transmission whereas smaller 

pores increase surface area, making multimodal porosity, or hierarchical porous 

materials, of importance. Despite major advancements in the production of 

multimodal porous ceramics and metal oxides, hierarchical porous noble metal 

materials cannot currently be produced synthetically. This is despite the fact that 

porous noble metal materials have been extensively used in catalytic, 

electrochemical, and purifying processes.8 In our study hierarchically porous noble 

metal materials were produced by combining the templating and dealloying 

processes.9 At each stage of the preparation procedure, SEM and composition 

analyses were performed to understand the morphology, porosity structure, and 

function of the residual silver. It has been noted that the increase in porosity was 

associated with the increase in compaction of the sponge-like framework  brought 

on by the coarsening of the connected silver particles, development of the sintering 
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necks, and shrinkage of the empty spaces.10 The organic template was thermally 

destroyed and a complete    silver-gold monolith was left behind after heating the 

mixture of gold, silver, and dextran to 600°C (Figure 3.10 a). SEM micrographs 

(Figure 3.10 b, 3.10 c) have verified the existence of the hierarchical porous 

structure, which comprises of numerous micro/mesopores and related macropores. 

The bimodal porous architecture, in which silver was dissolved with concentrated 

HNO3, was found to be uniformly distributed throughout the 3D gold 

nanostructured monolith, creating voids in the framework. Only 1-2 atomic % of 

silver remained after chemical dealloying with strong nitric acid, which is 

significantly less than the alloy's initial composition, as shown in (Figure 3.10 d), 

according to an EDS study. 
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Figure 3.10. SEM images of a) gold-silver monolith after being annealed at 600°C 

showing pore coarsening b) pores of upper hierarchy, c) pores of lower hierarchy 

after chemical dealloying, and d) EDS data after chemical dealloying in 

concentrated nitric acid. 

 

The resulting hierarchical nanoporous gold sponge contained pores of upper 

hierarchy that  measured 0.359 ± 0.143 μm and an open framework comprised of 

metallic gold strands that were   connected and had discrete crystallites (Figure 

3.11a). The distributions of pore size for the lower  hierarchy were found to be 42.5 

± 14.8 nm, respectively (Figure 3.11 b). In order to create the hierarchical 

nanoporous gold sponges, the viscous dextran matrix had to be broken down and 

transformed into a carbon foam that contained metallic particles. Upon gradually 

removing the carbon by heating to higher temperatures, the foam was compressed, 

and the metallic particles fused to make an open framework sponge. This sponge 

was then treated to chemical dealloying to  produce the hierarchical powder. 

d 
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Figure 3.11. Pore size distribution in hierarchical bimodal nanoporous gold 

monolith, representing a) upper hierarchical pore size distribution and b) lower 

hierarchical pore size distribution. 

 

3.8 BET analysis 

 

The examination of the specific surface area and pore size distribution involved 

nitrogen adsorption-desorption. The monolith (alloy) has a surface area of 0.311 m2 

g-1, and the pore volume was 0.0019 mL/g (as seen in Figure 3.12). It was 

hypothesized that mesopores, increasing the surface area and active sites, were 

present in these folds on the skeleton surface of the monolith. When dealloying was 

completed, the monoliths displayed a noticeably greater surface area of 1.50 m2 g-

1(pore volume, 0.0259 mL/g). Additionally, as compared to before the dealloying 

operation, the pore size distribution broadened. The manufactured monolith showed 

a highly porous surface area and a hierarchically porous structure that not only 

offered fluids passageways, but also additional active sites and space to encourage 

interaction between the analyte and solution.11 

a
) 

b
) 
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Figure 3.12. BET isotherm (N2 gas) of a) annealed and b) hbNPG. BJH pore size 

distribution is shown for c) annealed and d) hbNPG. 

          3.9 TGA analysis  

TGA can be used to quantitatively measure the change or rate of change in a 

material's weight as a function of temperature or time. In the current study, we 

analyzed the amount of lipoic acid molecules loaded onto the hb-NPG monolith 

and annealed monolith using TGA in order to quantify the surface coverage of the 

molecules being immobilized while taking into account the distinct surface areas 

of the monoliths. On the air-dried modified material, we performed pyrolitic 

breakdown while scanning up to 800 °C in an inert environment. At this 

temperature, it was anticipated that lipoic acid molecules would completely 
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pyrolize.12 

The thermal stability and loading capacity of the monolithic material (both 

with and without lipoic acid) were examined using TGA. As the temperature rose 

from 20 to 600 °C in the  lipoic acid loaded dealloyed sample where the hierarchical 

bimodal porous structure was developed, a considerable weight loss occurred. The 

beginning temperature of weight loss during  the TGA on the lipoic acid loaded 

sample started from 200°C until 400 °C due to the creation of bimodal pores in the 

monolith.  

It was found that the sample with lipoic acid immobilized on hb-NPG 

monolith had lost 6.5 % of its original weight throughout the temperature scan. The 

average mass loss for the hb- NPG monolith was determined to be 2.13 x 10-4 g 

(initial average sample weight was 3.29 mg). This mass loss amounted to 0.01032 

x 10-4 moles (molecular weight of LA is 206.33 g/mol) of self-assembled LA on the 

sample surface, equivalent to 0.01 moles or 6.21 x 1017 molecules (2.06 x 10-4 

mol/cm2 or 1.24 x 1016 molecules/cm2). The TGA thermograms of hb-NPG 

monolith with and without LA loading are shown in Figure 3.13 (temperature raised 

at 20 °C min-1). 
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Figure 3.13. Thermogravimetric curve of hb-NPG (blue) and hb-NPG with lipoic 

acid (red) 

 

Conclusion and future perspectives 

 

This study focused on the fabrication of a hb-NPG monolith with bimodal 

pores (0.359 ± 0.143 μm and 42.5 ± 14.8 nm) created using a mix of alloying, 

annealing, and soft templating techniques. Using BET, the prepared monolith's 

specific surface area was assessed, and was found to be 1.50 m2 g-1. According to 

TGA, the monolith's hierarchy increases its loading capacity. Furthermore, our 

findings show how dextran may be used as a framework-generating agent to create 

a bicontinuous gold monolith with uniform hierarchical pore morphology 

throughout a variety of length scales without the need for additional support 

materials. An open framework template is created when the dextran matrix expands 

during annealing, and a hierarchical pore structure is created when the dextran 

matrix is subsequently chemically dealloyed. Even though we have concentrated 

on gold monoliths in our study, we anticipate that this approach will easily lead to 
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a variety of technologically significant materials with hierarchical bicontinuous 

architecture and be useful in a number of emerging applications, including energy 

systems, sensors, and tissue engineering.  

 

 

3C. COMPARATIVE STUDY OF ELECTROCHEMICAL RECOGNITION OF 

GLYCOPROTEIN BIOMARKERS USING LECTIN MODIFIED NPG AND HB-

NPG 

The lectin's binding affinity for the glycoprotein immobilized is determined by the 

differences in ligand display at substrate’s surface (hb-NPG and NPG surfaces in 

our study). The analyte molecules' access to ligands might be constrained by the 

tiny NPG pores. Larger holes in hb-NPG  make it simpler for molecules to be 

transported. In this study, the bimodal pore structure has proven to have better 

responsiveness to fetuin binding than traditional NPG. 

3.10 Analysis of the surface morphology of the fabricated electrodes 

The structural characterization of manufactured electrodes was carried out using 

SEM. The NPG is shown in the top view in Figure 3.14 a. Following chemical 

dealloying, NPG exhibits the anticipated open, connected network of ligaments 

and pores. The average interligament distance was determined to be 36.4 ± 10 nm, 

while the average ligament breadth was found to be 48.1 ± 14 nm. SEM imaging 

revealed that the hb-NPG synthesized from Au10Ag90 (at.%) contained upper and 

lower hierarchical structures. Here, larger pores indicate an upward hierarchy 

whereas smaller  pores indicate a lower hierarchy. Figure 3.14.b shows the top view 

of the outside of the gold wire coated with hb-NPG. 
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Figure 3.14. SEM images (top-view) of two different types of electrodes (a) 

nanoporous gold prepared (at 150 kX magnification)  using 30:70 (Au:Ag) alloy 

deposition by providing −1.0 V (vs. Ag/AgCl, KCl saturated) for 10 min on gold 

wire and subsequently immersing in concentrated nitric acid for chemical 

dealloying to generate a porous architecture and, (b) hierarchical bimodal 

nanoporous gold (at 80 kX magnification) prepared using a multistep alloying-

partial dealloying-annealing-chemical dealloying strategy to generate dual sized 

pores.  

3.11 Lectin-enzyme conjugate activity detected by square-wave voltammetry  

By producing lipoic acid SAMs on both electrode’s surfaces and immobilizing the 

SNA-ALP conjugate onto the EDC/NHS activated SAMs, it was feasible to 

compare NPG covered gold wire and hb-NPG covered gold wire for potential usage 

in electrochemical ELLA. In order to conduct SWV investigations, these modified 

electrodes were immersed in 1 mM p-APP in glycine buffer (pH 9.0, 100 mM) for 

5 minutes before the SWV sweep was recorded. Following the interaction with the 

substrate (p-APP), Figure 3.15 shows the SWVs of both electrodes (NPG and hb-

NPG, respectively), with the presence of the lectin-enzyme combination. The 
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SWVs of the electrodes treated with the SNA-ALP conjugate modified electrodes 

exhibit peak difference current after being incubated with 1 mM p-APP, as can be 

shown. Following incubation with 1 mM p-APP, the modified hb-NPG displays a 

sizable peak difference current (36.9 μA), whereas the modified NPG's SWV 

displays a lesser peak difference current (29.1 μA). This research reveals that the 

hb-NPG coated Au wire electrode is more sensitive than the NPG electrode for use 

in an electrochemical experiment using an immobilized enzyme-lectin 

combination. Only when the enzyme and substrate interact to form the product does 

the peak difference current appear. 

