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ABSTRACT 

 

Nanoporous Gold as a Solid Support for Protein Immobilization for the Development of 

Immunoassays, and for Biomolecular Interaction Studies 

November 2012 

Binod Prasad Pandey, MS, University of Missouri-St. Louis, MO, USA 

Chairperson:  Dr. Keith J. Stine 

Nanoporous gold (NPG) is a nanostructured form of gold with a bicontinuous 

network of interconnected pores and ligaments. NPG has been an attractive substrate for 

several studies including biomolecule immobilization, assay development, electrode 

material development, catalysis etc. The increased surface to volume ratio, electrical 

conductivity, inertness at ambient conditions, biocompatibility, electrocatalytic activity, 

simple procedure for preparation and functionalization etc. are some of the notable 

properties of NPG that have made NPG an attractive substrate for several studies. This 

study is directed towards the understanding of NPG for use as a substrate for biomolecule 

immobilization, assay development, biomolecular interaction studies, and its application 

as an electrode material. 

Direct kinetic electrochemical immunoassays were developed on NPG for 

prostate specific antigen (PSA) and carcinoembryonic antigen (CEA). This novel 

immunoassay was based on the decrease in rate of enzymatic conversion of p-

aminophenylphosphate to p-aminophenol, by alkaline phosphatase conjugated to an 
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antibody, due to steric hindrance caused by the presence of antigen bound to the 

antibody. The difference in rate of reaction before and after antigen binding to the 

enzyme conjugated antibody was observed as a decrease in peak current in square wave 

voltammetry. Detection limits of these assays were 0.75 ng mL-1 and 0.015 ng mL-1 for 

CEA and PSA, respectively. Similarly, the linear range of determination of these 

biomarkers extended up to 30 ng mL-1 and 10 ng mL-1 for PSA and CEA, respectively. 

Unlike traditional immunoassays involving multiple antibodies, this immunoassay 

involved only one antibody and hence should be an alternative cost effective 

immunoassay. Minimal interference was observed using new born calf serum as a 

substitute for the human serum matrix.  

Carbohydrates are one of the most abundant biomolecules in earth. Carbohydrates 

are involved in different biological events such as cell-cell communications, cell 

recognition, host pathogen interactions etc. Different carbohydrates are involved at 

different stages of cell growth and differentiations. Differential carbohydrate expressions 

have been reported at different malignant stages and tumorigenic conditions. Protein 

glycosylation is one of the most frequent post translational modifications and correct 

glycosylation is essential for the appropriate conformations and functions of a protein. 

Several proteins are being studied as biomarkers of diseases because of the differences in 

glycosylation for different disease conditions.   Thus protein glycosylation, and glycan 

analysis is an important aspect of the proper understanding of protein function in 

biological systems. With an aim to incorporate unique features of NPG for bioassays, 

enzyme linked lectinsorbant assays were also developed for the study of glycoprotein-

lectin interaction on the NPG surface. These electrochemical lectin assays on NPG were a 
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sensitive and fast method which could possibly be applied for the high throughput 

screening of glycan epitopes in glycoproteins. Three different formats of electrochemical 

assays: traditional type, direct kinetic, and competitive ELLSA were developed on NPG. 

The kinetic ELLSA was based on the decrease in enzymatic reaction rate of alkaline 

phosphatase conjugated to the Con A after glycoprotein binding to the lectin Con A. 

  The other aspect of the research was electrochemical characterization of self-

assembled monolayers (SAMs) of alkanethiols on the NPG surface by cyclic 

voltammetry and electrochemical impedance spectroscopy. Comparison was made with 

SAMs on the relatively well studied smooth surface of gold wire. Some similarities and 

differences in behavior of molecular assembly were observed depending on the nature of 

the surface. Similarly, the applicability of this surface for the formation of carbohydrate 

monolayers and its application for lectin carbohydrate interaction were also studied. Pure 

and mixed SAMs of 8-mercaptooctyl -D-mannopyranoside (Man-C8-SH) and α-D-

Gal-(1→4)-β-D-Gal-(1→4)-β-D-Glc-1-O-mercaptooctane (Gb3-C8-SH) with thiols 

having varying tail groups were prepared. Binding affinity and binding kinetics of 

concanavalin A to mannoside and soybean agglutinin to galactose in the SAM were 

affected by the nature and chemistry of the underlying surface.  
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CHAPTER I 

INTRODUCTION 

1.1 General introduction 

The presented study is aimed at understanding molecular assembly behavior and 

its impact on biomolecular interactions on the nanoporous gold (NPG) surface, compared 

to that on a relatively flat polycrystalline gold surface. Compared to the flat gold surface, 

NPG as a substrate is believed to result in different behavior with respect to molecular 

assembly, and hence the overall behavior of the modified surface is expected to be 

different. Nanoporous gold was utilized as an electrode material for the immobilization of 

biomolecules via linking to self-assembled monolayers, for the development of 

immunoassays, and for the study for lectin-carbohydrate interactions. Thus, nanoporous 

gold served dual purposes, both as a solid support and as an electrode material for signal 

transduction. Chapter I presents an introduction to nanoporous gold and its applications 

to; self-assembled monolayers on gold surfaces, various aspects of protein 

immobilization on these surfaces, methods of covalent attachment, recent developments 

in immunoassays, and applications of nanoparticles in immunoassays. The materials and 

methods applied in this research are detailed in chapter II. Chapter III presents results and 

discussion on the self-assembled monolayers of alkanethiols on nanoporous gold surfaces 

and comparisons with those on the relatively flat gold wire surface. Chapter IV concerns 

the results and discussion of the study of carbohydrate-lectin interaction on carbohydrate 

presenting SAMs. Comparative study of the carbohydrate-lectin interaction on NPG and 

gold wire surfaces in also presented. Results and discussion on a novel direct 
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electrochemical enzyme linked immunosorbant assayfor the cancer biomarkers prostate 

specific antigen (PSA) and carcinoembryonic antigen (CEA) on NPG are discussed in 

chapter V. Chapter VI presents results and discussion on the enzyme-linked lectinsorbant 

assay on NPG. Three different formats of lectin assays are presented in chapter VI: 

traditional, direct kinetic and competitive assays. 

1.2 Nanoporous gold 

Nanoporous gold is a nanostructured form of gold, prepared by the selective 

removal of less noble metal(s) from an alloy of gold and other metal(s). Historically, 

nanoporous gold was prepared in a process called depletion gilding [1, 2]. Scientific 

interest in nanoporous gold has been extensive because of some of its unique properties 

such as large surface to volume ratio [3], chemical inertness at ambient condition, 

electrocatalytic activity [4], plasmonic properties [5], biocompatibility [6], and ease of 

functionalization [7]. Gold has been a favorite substrate for the study of molecular 

assemblies of thiols on its surfaces [8], immobilization of biomolecules, and for 

biomolecular interaction studies [9, 10]. Recent advances in nanotechnology have 

attracted interest in the nanostructured forms of gold such as gold nanoparticles [11, 12], 

gold nanorods [13, 14], gold nanocubes [15, 16], gold nanostars [17, 18], and nanoporous 

gold [19, 20]. All of these gold nanostructures have their own importance, but preparation 

and functionalization of NPG involves the simplest procedures, which makes it a highly 

attractive substrate for conducting biomolecular interaction studies. NPG consists of a 

three-dimensional bicontinuous distribution of pores and ligaments [2, 20, 21]. These 

pores and ligaments can be prepared with various sizes by varying the conditions of alloy 

preparation [22-25], dealloying conditions and post dealloying treatments, including 
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thermal annealing [26], and electrochemical roughening [27, 28]. Pore sizes are an 

important parameter for different applications of NPG; for example, relatively small and 

subnanometer sized pores are essential to achieve the highest possible surface area of a 

material and for the application towards supercapacitor development [29, 30] and 

relatively larger pore sizes are required for the study of biomolecular interactions [31], to 

allow free diffusion of large molecules such as proteins through pores [32]. One of the 

most attractive and unique features of these noble metal nanoparticles is their plasmonic 

property [33], which make them potential candidates for the development of label-free 

assays [34]. Some of the advantages of NPG against the conventional flat gold surfaces 

are, 

a) Nanoporous gold provides cheaper gold surface per unit area [35].  

b) The three-dimensional network of pores and ligaments increases the surface to volume 

ratio [28]. 

c) Ligaments and pores of some hundreds of nanometers in radius of curvature could be a 

better mimic of a cell surface. 

d) NPG also  possesses plasmonic properties which could be useful for development of 

label-free assays [36]. 

e) NPG is electrocatalytically active and can be applied directly as a catalyst or as an 

electrocatalyst for oxidation reactions [37]. 