 

 

 

 

 

 

 

 

Figure 3.15. Square-wave voltammograms of SNA-ALP conjugate immobilized on 

lipoic acid modified a) NPG and b) Hb-NPG. SWV were recorded with 1 mM p-

APP in glycine buffer (pH 9, 100 mM) after 5 min incubation with the substrate p-

APP. To conduct SWV (vs. the Ag|AgCl reference electrode), the following 

parameters were used: 50 mV for the pulse height, 0.2 sec for the pulse width, 2 

mV for the step height, and 5.0 mV sec-1 for the scan rate.  
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3.12 Evaluation of the Michaelis-Menten constant Km for NPG and hb-NPG 

electrodes  

Significant variations can be seen when comparing measurements of enzyme 

kinetics in free solution to those for immobilized enzyme reactions. In porous 

materials, the reaction rate of the enzyme can be influenced by a variety of 

variables, including the accessibility of the substrate in the local microenvironment 

of the enzyme, partitioning and mass transfer constraints, and others. 13 It was 

demonstrated that free alkaline phosphatase had a Km value of 56 ± 5 μM in pH 

9.0 TRIS                  buffer solution using p-APP as the substrate.14 In our previous research, 

we discovered that the measured value of Km increased from 40 μM to 210 μM when 

the IgG antibody was conjugated to the ALP enzyme itself in solution. 

Immobilization with EDC/NHS activated lipoic acid  monolayers using IgG-ALP 

conjugates, where the monoclonal IgG binds free prostate specific  antigen 

(fPSA), was observed to result in an increase in Km from 210 μM to 300 μM with 

UV- visible detection of the p-nitrophenyl phosphate product at 410 nm.15 

Individual SWV are displayed in Figures 3.16 a and 3.16 c throughout a substrate 

concentration range of 0.01 mM to 1.0 mM. The SWV sweeps showed a distinct p-

aminophenol oxidation peak in this concentration range. The ALP activity's 

byproduct, p-AP, is converted to p- quinoneimine on NPG and hb-NPG at a potential 

of roughly -0.1 V (vs. Ag|AgCl). Porous surfaces                            have greater electroactivity than 

relatively flat gold surfaces. Nanostructure, which establishes the oxidation 

potential based on surface flaws, curvature, and roughness, is a prerequisite for 

catalytic activity. According to Michaelis-Menten kinetic behavior, when the 
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substrate concentration grew, the peak difference current also increased and 

demonstrated a tendency toward saturation before plateauing, as seen in Figures 

3.16 b and 3.16 d. The peak differential current of the SWV measurement is related 

to the initial reaction rate and, subsequently, to the reaction kinetics. The Km value 

was established by fitting the data to the Michaelis-Menten equation. The conjugate 

of SNA-ALP on NPG in this experiment shows the Km value to be 185 ± 1.87 μM. 

After the conjugate  was immobilized on hb-NPG, the Km value rose to 728 ± 1.2 

μM. These findings were significant because the majority of enzyme electrodes 

function near Km values. A lower Km value for NPG indicates that less substrate is 

required for the enzyme to saturate or reach its maximum velocity. The increased 

Km of hb-NPG clearly indicates that more substrate is needed for the enzyme to 

reach its optimum activity.16 

The increase in Km value in the case of hb-NPG over NPG can be attributed 

to several variables, including the well-known effect of enzyme immobilization. 

The enzyme affinity can change if the enzyme's structure is altered during 

immobilization on the electrode's heterogeneous surface. Another factor is the 

diffusion restriction brought on by the hierarchically porous                        structure, where the 

substrate must diffuse via the pores in order to reach the enzyme. When compared 

to standard NPG, the bimodal pore structure offers more pathways for substrate 

entry and allows for changes in substrate concentration to reach deeper inside the 

electrode. The increased Km found for hb-NPG is consistent with the idea that 

deeper substrate diffusion into hb- NPG than NPG should require a higher substrate 

concentration to reach half of the highest reported                                 enzyme activity. The time it takes 
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for substrate and product diffusion into and out of the electrode's structure might be 

quite important because of the hierarchical porosity in the electrode's structure.17 

Figure 3.16. SWV for lipoic acid SAMs that have SNA-alkaline 

phosphatase conjugate immobilized on (a) NPG and (c) hb-NPG. After two minutes 

of incubation, SWV was tested for p-APP concentrations in a pH 9.0 glycine buffer 

(100 mM). SWV was measured using an Ag|AgCl                          reference electrode, a pulse 

height of 50 mV, a pulse width of 0.2 seconds, a step height of 2 mV, and a scan 

rate of 5.0 mV sec-1. 

The difference current peak heights from SWV scans of the SNA-ALP conjugate 

immobilized on  lipoic acid SAMs on b) NPG and d) hb-NPG were used to fit the 

Michaelis-Menten equation. The standard errors of the three measurements are 
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displayed in the error bars. 

3.13 Kinetic enzyme-linked lectinsorbent assay on NPG and hb-NPG electrodes 

The kinetic enzyme-linked lectinsorbent assay is, in theory, based on the difference 

in the rate of the enzyme reaction of ALP conjugated to SNA before and after 

glycoprotein binding to the SNA. The proximity of a large glycoprotein molecule 

linked to a lectin prevents the p-APP substrate from binding to ALP sterically. Due 

to the glycoprotein binding that prevents substrate from reaching the active site, the 

initial rate of enzyme-catalyzed oxidation of p-APP to the oxidizable p-

aminophenol product will be slower. It has been postulated that the square wave 

voltammogram's peak difference current is inversely related to the rate of the 

enzyme reaction. The difference between the SWV peak difference current before 

and after incubation with                                            glycoprotein serves as the response variable for the assay. 

The concentration of p-APP at 1 mM, which is close to the Km value at hb-NPG, 

was used for our measurements since lesser concentrations did not produce current 

peaks of significant amplitude in the SWV scans. For the kinetic glycoprotein 

assay, the incubation period for conjugate and glycoproteins is crucial. The 

incubation period of two hours was selected to ensure that peak current saturation 

had been attained. 

In our study, we found that when glycoprotein attaches to SNA-ALP complex, 

access of the p-APP to the enzyme active site is hindered and a decrease in reaction 

velocity was revealed (Figure 3.17 a and 3.17 c). Figures 3.17 b and 3.17 d depict 

the fetuin binding isotherms to the immobilized SNA-ALP conjugate on NPG and 

hb-NPG. As was expected, a decrease in enzymatic activity accompanied the rise in 
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glycoprotein content; this is demonstrated by the rising difference  in peak difference 

current. When compared to NPG, SNA has a stronger affinity for binding fetuin  to 

hb-NPG, with Kd values of 0.23 ± 0.02 μM and 0.83 ± 0.13 μM, respectively. 

Figure 3.17. Voltammograms recorded after binding of SNA – ALP conjugate to 

varying concentrations of fetuin immobilized on (a) NPG and (c) hb-NPG by 

covalent conjugation to lipoic acid SAMs. Different concentrations of fetuin were 

incubated for 2 hours (in PBS, pH 7.4, 10 mM with 1 mM) with SNA-ALP conjugate 

immobilized on lipoic acid modified electrodes. To perform                                SWV, a pH 9.0 glycine 

buffer (100 mM) with a pulse height of 50 mV, a pulse width of 0.2 sec, a  step 

height of 2 mV, and a scan rate of 5.0 mV sec-1 were used. 

The kinetic ELLA response for (b) NPG and (d) hb-NPG is shown. The difference 

in SWV peak difference current before and after incubation was plotted to obtain 
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the response plot. The error bars show the standard deviation across three 

measurements. 

 

 

Another glycoprotein known as asialofetuin was also looked at for the 

kinetic assay, but the protein did not produce any discernible change in the peak 

current, which we presume is because the protein has a markedly reduced binding 

affinity for SNA (Figures 3.18 a and 3.18 b). On hb-NPG and NPG, SNA has 

demonstrated a poor affinity for binding asialofetuin, with Kd values of 0.53 ± 0.06 

μM and 1.08 ± 0.24 μM, respectively. SNA mostly attaches to sialic acid coupled 

to terminal galactose in a 2-6 and, to a lesser extent, a 2-3 linkage. Mono-, bi-, and 

triantennary glycans with a 2:1 ratio of α2→3- and α2→6-linked sialic acid residues 

can be found in fetuin. The proteins fetuin and asialofetuin have identical sequences 

and three N-linked glycosylation sites. In contrast, fetuin has an average of 11 mol 

of sialic acid per mol of protein, whereas asialofetuin does not, which results in 

decreased SNA binding.18-19 Weaker secondary forces may be the cause of non-

specific binding of SNA with asialofetuin. 
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Figure 3.18. (a) NPG and (b) hb-NPG kinetic ELLA response. The difference in 

SWV peak difference current before and after incubation was plotted to obtain the 

response plot. Different concentrations of asialofetuin were incubated for 2 hours 

(in PBS, pH 7.4, 10 mM with 1 mM) with SNA-ALP conjugate immobilized on 

lipoic acid modified electrodes. To perform SWV, a pH 9.0 glycine buffer (100 

mM) with a pulse height of 50 mV, a pulse width of 0.2 sec, a step height of 2 mV, 

and a scan rate of 5.0 mV sec-1 were used. The error bars show the standard 

deviation across three measurements. 

3.14 Effect of BSA on ELLA 

 

In the study, the effect of interfering protein was investigated using BSA as a model 

serum protein. The incubation solution for the kinetic ELLA contained 2 mM fetuin 

and 5 mg mL-1 of BSA. The  addition of 5 mg mL-1 BSA had no impact on the 

difference in peak current. Therefore, the binding                       of glycoprotein to SNA and the 

associated lower enzymatic reaction rate are to blame for the drop ing peak current 

observed. When 5 mg mL-1 BSA was used in place of glycoprotein in the kinetic 

test as a control experiment, there was no difference in the signal (Figure 3.19). 
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Figure 3.19. Effect of BSA on hb-NPG kinetic ELLA assay. SWV measurements 

were carried out a) before and b) after the addition of BSA (5 mg mL-1) in the 

incubation solution containing fetuin                                     2 μM dissolved in PBS, pH 7.4, 10 mM. SWV 

was carried out in pH 9.0 glycine buffer (100 mM)                   with pulse heights of 50 mV, 

pulse widths of 0.2 sec, step heights of 2 mV, and scan rates of 5.0 mV sec-1. 

Conclusion and future perspectives 

Through this study, we demonstrate how hb-NPG can be used as a lectin 

immobilized support to detect glycoproteins. The creation and implementation of 

devices based on this architecture for use in the diagnosis of important 

glycoproteins can be facilitated by having a basic understanding of the structure of 

hb-NPG. Hb-NPG is undoubtedly more sensitive than previously employed NPG 

from the perspective of binding characteristics. The structural architecture of hb-

NPG comprising of a bimodal porous structure, is advantageous. The preparation 

of its monolithic form for targeting biologically significant glycoproteins acting as 

biomarkers and receptors in disease signaling pathways can be challenging but is a 

promising future development for hb-NPG, with significantly improved affinity for 

a wide range of practical applications. Additionally, the incorporation of additional 

cutting-edge materials (such metal-organic frameworks, quantum dots, and 

zeolites) would significantly increase the utility of hierarchically porous gold 

materials for the sensitive and precise detection of glycoprotein and other 

biomarkers. 
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CHAPTER IV: EVALUATING THE BINDING AFFINTY OF LPS 

ANTAGONISTS AND CURCUMIN ANALOGS TO PROTEIN 

RECEPTORS INVOLVED IN SEPSIS 

 

4A. QUARTZ CRYSTAL MICROBALANCE AS A SENSITIVE TECHNIQUE 

FOR REAL- TIME ANALYSIS OF THE BINDING AFFINITY OF LPS 

ANTAGONISTS TO PROTEIN RECEPTORS 

 

Sepsis is a life-threatening condition characterized by bacterial infection with a 

strong inflammatory response and is a serious health problem throughout the globe 

with mortality rates of 40-60%. Bacterial endotoxin or LPS are amphiphilic 

macromolecules occupying a large portion of the outer membrane of the Gram-

negative bacteria and contribute significantly to the structural  integrity. The three 

regions of LPS are lipid A, the core oligosaccharide domain, and O-antigen with 

repetitive sugar units. The toxic activity is generated from the polyacylated 

glucosamine disaccharide in lipid A. The event wherein lipid A interacts with the 

macrophages is of utmost importance because that will eventually lead to a series 

of chemical reactions activating the immune system and releasing the 

proinflammatory molecules leading to systemic toxicity. LPS interacts with the 

macrophage receptor protein, cluster of differentiation 14 (CD14), via its Lipid A 

moiety. The LPS-binding protein (LBP) is another important factor in the 

pathogenesis of sepsis  through LBP-LPS complexation. Therefore, it is crucial to 

understand how LPS interacts with proteins when creating efficient anti-sepsis 

therapeutics. A tremendous amount of potential has been seen in techniques that 

prevent the binding interactions between an endotoxin and a host. Because of this, 

it is heavily thought that LPS antagonists could be effective weapons to manage the 

condition of sepsis. The primary objective of our study is to design a sensitive 
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platform to gather quantitative data on the binding affinity of membrane proteins 

with LPS antagonists. Using a surface-modified quartz crystal microbalance (QCM) 

sensor, we have investigated the binding affinities of LPS antagonists with proteins 

including LBP and CD14 in this work. 

A sensitive technique for measuring mass change occurring at or near surfaces, or 

inside thin films, is the Quartz Crystal Microbalance with Dissipation Monitoring 

(QCM-D). Extremely minute chemical, mechanical, and electrical changes 

occurring on the sensor surface can be detected by QCM-D and converted into 

electrical signals that can be examined to analyze dynamic processes. Since 

interactions of medical devices with the physiological environment are mediated                                    by 

surface features, surface topography and chemical composition are of utmost 

significance in biomedical applications.1 This work is based on the modification of 

a sensor surface in order to examine protein-drug interactions in the study of sepsis. 

Based on the findings of our experiments, LPS antagonists may be employed as a 

therapeutic agent to treat diseases brought on by LPS. 

4.1 Characterization of surface modified QCM sensors using contact angle 

measurement 

 

According to the protein adsorption principle, the wettability of a material's surface 

plays a crucial role in the adsorption of proteins. One common technique for 

determining a material's wettability is to measure the water contact angle.2 Figure 

4.1 displays the contact angles and a cross-sectional image of a water droplet on 

the bare, 11-MUA modified, and protein immobilized QCM sensors. It was 

discovered that the contact angles for the bare, 11-MUA modified, and protein 

immobilized QCM sensors, respectively, were 75.4°, 66.5°, and 43.9°. After SAM 
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formation and protein immobilization, the clean Au surface's contact angle of  75.4° 

was reduced to 66.5° and 43.9°, respectively. The observation demonstrates clearly 

that the addition of 11- MUA to the Au sensor surface results in the introduction of 

polar head groups (-COOH) and increases the surface's hydrophilicity relative to 

bare Au. The presence of -COOH groups on the surface is the cause for lower 

contact angles of carboxylic acid-terminated monolayers than the bare gold 

surface.3 The Au@NHS surface exhibits an increase in contact angle to 67.8° 

compared               to the Au@MUA surface, which denotes an increase in the surface's 

hydrophobicity as a result of the synthesis of succinimide ester intermediate.4 The 

presence of polar hydrophilic biological molecules such as proteins tends to 

increase the hydrophilicity of the sensor surface. Further decrease in the contact 

angle from Au@NHS to Au@protein provides more evidence that proteins                 were 

successfully immobilized on the QCM electrode surface.5 

Figure 4.1: Surface contact angles of the unmodified a) QCM sensor, b) 11-

MUA modified, c)                       EDC/NHS treated, and d) protein immobilized QCM sensor. 

4.2 Characterization of surface modified QCM sensors using AFM 

 

Figure. 4.2 displays AFM images showcasing the 3D topography of the bare gold 

substrate, the 11-MUA monolayer and the protein layer with their respective 
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sectional profile across (3 x 3) μm2 area. It was determined that the bare gold 

substrate's surface root mean square (rms) roughness was a 1.40 nm. The rms 

roughness was discovered to be 1.83 nm and 1.78 nm and 2.1 nm for SAM                   treated 

and protein modified (CD14 and LBP respectively) surfaces, respectively 

indicating a smooth and homogeneous surface before and after the surface 

modification. The roughness increased due to the immobilization of bumpy 

proteins. On the surfaces of Au@MUA and Au@protein, different nanostructures 

were seen, which would indicate that successful                                   modification occurred during these 

steps. This is further substantiated by the Z bar variation (equivalent to height), 

which changed from 10.7 nm for the bare gold substrate to 7.4 nm for the 11-MUA 

monolayer and 7.8 nm for CD14 and 9.6 nm for the LBP protein monolayer, 

respectively.6-7 A conformational shift in the SAM layer on the bare gold surface 

could be indicated                             by the decline in rms roughness.8 Comparing Au@protein to 

Au and Au@MUA surfaces, an extremely rough sectional view was observed, 

demonstrating that the protein molecules are physisorbed on the Au surface 

following EDC/NHS activation. The negatively charged -COOH groups that 

interact electrostatically with the positively charged amino acids found in LBP and 

CD14 can be the cause of the physisorbed and inhomogeneous attachment of 

proteins.4 
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Figure 4.2: AFM micrographs of a) unmodified QCM sensor, b) 11-MUA 

modified, c) CD14 immobilized, and d) LBP modified QCM sensor. 

 

4.3 Characterization of surface modified QCM sensors using XPS 

 

Using XPS, the successful surface modification steps were verified, and the 

chemical makeup of the coating on the QCM sensors was examined. In the 

subsequent stages of the modification process, the XPS spectra at regions of carbon 

(C 1s), nitrogen (N 1s), oxygen (O 1s), sulfur (S 2p), and gold (Au 4f) are compared 

in Figure 4.3. A change in the chemical environment at the surface  is suggested by 

differences in the XPS spectra for each modification stage, especially following 



148 
 

protein conjugation. At 282.5 eV, a C-C, C-H peak was observed. Carbon 

contamination, which is frequently seen in samples exposed to the atmosphere, is 

what is responsible for the carbon peak  in bare gold sensors. Because of the S-C 

bond and the exposed groups O-C=O (288 eV) present in the 11-MUA, the 

displacement of the C-C peak to a higher binding energy (BE) in Figure 4.3a 

indicates that SAM was successfully formed. After EDC/NHS treatment and CD14 

immobilization, a wider peak with a bump to a higher BE was seen, indicating an 

increase in the concentration of carbon-related novel species connected to amine 

and amide groups emanating from the immobilized protein.9 

In Figure 4.3b, a large peak was observed near 530 eV for the bare gold sensor. 

There is a small shift to lower BE as a result of surface modification. An increase in 

the electron density (reduction in BE) of the photoelectrons of oxygen originating 

from the carboxylic acid of 11-MUA and -SO3 from sulfo-NHS is what is 

responsible for this chemical shift. When there is protein on the surface, the oxygen 

peak is stronger. Since protein is the source of the majority of the electrons that 

reach the detector, the peak has less broadening than bare gold.2, 9 

In Figure 4.3c, after protein immobilization, a strong signal at 398 eV that 

corresponded to the adsorbed protein's N1s core-level spectra was seen. The near-

400 eV N 1s photoelectron peaks observed are typical of nitrogen in an organic 

matrix.4 

 

In Figure 4.3d, the presence of the Au 4f peak, which is typical of atomic Au, was 

indicated by the  bare Au-QCM sensors. The Au-QCM sensor in this study displayed 
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similar BEs of Au4f7/2 (83.0 eV) and Au4f5/2 (85.7 eV), which are indicative of 

metallic Au. When protein covers the gold surface, attenuation of the gold surface 

is seen, which reduces the signal. Due to the effects of electronegativity, the spectra 

of Au 4f undergoes a chemical shift to reduce the binding energy. A                                               red shift in the 

position of the BE peak results from the doping element's lower electronegativity 

than the base element, an increase in the electron density all around it, and a drop in 

binding energy. The S 2p spectra in Figure 4.3e exhibits a peak at about 161 eV that 

deviates from 164–165 eV and indicates the establishment of a S–Au bond.9 
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Figure 4.3: XPS analysis of QCM sensor after each stage of surface modification. 