1.3 Preparation of NPG 

A common strategy of NPG preparation involves preparation of an alloy of gold 

and selective leaching of other metals from the alloy. Au-Ag alloy is the most favored 

alloy system for the preparation of NPG. Some of the reasons for silver being a most 
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attractive component of the binary alloy system with gold include compatibility of gold 

and silver due to their similar crystal structure (FCC), the complete miscibility of gold 

and silver at all compositions, highly selective etching of silver from the alloy, and 

mechanical compatibility in the form of similar yield stress, and similar thermal 

expansion [38]. Some of the other alternate binary and ternary alloy systems used to 

prepare NPG include, Au-Zn [39], Au-Al [40], Au-Ni [41], Au-Ag-Pt [42] etc. The most 

commonly used alloy structures, as a precursor of NPG, are gold-silver ingot, rods and 

sheets [38]. These alloys can be prepared in any desired sizes and shapes by mechanical 

treatments. These alloy structures are prepared from a binary mixture of gold and silver, 

by melting these metals together, followed by mechanical treatment to generate different 

shapes of the gold and silver alloy. White gold sheet, yellow gold sheet and gold leaf are 

convenient and commercially available sources of alloys of gold for NPG preparation. 

Another convenient way of generating a gold and silver alloy is by electrodeposition of 

gold and silver at various compositions. Electrodeposition is an easy technique for a 

laboratory setup with electrochemical instrumentations, as various parameters can be 

controlled and alloys can be generated at desired compositions. Other microfabrication 

techniques involve sputtering [43], and thermal evaporation [44]. These techniques are 

attractive for the deposition of relatively thin layers of the metal(s) on the surface because 

this simultaneous magnetron sputtering of alloy composition allows precise control of the 

deposited film on the substrate as film composition, thickness, grain size etc. can be 

controlled by varying the sputtering conditions. One of the drawbacks of this technique is 

that it is not suitable for the deposition of relatively thick layers due to the low deposition 

rate, waste of material and increased cost of deposition [38]. Once the alloy of gold and 



5 
 

suitable less noble metal is prepared, the next step involves selective removal of the less 

noble metal from the alloy. Acid dealloying in nitric acid is the most commonly 

employed method for dealloying, as concentrated nitric acid almost completely dissolves 

silver and helps to obtain a surface without any impurities [2, 45]. Electrochemical 

dealloying has some advantages over the acid dealloying as control over the applied 

potential and time of dealloying lets one to create NPG of different pores and ligament 

characteristics, but the process could be slower and inconvenient for dealloying a large 

number of thicker alloy structures. Various processes and methods for fine tuning pore 

and ligament sizes and shapes have been studied; the most common processes involve 

coarsening in acid or thermal annealing [26], varying dealloying conditions and 

temperatures, or varying the parameters of electrochemical dealloying [28, 39].  

1.4 Mechanism of NPG formation 

Formation of NPG nanopores is a dynamic process, and does not result from just 

the removal of one component from a microstructured alloy. The process involves 

dissolution of exposed silver, and diffusion and agglomeration of gold adatoms clustering 

together into a two dimensional gold island by a phase separation process at the metal-

electrolyte interface [1]. Erlebacher et al. performed kinetic Monte Carlo simulation of 

the evolution of pores during dealloying [46]. The stepwise process of dissolution was 

summarized as follows: the process of pore formation begins with the removal of silver 

atoms at the flat alloy surface of close packed (111) orientation. The dissolution of 

neighboring silver generates terrace vacancies, making nearby silver atoms more 

vulnerable to acid dissolution, compared to those on flat terraces.  Once the dissolution of 

the uppermost layer is complete, gold atoms at this layer start to diffuse and agglomerate 
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into gold islands. Two types of surfaces are generated by this agglomeration process, one 

consisting of pure gold, which is resistant to further corrosion, and the other surface is the 

now freshly exposed alloy surface.  Corrosion of the successive layers adds more and 

more gold atoms to the initially formed gold islands, exposing another layer for further 

corrosion. Structurally, these gold islands consist of pure gold atoms at the top and alloy 

at the bottom. Finally pits start to form due to undercutting of these gold islands, and 

porosity formation takes place.  Schematic representation of the process is shown in 

Figure 1.1 [46].  