XPS spectra for a) C1s, b) O1s, c) N1s, d) Au4f, and e) S2p 

 

 

4.4 Binding affinities of LPS antagonists with CD14 and LBP 

 

The binding was monitored in real-time and the binding affinity of protein 

receptors such as CD14 and LBP for LPS antagonists are shown in Figure 4.4. Figure 
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4.4a and 4.4c show a typical  sensorgram of fundamental frequency variation 

profiles after subsequent injection of the LPS antagonist (c10 lactone) over CD14 

and LBP respectively. A remarkable drop in the frequency is observed after 

introducing varying concentrations of antagonists. As is well known, the decrease 

in frequency correspond to the increase in mass density.10 By employing a ligand 

binding curve to                                       fit the frequency variation values with concentration variation, the 

dissociation constants for C10  with CD14 (Kd = 0.47 ± 0.16 μM) and LBP (Kd = 

0.66 ± 0.26 μM) were determined as seen in Figure 4.4b and 4.4d. 

 

Figure 4.4 QCM data illustrating fundamental frequency variation derived from 

LPS antagonist deposition onto a protein-immobilized Au-coated quartz crystal. 

The QCM profiles made using (a) CD14 and (c) LBP together with C10 lactone 
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are displayed. Ligand binding curves showing the frequency variation with 

concentration of the antagonist are shown in (b) and (d) to evaluate the binding 

affinity of C10 with CD14 and LBP respectively. 

Figure 4.5 shows the binding affinity of protein receptors like CD14 and LBP for 

AM12 based on real-time binding monitoring. A typical sensorgram fundamental 

frequency variation profile is shown in Figures 4.5a and 4.5c following the AM12's 

subsequent addition/binding over                       CD14 and LBP, respectively. The dissociation 

constants for AM12 with CD14 (Kd = 1.23 ± 0.27 μM) and LBP (Kd = 0.005 ± 

0.002 μM) were calculated using a ligand binding curve to suit the frequency 

variation values with concentration variation, as shown in Figures 4.5b and 4.5d. 

Figure 4.5 QCM data illustrating fundamental frequency variation derived from 

AM12 onto a protein-immobilized Au-coated quartz crystal. The QCM profiles 
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made using (a) CD14 and (c) LBP together with AM12 are displayed. Ligand 

binding curves showing the frequency variation with concentration of the 

antagonist are shown in (b) and (d) to evaluate the binding affinity of AM12 with 

CD14 and LBP respectively. 

The lack of response from the null-control protein BSA and its inability to affect 

how LPS  antagonists interacted with it (Figure 4.6) confirmed the specificity of 

the binding event on the sensor chip surface.11 

 

 

 

Figure 4.6 QCM sensorgram showing the fundamental frequency variation vs time 

when varying  concentrations of BSA was added on the modified Au-coated quartz 

crystal. 

   Conclusion and future perspectives 

 

A surface-sensitive method for examining how proteins interact with other 

small molecules  has been employed in our study. The sensitivity of the method has 
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made it a popular approach in research on cytotoxicity, drug transport, and lipid 

self-assembly. It also allows for in situ monitoring of interaction phenomena.12 

Here, QCM-D has been successfully applied to examine structurally heterogeneous 

LPS antagonists with proteins such as CD14 and LBP. 

This study developed a QCM biosensor for real-time analysis of the binding 

kinetics of protein-LPS antagonist interactions based on protein receptor modified 

gold surfaces. The sensor surface was prepared through an extremely simple 

incubation process where 11-MUA was used to prepare a SAM onto the gold sensor 

chip surface, with the protein immobilizing covalently onto                                     the chip surface through 

EDC/NHS chemistry. Excellent specificity, a crucial characteristic for a 

trustworthy real-time evaluation of the binding kinetics, was demonstrated by the 

fabricated sensor chip. 

Dissociation constants (Kd) were calculated for LPS antagonists based on 

oscillation frequency data for quartz crystal resonators. The Kd values were 

consistent with those obtained by other methods. The binding affinity of CD14 to 

C10 lactone was greater than that of AM12-CD14. However, the binding affinity of 

LBP to AM12 was much more pronounced as compared to the lactone. Based on 

the results obtained in our study, we hypothesize that water soluble LPS 

antagonists, such as those used in our study, may be potential ligands for endotoxin 

binding due to their strong binding ability with the protein receptors, LBP and 

CD14. The 4-O-sulfated derivative of AM12 was used as a control in the 

experiment. The compound did not show binding with either of the protein 

receptors. 
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4B. EXPLORING THE POTENTIAL ROLE OF GLYCO-CURCUMIN 

ANALOGS AS MD-2 INHIBITORS IN THE INHIBITION OF RESPONSE 

TOWARDS LPS 

 

 

Curcumin has been shown to be useful in treating sepsis in numerous investigations. 

To improve the stability and water solubility of the curcumin core, we changed the 

curcumin's structure by attaching carbohydrates to the aromatic moiety and adding 

alkyl/aryl groups to the active methylene carbon. Despite its therapeutic benefits, its 

activity is constrained by poor solubility and         stability. The binding affinities of 

different curcumin analogs (LPS antagonists) to the membrane  protein MD-2 have 

been determined. In this study, we show that the library of curcumin analogs which 

are stable and soluble in addition to determining their binding affinities using 

fluorescence  measurements to show the potential role of the curcumin analogs as 

drugs for MD-2 targeting. The structural alteration has greatly increased the 

stability and solubility of these analogs. Five water-soluble curcuminoids (shown 

in scheme 1) with LPS antagonist activity have been synthesized. Together, these 

investigations demonstrated the potential of the new MD-2 selective inhibitor 

gluco-benzyl curcuminoid as a sepsis treatment option. 
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Scheme 1. Water-soluble curcuminoids with LPS antagonist activity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



157 
 

4.5 Curcumin and Curcuminoids Chemical Stability Analysis by UV-Visible 

Absorption Spectra 

 It is understood that curcumin dissolves in water when the acidic phenol 

group undergoes                                      deprotonation to create phenolate ions in an aqueous environment 

with an alkaline pH. At neutral                          and alkaline pH values, the molecule is swiftly 

degraded into vanillin, ferulic acid, and other  compounds. Under pH 7, curcumin 

is stable, but when pH levels drop, the dissociation equilibrium  shifts in favor of the 

neutral form, which has a very limited solubility in water. At acidic pH levels, this 

reaction results in a considerable shift in the UV-vis absorbance spectrum of 

curcumin. However, at neutral pH and room temperature, it is practically 

insoluble.13 Physiological buffer  conditions were used for the experiment, and after 

30 minutes the absorbance of curcumin at the at the peak absorbance wavelength 

of 425 nm declines to 50% of its initial value. On the other                          hand, the studied 

curcuminoids' absorbance did not considerably decrease. They retained nearly 

constant absorbance even after two hours of incubation. Figure 4.7 displays the 

absorbance spectra of curcumin and curcuminoids in PBS buffer (pH 7.4). The 

percentage degradation of each analog                                 during the course of two hours in PBS buffer 

(0.01 M, pH=7.4) is shown in Table 4.1. Additionally, it was assessed how different 

pH levels affected the stability of glucosyl benzylated curcumin (which exhibits 

the strongest binding to MD-2) (Figure 4.8). The stability of the curcumin 

derivatives was greatly improved, and they did not degrade within the 2-hour 

window. 
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Figure 4.7: UV- visible absorption spectra of curcumin and glycocurcuminoids in 

PBS buffer (pH 7.4) a) deacetylated-galactosylated methylated curcumin b) 

deacetylated-glucosyl methylated curcumin c) deacetylated-glucosyl benzylated 

curcumin d) deacetylated-galactosylated benzylated curcumin e) deacetylated-

galactosyl monocarbonyl curcumin f) curcumin 
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Figure 4.8: UV-visible absorption spectra showing the impact of varying pH on 

the stability of deacetylated glucosyl benzylated curcumin. 

Table 4.1: Degradation (%) of curcumin and curcuminoid during a period of 2h in 

PBS buffer (pH 7.4) 

Curcuminoids tested Degradation 

(%) ± SD 

Curcumin 52 ± 0.1% 

Deacetylated-glucosyl 

methylated curcumin 

3.3 ± 1.6% 

 

Deacetylated-glucosyl 

benzylated curcumin 

6.5 ± 1.3% 

 

Galactosylated monocarbonyl 

curcumin 

5 ± 0.2% 

 

Deacetylated-galactosylated 

methylated curcumin 

2.3 ± 0.52% 

 

Deacetylated-galactosylated 

benzylated curcumin 

5.4 ± 1.8% 
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  4.6 Solubility analysis of curcumin and curcuminoids 

 

Curcumin has been discovered to have poor aqueous solubility. Due to the absence 

of any polar groups in the molecule and the stretch of the conjugated (heptadiene) 

backbone, curcumin is completely hydrophobic at neutral pH, making it water-

insoluble substance. Contrarily, our curcuminoids have improved aqueous 

solubility as a result of the attachment of hydrophilic sugar units to the two aromatic 

rings. The solubility of the curcuminoids generated in the current investigation is 

shown in Table 4.2. The supernatant was gathered to create the combined UV- 

visible spectra of curcumin and curcuminoids as shown in Figure 4.9 after an 

overnight stirring of  a dispersion of the curcuminoids to create a saturated solution 

of the compounds to be evaluated. 

 

 
 

Figure 4.9: UV-visible spectra of the supernatant collected after 24h from the 

saturated solutions  of curcumin and curcuminoid formulations prepared in PBS 
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buffer (pH 7.4) 

Table 4.2: Solubility of curcumin and curcuminoid in PBS buffer (pH 7.4) 

Curcuminoids 

tested 

Molecular 

weight (g/mol) 

Molar extinction 

coefficient (M-1 

cm-1) 

Solubility (mg L-1) 

Curcumin 368.38 27,200 0.0002 

Deacetylated-

glucosyl methylated 

curcumin 

718 32,400 0.018 

Deacetylated-

glucosyl benzylated 

curcumin 

870 32,800 0.010 

Galactosylated 

monocarbonyl 

curcumin 

690 63,600 0.003 

Deacetylated-

galactosylated 

methylated curcumin 

718 30,934 0.039 

Deacetylated-

galactosylated 

benzylated curcumin 

870 22,934 0.044 

 

 

 

 

 The calibration plot for deacetylated glucosyl benzylated curcumin can be 

seen in Figure 4.10. The  data show that the curcumin has a solubility of 0.0002 

mg/L, whereas the deacetylated curcumin derivatives show solubilities that are two 

orders of magnitudes higher. The solubility seems to be a factor of the sugar 

substituents with the galactosyl-substituted curcumin somewhat more soluble                       than 

the glucosylated ones, irrespective of the methyl substituent. 
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Figure 4.10 (a) UV-visible absorption spectrum of varying concentrations of 

deacetylated glucosyl benzylated curcumin and (b) Calibration plot of deacetylated 

glucosyl benzylated curcumin showing a linear plot with slope as 0.0164. Similar 

calibration plots were made with other analogs  to evaluate the slope which was used 

to calculate and molar extinction coefficient for solubility calculations. 

4.7 The binding affinities of Curcuminoids to MD-2 receptor 

Curcumin is a planar molecule that fluoresces more when it interacts to 

hydrophobic protein binding sites or is present in nonpolar environments like 

organic solvents. Adding MD-2 has been  seen to significantly increase curcumin's 

fluorescence in the past.14 A little blue shift in the absorbance maximum has been 

used to show the interaction between the molecules in solution and  the adhesion of 

curcumin into the nonpolar pocket of MD-2 protein.14 Additionally, it has been 

found that the important residues Arg-90 and Tyr-102 of the MD-2 protein play a 

significant role in stabilizing the curcumin-MD-2 complexes by forming two 

essential hydrogen bonds.15 From this angle, experimental techniques were used to 

look into the basic structural mechanisms of curcumin binding to the MD-2 protein. 

They were able to ascertain curcumin's high affinity and Kd value of 379 μM for the 

MD-2 protein by using SPR experiments to measure the substance's                    binding affinity. 

b) a) 
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15 The useful design guidance provided by this work has assisted the creation of 

more potent MD-2 inhibitors as potential anti-inflammatory medicines. Chalcone, 

a naturally occurring compound, has the potential to be used as an MD-2 inhibitor. 

Wu et al. previously produced and tested several chalcone derivatives as anti-

inflammatory drugs in LPS-stimulated macrophages and mice models. The (E)-2,3-

dimethoxy-4′-methoxychalcone (L6H21), one of these synthetic chalcones, has 

shown exceptional anti-inflammatory efficacy. While fitting into the hydrophobic 

portion of the MD-2 pocket via hydrogen bonding, compound L6H21 

competitively removes LPS from MD-2. The evaluation of L6H21's binding to 

MD-2 protein using SPR studies revealed that L6H21 binds to MD-2 protein with 

a high affinity and a low KD value of 33.3 μM.16 Monocarbonyl analogs of 

curcumin without the β-diketone moiety are designed and produced in an effort to 

boost the chemical stability of curcumin, and they have demonstrated improved 

chemical stability. The 1-ethyl-3,5-bis(3,4,5-trimethoxybenzylidene) piperidin-4-

one (L48H37) analog of curcumin stood out among the group for its great chemical 

stability and potent anti-inflammatory properties. Additionally, L48H37 directly 

binds the rhMD2 protein with a very high affinity (KD value = 11.3 μ M) and in a 

dose-dependent way. This study has shown that the L48H37's interaction with MD2 

significantly changed the way that LPS bound to rhMD2, indicating that the two 

molecules' binding sites overlap in the MD2 pocket.17 One study found that the 

main alkaloid in tobacco, nicotine, and its metabolite, cotinine, both quenched the 

intrinsic fluorescence of MD2 upon binding. Surface plasmon resonance (SPR) was 

used to verify that nicotine and cotinine are recognized by MD2. The KD values for 
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nicotine's and cotinine's interactions with MD2 were 23.1 ± 1.2 μM and 14.1 ± 1.8 

μM, respectively.18 Another study used the fluorescence titration method to 

demonstrate the potent binding affinity of curcumin to soluble MD2 and evaluated 

the curcumin-induced fluorescence rise and the dampening of MD-2's intrinsic 

protein fluorescence. When curcumin was added to MD-2 solution, fluorescence 

emission spectra demonstrated a rise in fluorescence intensity. According to the fit 

of fluorescence intensity, KD was 0.37 μM ±0.12 μM.19 We investigated the direct 

interaction between glycocurcumin analogs and the recombinant human (rh MD-2) 

protein using fluorescence spectroscopy. As can be observed in Figure 4.11, 

combining the two led to a concentration-dependent increase in the fluorescence 

generated by the analog-rh-MD-2 interaction, demonstrating a powerful binding of 

analogs to the hydrophobic pocket of MD-2. The ligand binding plots of each 

curcumin analog with the MD-2 protein are displayed in Figure 4.12. The glucose-

benzyl analog displayed the greatest binding of all the analogs, according to testing 

results (Table 4.3). The robust interaction of the glucose-bn analog with MD-2 has 

been explained       using the molecular docking model that was previously used to 

predict the binding mechanism of curcumin with MD2. The strong contact may be 

the result of several hydrogen bonds that can form  between sugar units, carbonyl 

oxygen, and the residues Arg-90, Glu-92, and Tyr-102 of MD-2. Stereochemistry, 

which is crucial for pharmaceutical development, determines how drugs work. 

When compared to a mixture of enantiomers, single-enantiomer formulations of 

various therapies                                          can offer higher selectivity for their biological targets, enhanced 

therapeutic indices, and/or better  pharmacokinetics.20 Because they have a stronger 
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affinity for the protein MD-2 than analogs with                           galactose units in the side chain, 

our research revealed that analogs with glucose units in the aryl side chains can 

more effectively inhibit LPS binding. The three dihedral angles (φ, ω, ψ) specify 

the conformations of carbohydrates.21 Flexibility at these angles opens for a wide 

range of conformational possibilities, which have an impact on overall shape and 

identification. Due to stereoelectronic effects, some sugar conformations are more 

frequent than others. Galactose and glucose, which are epimeric at the C4 position, 

have been observed to occupy different sites at the  receptor proteins due to sterics, 

solvent interactions, and stereoelectronic effects.22 Ile52, Phe76, Phe119, and 

Phe121 residues in the MD-2 binding pocket have been demonstrated to engage in 

hydrophobic interactions with benzyl groups in the molecule. Curcumin analogs 

with the benzyl portion may interact with MD-2 more strongly than analogs with 

methyl groups because the hydrophobic groups are buried in the lipid-binding 

pocket of MD-2 as a result of the pi stacking interaction.21 
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 Figure 4.11: MD-2 interacts with deacetylated glucosyl benzylated 

curcumin in solution (excitation at 370 nm and emission at 490 nm, slit width at 20). 

The fluorescence emission of only glucosyl benzylated curcumin analog in PBS 

buffer is shown in (a). When MD-2 (50 nM) is added                to a curcumin solution (25 

uM), the curcumin fluorescence emission (b) increases. The value of Kd of 0.34 

±0.39 μM is found from the data fit shown in (c) 

 

c) 
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Table 4.3: Comparing the dissociation constants for glycocurcuminoids 

used in this work. 

 

Compound 

interacting with 

MD-2 protein 

Experimental 

model utilized 

Dissociation constant 

(KD)/ μM 

Reference 

L6H21 1:1 Langmuir 

binding model 

33.3 16 

L48H37 1:1 Langmuir 

binding model 

11.3 17 

Nicotine and 

Cotinine 

SPR experiment 23.1± 1.2 and 14.1± 1.8 18 

Curcumin Intrinsic protein 

fluorescence and 

curcumin 

fluorescence 

0.14± 0.04 and 

0.37± 0.12 

19 

Deacetylated-

glucosyl methylated 

curcumin 

Fluorescence 

measurement model 

5.93 ± 0.7 present study 

Deacetylated-

glucosyl benzylated 

curcumin 

0.34 ± 0.39 

Galactosylated 

monocarbonyl 

curcumin 

1.61 ± 0.55 

Deacetylated-

galactosylated 

methylated 

curcumin 

9.94 ± 0.53 

Deacetylated-

galactosylated 

benzylated 

curcumin 

3.76 ± 1.0 
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Figure 4.12: Ligand binding plots with MD-2 for (a) deacetylated glucosyl 

methylated curcumin (b) deacetylated galactosyl monocarbonyl curcumin (c) 

deacetylated galactosyl methylated curcumin (d) deacetylated galactosyl 

benzylated curcumin. 

 

Conclusion and future perspectives 

In our investigation, various structurally modified curcumin analogs were 

effectively synthesized, and they had improved solubility and stability. Notably, the 

produced analogs also exhibit strong binding to the MD-2 protein, as determined 

by fluorescence assays. It was discovered that the gluco-benzyl analog has the best 

binding affinity to the MD-2 protein, making it a possible contender for usage as a 
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therapeutic drug in the future. The goal of this study is to specifically highlight the 

increased binding affinity of curcumin analogs with membrane protein MD-2, 

where the analogs may interfere at various points/times during the infection caused 

by gram-negative bacteria, significantly advancing a new adjuvant therapy for the 

treatment of sepsis. 

To fully understand curcumin's impact and potential mechanisms of action in 

humans, additional research is required to determine how it controls and neutralizes 

inflammatory and antioxidant compounds as well as protects tissues throughout the 

pathophysiology of sepsis and its complications. The variety of pathophysiological 

reactions brought on by sepsis emphasize the necessity for a treatment approach 

that combines many medications. Even when employed in high quantities, 

curcumin is a naturally occurring substance that is well tolerated by people. But 

there are a few questions to be pondered for future work in this arena: 1) Does 

curcumin protect host cells from sepsis infection? 2) Does the use of curcumin 

reduce the release of inflammatory mediators? 3) Can curcumin help the body to 

return to its equilibrium?  
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CHAPTER V: EVALUATING THE BINDING AFFINITY OF CURCUMIN 

ANALOGS TOWARDS PROTEIN RECEPTORS INVOLVED IN COVID-

19 

 

 

5. INVESTIGATION OF THE POTENTIAL INHIBITORY EFFECT OF 

GLYCOCURCUMINOIDS AGAINST THE BINDING OF SPIKE PROTEIN 

AND MEMBRANE RECEPTOR ACE2: POTENTIAL NEW TREATMENT 

OPTION FOR SARS- COV-2 

 

The SARS-CoV-2 virus strain has been implicated in an alarmingly high number 

of fatalities globally. The virus has a robust airborne transmission pattern. 