In-situ studies of the dealloying process by X-ray diffraction on Au30Ag70 

polycrystalline ingots showed preservation of grain morphology and original 

crystallographic structure, but small changes in orientation within the grain take place 

[47]. The same study pointed out that the previous observation on the change in grain 

structure, during dealloying, was due to the artifacts of TEM. Three-dimensional 

structural reconstruction by electron tomography in TEM of the NPG formed by 

dealloying gold leaf showed a continuous branched network of ligaments, irregular 

distribution of pores and ligaments, larger average surface area compared to that expected 

based on the ligament size, and average convex surface curvature, close to that of the 

convex objects of similar size as ligaments [48]. An almost 30% decrease in volume was 

observed during electrochemical dealloying, which was attributed to the plastic 

deformation arising from the homogenous slip of small ligaments or due to the climb of 

lattice dislocations [49].  
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Figure 1.1.  Nanopore formation during dealloying of gold and silver alloy. Schemes 

were generated from Monte Carlo simulation for the pit formation, and porosity 

evolution, during NPG formation. Initially, the alloy surface is passivated by gold atoms 

(a), and as pit formation is initiated by dissolution of a few silver atoms this passes 

through a few monolayers within 1s (b). The porosity evolution begins to take shape with 

the formation of gold clusters and nucleation of released gold atoms at the center of the 

pit, which occurs within 10 s. Finally multiple pits are formed by splitting of pits, which 

progresses towards the bulk of the alloy to form a porous structure; this processes takes 

around 100 s. Cross-sectional views along the Au(111) plane represented by the yellow 

line in figure 1.1(a) are shown beneath each panel (ref. 46). 
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1.5 Applications of NPG 

NPG has attracted more research interest in recent years, and the number of 

publications on NPG is increasing every year. Some of the notable applications of NPG 

include catalysis [50, 51], sensing [52, 53], biosensing [54-56], in fuel cells [57], 

development of bioassays [58, 59], study of carbohydrate-lectin interactions [21] etc.  

1.5.1 Catalytic properties 

 NPG has been applied in several studies involving its catalytic properties. The 

mechanism of the catalytic activity of NPG is not very well understood, but it is believed 

that the catalytically active surface defect sites with lower bond coordination could 

possibly interact with adsorbed reactants because of electronic or steric reasons [50, 51, 

60]. Residual silver on the NPG surface plays an important role in catalysis and is 

believed to be responsible for providing oxygen to gold through spillover or at perimeters 

[60]. Some of the important catalytic applications of NPG involve low temperature 

oxidation of CO to CO2 [51], glucose electrooxidation [61], reduction of oxygen and 

hydrogen peroxide [62], gas phase selective oxidative coupling of methanol to methyl 

formate [50] and aerobic oxidation of glucose to gluconic acid [63]. Seo et al. reported 

structure dependent oxidation of glucose on NPG, and NPG with smaller pores and 

ligaments was shown to be more effective for the electrooxidation of glucose near -0.1 V 

(vs. Ag|AgCl), whereas NPG with larger features showed an electrooxidation peak near 

0.25 V [61]. Ding et al. reported determination of p-nitrophenol on the NPG electrode. 

One interesting observation on NPG was the appearance of two symmetrical peaks of the 

4-(hydroxyamino)phenol/4-nitrosophenol couple, which was not observed on 

polycrystalline gold [53]. Ge et al. reported simultaneous determination of dopamine and 
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ascorbic acid utilizing electrocatalytic activity of the NPG film, and an increased signal 

compared to that on the flat gold surface was observed [64].  