Angiotensin-converting enzyme 2 (ACE2) is bound by the receptor-binding 

domain (RBD) of the spike glycoprotein (S protein), facilitating host entrance. 

Curcumin and its synthetically modified derivatives may exhibit inhibition through 

interfering with the binding of the RBD and ACE2. The COVID-19 pandemic, 

which resulted in more than 766 million illnesses and 6.9 million fatalities 

worldwide, is currently in remission, but there are still no universally effective 

treatments or vaccines to halt the disease's spread. 

Here, we have developed an easy-to-use platform based on an ITO-coated glass plate 

with a surface modification for measuring the binding affinities of 

glycocurcuminoids with the membrane   proteins ACE2 and RBD (as shown in 

Schematic 2). Using electrochemical impedance spectroscopy data (EIS) data, the 

binding constant was assessed. The investigation's findings on the role of 

glycocurcuminoids in inhibiting the binding of the RBD of spike protein with the 

ACE2  receptor will allow for the development of a new SARS-CoV-2 therapy 

option. 
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Schematic 2. The surface modification steps performed on ITO glass. 

 

5.1 Topography and elemental composition of the surface-modified working 

electrode using SEM- EDS analysis 

 

The surface morphologies of the bare ITO electrode and the ITO electrode with 

surface modifications were described using SEM (Figure 5.1). The elemental 

makeup and surface morphology of the ITO deposited glass were determined 

using EDS in conjunction with SEM. On the glass surface, the SEM micrograph 

(Figure 5.1a) shows a continuous, void-free ITO layer and a homogenous 

microstructure.1 The surface features did not change after thin layer deposition 

using APTES (Figure 5.1b). 

In order to create AuNPs-APTES-glass (Figures 5.1c), the pre-synthesised 

AuNPs were electrostatically drawn to the APTES-modified ITO glass. After 

that, a thin layer of PDA was applied to this modified surface via spontaneous 

oxidative polymerization of dopamine in an alkaline solution (Figure 5.1d). After 

being coated with PDA film, the AuNPs-APTES-glass surface still has perfectly 

preserved well-adsorbed AuNPs with good monodispersity and uniform surface 
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distribution without substantial aggregation. 

EDS examination showed that the elemental composition of the surface had 

changed (Figure 5.1e). Peaks for silicon (11.9 at%), carbon (4.3 at%), oxygen 

(58.3 at%), and nitrogen (5.2 at%) were seen in the elemental analysis, 

demonstrating the efficacy of the APTES modification of the ITO surface. 

Depending on the functionality of the amine coupling agent, the quantity of 

amino groups on the ITO surface will vary. Due to the hydroxyl groups on the 

ITO changed to siloxane linkages by bonding to APTES, there are more 

hydrogen bond interactions between the modified                   ITO.2 By using EDS analysis, 

which revealed the presence of discrete Au peaks, the as-prepared AuNPs were 

confirmed. The clear peaks for the gold in the EDS spectra, close to 2.4 keV, 

confirmed that AuNPs had been successfully prepared.3 The EDS analysis is 

displayed in Figure 5.1f. 
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Figure 5.1. SEM images of (a) clean ITO glass at the magnification of 5kX, (b) 

APTES modified ITO coated glass (magnification 10kX), (c) 

AuNPS/APTES/ITO modified surface (at 2kX magnification), and (d) PDA 

(30 min polymerization)/AuNPs/APTES/ITO (at 80kX magnification). EDS 

analysis for APTES modified ITO glass is shown in e) and f) is showing the 

EDS spectrum of AuNPS/APTES/ITO modified surface. 

e) 

f) 
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5.2 Gold nanoparticle’s colloidal solution- characterization using UV-vis 

spectroscopy 

 

Figure 5.2 shows the UV-vis absorbance spectrum for the gold colloid produced 

by the Turkevich process. It was discovered that AuNPs's localized surface 

plasmon resonance allows its absorption peak to be discernible at 528 nm. The 

AuNPs exhibited a quasi-spherical shape and had an average size of roughly 15-

20 nm.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. UV-Visible absorption spectrum of AuNPs, collected in milli-Q 

water, showing a strong absorbance peak observed at 525 nm. 
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5.3  Step-wise modification of the working electrode using electrochemical 

impedance spectroscopy (EIS) 

For investigating an electrode with surface modification, EIS is a useful 

technique. EIS integrates the analysis of materials' capacitive and resistive 

properties based on the perturbation of an equilibrium system by a small 

amplitude sinusoidal excitation signal. To replicate electrochemical changes at 

the electrode/electrolyte contact, the traditional Randles electronic equivalent 

circuit commonly uses the following four components: In order to assess the 

surface properties of the modified electrode, measurements of the Warburg 

impedance, Zd, the charge transfer resistance, Rct, the ohmic resistance of the 

electrolyte solution, Rs, and the interfacial double layer capacitance (Cdl) 

between an electrode and a solution were made. Compared to other impedance 

components, Rct values usually experience greater changes. In an impedance 

spectrum depicted as a Nyquist plot, charge-transfer resistance (Rct) is equal to 

the semicircle diameter. The Rct is connected to the charge transfer kinetics of 

the redox probe at the electrode contact. Therefore, it was decided that changes 

in the Rct value were a good signal for identifying the interfacial properties of 

the created bioelectrode across all surface modification steps.5 Each stage of 

surface modification is represented by the electrode's Nyquist plot in Figure 

5.3. The fact that the APTES-modified ITO electrode (17.24 Ω) has a lower Rct 

value than the clean, bare ITO electrode (104.25 Ω) shows that there is little 

resistance to electronic transport at the electrode solution interface after the 
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creation of an APTES SAM. Because the anionic probe [Fe(CN)6]
3-/4- has a 

strong affinity for the polycationic layer, the concentration of the probe 

increases as the amino groups of APTES are protonated (NH3
+) in neutral 

aqueous solution.6 After the covalent bonding of the AuNPs to the silane layer, 

Rct quickly increases to (83.98 Ω) due to the charge repellent behavior of the 

negatively charged AuNPs citrate groups at pH 7.4 towards the anionic probe 

at the electrode/solution interface.7 Depending on the period of deposition and 

the thickness of the PDA layer generated following the production of the 

AuNPs, the Rct (112.1 Ω) has somewhat risen.8 

Figure 5.3. Nyquist plots for (a) clean bare ITO (b) APTES/ITO (c) 

AuNPs/APTES/ITO and (d) PDA/AuNPs/APTES/ITO, acquired in a PBS 

solution containing 5 mM [Fe(CN)6]
3-/[Fe(CN)6]

4- in the frequency range from 

1 Hz to 100 kHz at an AC voltage of 10 mV and a scan rate of 50 mV/s.
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5.4 Optimization of analysis parameters 

 

It is essential to measure protein concentrations, analyze the kinetics of protein-

protein interactions (ka, kd, and KD), and screen small molecule fragment 

libraries when looking for new therapeutics. If the experimental settings, 

analysis, and protein immobilization are properly optimized, the results will be 

meaningful. By assessing protein solution concentration and incubation 

duration, we have looked into the proper membrane protein immobilization 

level on the modified working electrode.9 A range of concentrations between 

0.01 and 0.6 μM were looked at for this. The target was additionally produced 

in low-salt buffer at a pH just below its pI value in order to achieve a balance 

between creating enough charge to attract the target to the modified electrode 

and maintaining as much unprotonated lysine as is practical.10 The S1 subunit's 

capacity to bind the SARS-CoV-2 virus to human ACE2 depends critically on 

RBD. The computed value of hACE2's theoretical isoelectric point (pI) is 5.36. 

The calculated pI ranges for the RBD/His are 7.36-9.88 (8.91), the S1/His are 

7.30-8.37 (7.80), and the determined pI for the RBD/Fc (fragment of human 

IgG) is 8.55. Different variants exhibit a range of isoelectric points, charges, 

and transmissibility at pH 7. As an illustration, the Alpha variation has a charge 

of 3.9 and a pI of 8.27, but the Beta variant has a charge of 4.9 and a pI of 8.42. 

The dynamics of the protein have been seen to be impacted by pH changes.11-

12 
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5.5 Electrochemical impedance response of the modified electrode (with ACE2 

and RBD) towards varying concentrations of glycocurcuminoids 

Figures 5.4 and 5.5 demonstrate the EIS responses of the ACE2 and the RBD 

modified electrodes, respectively, in response to the addition of various 

glycocurcuminoids concentrations. Figures 5.4 and 5.5 show that a considerable 

change in the Rct value results from the diameter of the semicircle section of the 

Nyquist plot (a measurement of electron transfer rate) increasing dramatically 

with an increase in glycocurcuminoids concentrations. Because of the higher 

binding of the glycocurcuminoid to the receptor protein (ACE2 or RBD), an 

elevated Rct value was seen at the modified electrode. When glycocurcuminoids 

bind to the membrane protein that has been surface- immobilized, access for the 

redox pair is severely constrained. As the Faradaic reaction of a redox pair 

becomes more and more constrained, the electron transfer resistance increases 

and the capacitance decreases. The glycocurcumin-protein complex alters 

electrical capacitance and interferes with ion transport as a layer. Both factors 

have a significant effect on the electrochemical impedance of electrodes. The 

binding affinities of the glycocurcuminoids for the receptor proteins were 

determined by building a ligand binding curve of concentration against Rct 

value for each analog. As a result, the dissociation constant (Kd) was calculated 

using the newly constructed ligand binding curve.13-14 The binding affinities of 

curcuminoid (1d) were much higher than those of the other four curcumin 

analogs, measuring 7.65 ± 1.48 μM and 4.09 ± 0.9 μM, respectively, for the 

receptor proteins ACE2 and RBD. 
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Figure 5.4. Nyquist plots of different concentrations (1.56 μM, 3.12 μM, 6.25 

μM, 12.5 μM, and 25 μM) of curcumin analogs on the ACE2 ( 0.1 μM) 

modified ITO surface in the frequency range from 1 Hz to 100 kHz at an AC 

voltage of 10 mV and a scan rate of 50 mV/s. (a) glucosylated benzylated 

curcumin, (b) glucosylated methylated curcumin, (c) galactosylated 

monocarbonyl curcumin, (d) galactosylated-methylated curcumin, and (e) 

galactosylated-benzylated curcumin. 
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Figure 5.5. Nyquist plots of different concentrations (1.56 μM, 3.12 μM, 6.25 

μM, 12.5 μM, and 25 μM) of curcumin analogs on the RBD ( 0.1 μM) modified 

ITO surface in the frequency range from 1 Hz to 100 kHz at an AC voltage of 

10 mV and a scan rate of 50 mV/s. (a) glucosylated benzylated curcumin, (b) 

glucosylated methylated curcumin, (c) galactosylated monocarbonyl curcumin, 

(d) galactosylated-methylated curcumin, and (e) galactosylated-benzylated 

curcumin. 

Figure 5.6 displays the glycocurcuminoids' ligand binding plots with 

ACE2 and RBD. In an experiment without protein on the modified ITO, 

glycocurcuminoids were employed as a control. The generated EIS curves are 

shown in Figure 5.7. The non-specific increase in Rct was seen when protein 

was not immobilized, although the reaction was not as strong as the 

measurement-related increase in Rct with immobilized protein. 
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Figure 5.6. Ligand binding plots of glycocurcuminoids with ACE2 (a1 to e1) 

and RBD (a2 to e2) where, (a) galactosylated-methylated curcumin, (b) 

galactosylated-benzylated curcumin, (c) glucosylated methylated curcumin, 

(d) glucosylated benzylated curcumin, and (e) galactosylated 

monocarbonyl curcumin 
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Figure 5.7. Blank test of glycocurcuminoids on the modified ITO (without RBD 

or ACE2) where, (a) galactosylated-methylated curcumin, (b) galactosylated-

benzylated curcumin, (c) glucosylated methylated curcumin, (d) glucosylated 
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benzylated curcumin, and (e) galactosylated monocarbonyl curcumin 

5.6 Understanding how ACE-2, RBD, and glycocurcuminoids work in 

conjunction to cause binding 

We used RBD and glycocurcumin analogs in solution along with the 

immobilized ACE2 protein on the sensor surface to examine the mechanism of 

action of curcumin analogs. Curcuminoid (1d) binds strongly to both ACE2 and 

RBD, according to concentration-response tests of binding to membrane 

proteins, and the Kd value drops even lower (2.4 ± 0.51 μM), which may point 

to the creation of a tunnel connecting ACE2, RBD, and the curcumin analog.15 

Table 5.1 compiles the data on the binding affinities of all glycocurcuminoids 

with ACE2 and RBD. The interaction between two partners during the binding 

equilibrium is reflected by the dissociation constant, which gauges their 

affinities. A lower Kd value denotes a stronger engagement.16 Curcuminoids 

(1d) and (1b) have been shown to bind with ACE2 more effectively than the 

other glycocurcuminoids. Curcuminoids (1a), (1c), (1d), and (1e) all 

demonstrate strong binding with RBD; galacto-bn, however, could not 

demonstrate satisfactory findings. Curcuminoid (1d) demonstrated stronger 

binding when all the components were present when compared to its binding 

to both membrane proteins independently. Figures 5.8 demonstrate the EIS 

responses of Nyquist plots of different concentrations of curcumin analogs with 

RBD (0.1 μM) on the ACE2 (0.1 μM) modified ITO surface. 
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Table 5.1. Binding affinity data of glycocurcuminoids with membrane 

proteins-ACE2 and RBD 
 

Curcumin 

analog used 

Kd with ACE2/μM Kd with RBD/μM Kd when all 

components are 

together (RBD- 

curcumin analog- 
ACE2)/μM 

Galacto-met (1a) 31.9 ± 11.4 2.09 ± 0.51 1.69 ± 0.27 
Galacto-Bn (1b) 7.85 ± 2.1 28.76 ± 14.4 6.15 ± 1.15 
Gluco-met (1c) 111.9 ± 13.6 1.32 ± 0.24 9.15 ± 1.75 
Gluco-Bn (1d) 7.65 ± 1.48 4.09 ± 0.9 2.4 ± 0.51 
Monocarbonyl (1e) 86.3 ± 51.4 1.27 ± 0.15 1.6 ± 0.23 

 

 
 



189 
 

 
Figure 5.8 Nyquist plots of different concentrations (1.56 μM, 3.12 μM, 6.25 

μM, 12.5 μM, and 25 μM) of curcumin analogs with RBD (0.1 μM) on the 

ACE2 ( 0.1 μM) modified ITO surface in the frequency range from 1 Hz to 100 

kHz at an AC voltage of 10 mV and a scan rate of 50 mV/s. (a) glucosylated 

benzylated curcumin, (b) glucosylated methylated curcumin, (c) galactosylated 

monocarbonyl curcumin, (d) galactosylated-methylated curcumin, and (e) 

galactosylated- benzylated curcumin. 

 

 

Conclusion and Future perspective 

 

Following the coronavirus outbreak, research is being done to better understand 

the mechanisms by which antiviral phytochemicals work. The potential 

antiviral activities of numerous medicinal plants and their compounds have 

been investigated. Additionally, the bioactive compounds isolated from these 

medicinal plants have immune-boosting qualities that give a thorough strategy 

to treat a range of illnesses. The phytochemicals derived from plants can be a 

significant potential source of therapy to treat various viral infections, including 

the infection caused by mutating coronavirus strains, as a result of the ongoing 
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evolution of various viruses leading to increased resistance against the current 

drug therapy.17 Through this work, we aim to highlight the innovatively 

designed glycocurcuminoids that can be employed to combat the difficult 

COVID- 19 strains. With methyl, benzyl, and monocarbonyl groups attached 

to the methylene carbon of curcumin and sugar units in the side chain, five 

structurally distinct glycocurcuminoids were synthesized. The ability of the 

produced glycocurcuminoids to bind to ACE2 and RBD, two important 

membrane proteins involved in the spread of the Covid infection, was tested 

using EIS technique. In contrast to the benzylated curcuminoid, which had a 

strong interaction with RBD only when glucose was present in the side chain, 

the analog with the methyl group had robust interaction with RBD regardless 

of the sugar unit linked to the side chain. The analog that contains both glucose 

and benzyl show stronger RBD and ACE2 interaction. On the other hand, 

galactosylated monocarbonyl analog only interacts strongly with RBD. The 

dissociation constant decreases when all three components 

(glycocurcuminoids, RBD, and ACE2) are present together in the assay, which 

may indicate the onset of an association between curcuminoid and the two 

membrane proteins. 

The EIS binding results of these curcumin analogs indicate significant potential 

for their usage as viral inhibitors; nevertheless, much effort needs to be done to 

identify the best protocols, dosages, and formulations for their commercial 

application as preventative supplements. Research needs to move forward in the 

area of creating drugs against COVID-19 from phytochemicals. Additionally, in 

order to fully utilize glycocurcuminoids, future research into their 
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pharmacologic and pharmacokinetic mechanisms of action on the structure and 

functionality of new coronaviruses is required. 
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CHAPTER VI PRELIMINARY WORK 

 

6.1 GUVs to study the interaction of LPS analogs with cell membrane 

The cell membrane forms a dynamic and flexible barrier with high complexity 

in composition and shape, separating the living cell from the external 

environment. The interaction and diffusion of molecules with the cell 

membrane depend on the overall membrane composition, underlying 

cytoskeleton1, surrounding medium, and membrane shape. Also, in in vivo 

experiments the presence of a high variety of lipids and proteins, and the 

continuous reorganization offered by cellular processes makes the study 

difficult.2 Therefore, investigation of an interaction phenomenon in a complex 

and dynamic membrane poses a challenge as the event might be influenced by 

certain unknown processes. Therefore, we thought to reduce the complexity of 

the cellular membrane by creating a membrane model system with controlled 

composition to study the binding of our LPS analogs with the basic lipid 

membrane under well-defined conditions. 

Giant Unilamellar Vesicles (GUVs) consisting of lipid bilayers with 

diameters of > 10 μm, mimicking the size to that of eukaryotic cells have been 

used in our study. The large size of GUVs enabled us to observe them with 

optical microscopy.3-4 Shape changes in a single GUV can be induced by 

peptides, proteins, and small molecules. It has been seen that lipopolysaccharide 

(LPS) can insert from the solution into the preformed lipid GUVs and cause 

shape changes and vesicle fission.5 

The outer membrane of Gram-negative bacteria is majorly composed 

of LPSs which are critical for the defense of Gram-negative bacterial cells 

against macromolecules, hydrophobic compounds, and other chemical agents. 
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They are important to maintain the structural integrity of Gram-negative 

bacterial cell membrane however, LPSs act as pyrogenic endotoxins in normal 

animal immune systems generating massive inflammatory responses.6 In this 

work, we focused on investigating the interaction of LPS antagonists with 

the biomimetic system wherein we are observing the concentration-dependent 

changes in the GUVs.7 We expect that the model developed here will be useful 

for microscopically characterizing the interactions of LPS analogs (potential 

new drug candidates against sepsis) of different chain lengths and varying 

concentrations with the lipid membrane of GUVs. 

6.1a) Giant Unilamellar Vesicles (GUVs) electroformation procedure: 

Assembling the chamber 

 

Giant Unilamellar Vesicles (GUVs) were generated using the technique of 

electroformation using sinusoidal potential waves applied between the 

conductive sides of indium tin oxide (ITO) coated glass electrodes. For 

electroformation, we used DMPC dissolved in chloroform (2 μM) along with 

NBD-C6-HPC (0.5 mol%) transferred and spread on the clean conductive side 

of the ITO slides using a Hamilton syringe (volume added was roughly 20 μL). 