1.5.2 Plasmonic properties 

 a) Localized surface plasmon resonance (LSPR): Particles in the size range below a 

few hundred nanometers, less than the wavelength of the incident light, show oscillation 

of their surface plasmons, in a frequency range commonly referred to as the localized 

surface plasmon resonance (LSPR) absorbance [65]. This frequency is sensitive to the 

local dielectric environment and is being actively pursued for the development of label-

free bioassays [66-68]. NPG with pores and ligaments in the tens to hundreds of nm size 

range has been shown to exhibit LSPR [5, 36]. Usually the wavelength shift is measured 

as a probe for the change in the dielectric constant of the environment surrounding the 

nanoparticles, such as occurs when molecules bind to the gold surface [65]. Localized 

surface plasmon resonance properties of NPG of variable pore sizes were studied by 

Lang et al.; they reported appearance of two absorption bands, one at 490 nm (L1) and 

another at 550-650 (L2) nm. L1 did not show any changes in spectral properties with the 

change in dielectric constant of the medium, on the vicinity of the surface, whereas L2 

showed a significant shift in peak position with the change in dielectric constant of the 

medium. Larger pore size material was reported to have higher sensitivity compared to 

the small pore size material [36]. Based on the change in absorption of NPG with the 

dielectric constant of the surrounding, it has been suggested to be a possible substrate for 

application in plasmonic sensors and biosensors [5]. Localized surface plasmon 

resonance is the main factor for the electromagnetic field enhancement in surface 
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enhanced optical techniques such as surface-enhanced Raman spectroscopy (SERS) [65, 

69]. 

b) Surface-enhanced raman scattering (SERS): Nanoporous gold with its highly rough 

surface features has been shown to be an excellent substrate for surface-enhanced Raman 

scattering [27]. Kucheyev et al. reported the highest SERS signal for crystal violet 

adsorbed on 250 nm pore size NPG and reported a detection limit of 10-7 M for crystal 

violet in solution [70]. Qian et al. reported a contrasting result showing the highest SERS 

enhancement with smaller pore size NPG, which was attributed to surface contamination, 

surface heterogeneities, and ultrafine pimple like irregularities on the NPG surface [27]. 

They also reported one to two orders of magnitude enhancement compared to that of the 

annealed NPG and a 5 × 10-10 M detection limit for rhodamine 6G. SERS enhancement 

has been reported to be at least 10 fold higher at the hot spots, at the vicinity of the 

narrow nanosize gaps between sharp corners and edges of the noble metal nanostructures, 

compared to the regular NPG surface. Almost 100 times higher sensitivity was observed 

on wrinkled NPG, prepared on the prestrained polymer substrate with thermal treatment, 

compared to that of the as prepared NPG [71]. A patterned NPG substrate was prepared 

by simple stamping of the NPG and was reported to enhance the SERS signal by a factor 

of 107. Qian et al. reported a detection limit of 10-11 mol L-1, a huge enhancement by a 

factor of about 1.5 × 1013, by incorporating gold nanoparticles in nanoporous gold 

modified with mercaptopyridine [72]. 

1.5.3 NPG for enzyme immobilization/bioassay/biosensor development 

 NPG has a higher surface to volume ratio compared to that of flat gold of similar 

geometric surface area. Increased surface area is an important factor for increasing 
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protein loading on the surface and hence for increasing sensitivity of bioassays on 

surfaces.  In addition to surface area, pore size is an important factor for enzyme 

immobilization and ultimate application in bioassays. Qiu et al. immobilized laccase on 

NPG samples of various pore sizes, by physisorption, and reported that 40-50 nm pore 

sizes were better for enzyme activity compared to the 10-20 nm and 90-100 nm pores in 

NPG [73]. Chen et al. reported immobilization of glucose oxidase on NPG modified with 

dithiobis(succinimidyl undecanoate) for glucose determination, based on the reaction 

between glucose and glucose oxidase and detection of generated peroxide [74]. Their 

study showed pore size dependent amperometric signals, with relatively larger pore size 

(30 nm) giving a higher response compared to the smaller pores (18 nm). Scanlon et al. 

characterized NPG as a support for electron transfer to cytochrome c and found that the 

area accessible for the immobilization of biomacromolecule was up to 40% lower than 

that of the true area of NPG [75]. Kafi et al. reported immobilization of hemoglobin on 