Lipid coated ITO slide was dried for 5 min under an N2 stream. Afterwards, 

the electroformation chamber was created by placing the conductive side of  

ITO slides facing each other along with a silicon gasket in the middle having a 

copper tape on top, contacting the conductive side of the slide. The chamber 

was clamped with two binder clips from the sides. Subsequently, the chamber 

was filled with 300 mM sucrose (avoiding air bubbles). Once the chamber is 

ready, it is then connected to the function generator via BNC (Bayonet Neill 
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Concelman) cables with alligator clips clamping to the copper tape that is 

protruding from the chamber.8 

6.1b) Electroformation 

 

A programmable function generator (Agilent 33120A) has been used to 

modulate peak-to-peak voltage (VPP) and frequency at room temperature. A 

two-phase program has been used in our study wherein the Sine wave with 

frequency 10 Hz was used for 60 min followed by another cycle of 60 min with 

the frequency of 2 Hz keeping the VPP at 2.2 V constant throughout the 

experiment.9-10
 

6.1 c) Harvesting GUVs and preparing the imaging chamber 

 

After the electroformation program has run to completion, the sucrose solution 

containing GUVs was extracted slowly from the chamber with the help of a 

syringe. At this stage an imaging set up is created using slide wells attached 

onto a glass slide. In order to immobilize GUVs in the wells, 0.6% w/v agarose 

gel has been used wherein GUVs get caged inside the pockets of the gel 

meshwork and their motion was restricted GUVs-agarose gel was then placed 

in wells using pipette tips cut to a larger diameter to avoid shearing of GUVs 

while pipetting.11 GUVs were imaged using confocal microscope (ZEISS LSM 

900). Images were acquired using a 20x objective using the excitation at 488 

nm. 

6.1 d) LPS analogs of varying chain lengths incubation with GUVs 

 

The synthesized analogs with varying chain lengths have differing degrees of 

LPS antagonistic activity. Their activity is evaluated by incubating GUVs with 

increasing concentrations of the analogs. A concentrated working stock 
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solution was prepared using DMSO. The stock solution was further diluted in 

DMSO to generate a concentration range. The final series of concentrations 

were prepared by diluting the stock solutions in PBS keeping DMSO at 1%. The 

slide wells in the imaging chamber were then filled with 100 μL of the varying 

concentrations of the analog. After that 50 μL of the GUV solution was gently 

added to each of the slide wells. The mixture was incubated at room 

temperature for about an hour to allow the interaction of analogs to GUV 

membrane. Imaging was done after an hour of incubation using confocal 

microscope. Figure 6.1 shows the interaction of LPS antagonists of varying 

chain lengths (C4 to C12), LPS, and AM12 with the synthesized GUVs. 

(A) LPS antagonists ranging from C4 to C12 carbon chain interacting with GUVs 
 

(a) C4 lactone LPS analog incubation with GUV 
 

 

The GUV bilayer was unaffected by the presence of C4 lactone at various 

concentration ranges. 



198 
 

(b) C6 lactone LPS analog incubation with GUV 
 

 

Subjecting GUVs to varying concentration of C6 lactone has shown non-toxic 

behavior. The GUV bilayer was unaffected by the presence of C6 lactone up to 

10 μM. However, at higher concentrations we observed membrane 

inhomogeneities and artifacts in the lipid membrane in a small population of 

GUVs. These results reveal that direct interaction of C6 lactone to lipid bilayers 

at concentrations higher than 10 μM could perturb the lipid organization.12 
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(c) C8 lactone LPS analog incubation with GUV 
 

 

When the chain length was increased from C6 to C8, GUVs showed slightly 

different behavior when the lactone interacted directly to its bilayer. The GUV 

bilayer was unaffected by the presence of C8 lactone up to 3 μM. However, at 

higher concentrations of 10 and 30 μM we observed a decrease of vesicle size 

together with a shape deformation. These results reveal that direct interaction 

of C8 lactone to lipid bilayers at concentrations higher than 3 μM. could be 

toxic. 
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(d) C10 lactone LPS analog incubation with GUV 
 

 

 

The LPS analog with 10 carbon units when incubated with GUVs, we observed 

that most GUVs were spherical without any shape deformation and possessed 

a clean membrane even at higher concentrations.13 So far, C10 lactone has 

given the best result in terms of non-toxic nature when interacted directly with 

GUVs membrane. 

 

 

(e) C12 lactone LPS analog incubation with GUV 
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The GUV bilayer was unaffected by the presence of C12 lactone at various 

concentration ranges. 
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(B)  LPS (E. coli O127:B8) incubation with GUV 

 

When the concentration reached 3 μM and above, we did see a shape 

deformation in several of the GUVs. These findings suggest that at 

concentrations more than 3 μM, LPS could be harmful when it directly interacts 

with lipid bilayers. 
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(C)  AM12 incubation with GUV 
 

 

Figure 6.1. Interaction of (A) LPS antagonists of varying chain lengths (a) C4, 

(b) C6, (c) C8, (d) C10, (e) C12, (B) LPS, and (C) AM12 with GUVs. 
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6.2 Formation of supported lipid bilayer 

 

The vesicles were prepared using a mini extruder. The size was analyzed using 

the DLS technique (Fig. 6.2a). 10μL of the solution was drop cast over the 

freshly cleaved mica. The topography was analyzed using the tapping mode in 

AFM (Fig. 6.2b) after fully drying the sample. Patches of lipid bilayer were seen 

which fused to form a bilayer over which small vesicles remain attached. The 

bilayer formation was tried on the QCM sensor as well (Fig. 6.2c).14 There is a 

two-phase behavior where in the first phase the frequency decreases depending 

on the substrate which indicates adsorption of substantial amount of non-

ruptured vesicles. The final shift in the frequency corresponds to the formation 

of an adsorbed vesicle layer. Gold substrates are intractable to vesicle fusion and 

the fusion process will be induced on alkanethiol SAM decorated gold wherein 

alkanethiols act as hydrophobic monolayer substrates for the bilayer 

formation.15-16 
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Fig 6.2. a) DLS analysis of lipid vesicles with filters of varying pore size b) 

AFM image after vesicle fusion c) QCM-D analysis of vesicle fusion 

AFM was used to see the structural reorganization of the lipid bilayer 

after adding LPS. Planar lipid bilayer was exposed to LPS (0.4 mM) in PBS 

buffer and after rinsing holes were seen. The number of holes and subtle 

changes in the membrane curvature was seen to depend on the LPS 

concentration and incubation time as seen in Fig.6.3. 

 

 

 

 

 

 

 

a) b) 

c) 
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Figure 6.3. a) freshly cleaved mica surface b) 1,2-Dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE) monolayer formation c) after incubation with 

LPS 

6.3 Evaluating the Effectiveness of 𝛽-Cyclodextrin as a Surface 

Modification to Nanoporous Gold in the Electrochemical Detection of 

Acetaminophen 

Acetaminophen is part of a class of pollutants referred to as endocrine 

disruptors. Acetaminophen is frequently used as an over-the-counter pain 

reliever, and these days, it can be found more frequently in natural water 

environments. Although its concentrations are typically between ppt and ppm, 

acetaminophen can change into a number of intermediates depending on the 

surrounding environment. It is extremely difficult to monitor, detect, and 

suggest appropriate treatment solutions due to the complexity of 

acetaminophen breakdown products and intermediates. In excess, these 

a) b) c) 
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pollutants can result in growth defects and cancers in humans and wildlife. 

Efforts to limit their harmful effects require precise detection. Current methods 

of detecting acetaminophen require specialized equipment that may not be 

efficient in all situations. Electrochemical sensing may instead allow accurate 

in-field detection. The concentration of such a chemical is determined based on 

the voltammetric peaks recorded analytically at a conductive electrode. One 

promising electrode for sensing is NPG. Its high surface area supports sensing 

because it allows for greater contact with target molecules. Thus, this project 

aimed to fabricate NPG wire electrode, and using this, characterize the activity 

of acetaminophen in regard to electrochemical sensing. To increase 

performance of the base electrode, surface modifications can be applied. One of 

these is thiolated β-cyclodextrin. Past studies have shown that it attaches to the 

surface of the gold via thiol group. The resulting cup-like structure has also 

been shown to effectively incorporate acetaminophen due to the polar hydroxyl 

groups. For surface modification, NPG was immersed in a 0.1mM β-

cyclodextrin solution. Figure 6.4 shows the structure of thiolated β-cyclodextrin 

used in the study for surface modification of NPG surface. 

 

Figure 6.4 Structure of thiolated β-cyclodextrin and its attachment on the 

electrode’s surface 
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Finally, CV was used to characterize the peak current and voltages. The graph 

showing a comparison between the typical cyclic voltammetry scans for 

modified and unmodified NPG is shown in Figure 6.5. For both electrodes, the 

anodic (forward scan) mean peak location was at 0.37V ± 0.01. The cathodic 

peak was obscured or absent. This suggests that the chemical oxidation was 

likely semi-irreversible. Qualitatively, the modified NPG peak was typically 

more defined and isolated than the peak for bare NPG. The process was 

repeated for various acetaminophen concentrations (10 μM, 50 μM, and 100 

μM). The graph of concentration vs. peak current (Figure 6.6) was analyzed to 

determine the sensitivity and selectivity of the electrode system. An 

electrochemical oxidation process was found to have occurred at 0.37V, like 

previous values. In this study, no significant trend between concentration and 

current was found for bare NPG, possibly due to saturation of the electrode at 

lower concentrations. Upon application of the β-cyclodextrin surface 

modification, the positive linear of the calibration curve was enhanced (Figure 

6.7). The electrochemical peak became sharper and more distinct. 
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Figure 6.5 Comparison of typical cyclic voltammetry scans of 100 μM 

acetaminophen on bare and modified NPG 

 

 
 

Figure 6.6 Cyclic voltammetry scans at selected acetaminophen 

concentrations on modified NPG electrode 

β-CDSH NPG 
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Figure 6.7 Comparison of peak current and concentration trend in (a) 

unmodified and (b) modified NPG 

 

The results of the study will ultimately advance the electrochemical sensing of 

water and soil pollutants by determining the efficacy of nanoporous gold 

modified by β-cyclodextrin. Modified NPG holds promise for incorporation 

into rapid testing devices to monitor acetaminophen medically and in the 

environment. In addition, based on similar chemical concepts, β-CDSH could 

be a potential research interest to improve electrochemical sensing efficacy for 

other ubiquitous chemicals in the world around us. 
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