NPG directly grown NPG on the Ti surface and then applied it for the electrochemical 

determination of hydrogen peroxide [76]. Another electrochemical biosensor based on 

immobilized alcohol dehydrogenase and glucose oxidase was prepared for the 

determination of ethanol and glucose [56]. NPG was shown to be more sensitive and 

electrocatalytically active for the determination of NADH and hydrogen peroxide by Qui 

et al. An enzyme biosensor for glucose was developed based on the electrostatic 

immobilization of glucose oxidase in Prussian blue modified NPG [77]. Qiu et al. 

reported a study of three different strategies for the immobilization of laccase on the NPG 

surface and showed that enzyme loading was similar for both covalent coupling and 

adsorption whereas it was significantly lower on the enzyme immobilized via 



12 
 

electrostatic interaction [73]. They also showed that almost 70 percent of the NPG 

surface was unavailable for protein immobilization. Qiu et al. reported immobilization of 

lignin peroxidase on NPG and showed that thermal stability of the enzyme on NPG was 

better than that of the free enzyme in solution [78]. They also showed high activity of 

lignin peroxidase by coimmobilization of glucose oxidase and in situ release of the 

hydrogen peroxide. Shulga et al. studied immobilization of acetylcholine esterase on 

NPG surface and various aspects of enzyme kinetics were studied on different pore sized 

NPGs [79]. Yan et al. reported excellent stability of the immobilized xylanase on NPG 

surface and reported retention of almost 80% of the initial activity of the enzyme in 

solution [80]. 

1.5.4 Application of NPG as a support for immunoassay development 

In addition to enzyme/protein immobilization, for various purposes, NPG is being 

actively studied as a substrate for immunoassay development. An immunoassay for 

hepatitis B surface antigen was developed, based on the antibody immobilized via 

linkage to SAMs on NPG, and signal amplification was achieved by immobilizing an 

antibody horseradish peroxidase conjugate on the gold nanoparticle surface [58]. An 

impedimetric immunosensor, for the C-reactive protein that is a cardiac biomarker, based 

on three-dimensional macroporous gold was reported by Zhu et al. [81] An 

electrochemiluminescence immunoassay for CEA was achieved by immobilizing anti-

CEA antibody on NPG and using quantum dot labeled secondary antibodies, as reported 

by Li et al. [82] This immunoassay based on the electrochemiluminescence enhancement 

on the NPG surface had a detection limit of 0.01 ng mL-1 CEA, with the linear response 

range from 0.05 to 200 ng mL-1. Li et al. reported development of an electrochemical 
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immunosensor for human chorionic gonadotrophin, based the relative blockage of the 

electron transfer process of the hydroquinone probe molecule, on the GCE|graphene 

sheet|NPG|anti hCG antibody electrode surface after antibody immobilization and antigen 

binding to the antibody [83]. A kinetic immunoassay strategy was reported on NPG by 

immobilization of anti-PSA antibody-ALP conjugate on lipoic acid modified NPG [20]. 

1.6 Self-assembled monolayers on gold 

The molecular assembly formed by the interaction of surface reactive molecules 

with a solid substrate is generally referred to as a self-assembled monolayer or SAM [84]. 

Thiol or disulfide species on gold and siloxanes on glass surfaces are the most commonly 

studied SAMs [85]. An unequivocal explanation for the interaction between head-group 

of thiol and gold has not yet been achieved. There are several controversial results and 

explanations for the mechanism of gold-thiol interaction. Some of the still debated 

questions are: Is the thiol physisorbed or chemisorbed? Does the S-H bond dissociate 

during gold-sulfur interaction? What happens to the hydrogen atom? Does it adsorb to the 

gold or get associated with the neighboring hydrogen to form a hydrogen molecule? 

More recent studies indicate dissociation of S-H bonds and hydrogen evolution during 

gold-sulfur interaction for the case of gold nanoparticles [86]. A density functional theory 

based study has shown that the chemisorption of R-S-H on Au takes place in two steps, 

the first energetically unfavorable step, by 0.32 eV, is the dissociation of the S-H bond 

which is accompanied by the spontaneous interaction of R-S radicals with the gold 

surface.  The energetics of the different steps of bond dissociation and bond formation are 

listed below [87]. 

ܴ െ ܪܵ → ܴ െ ܵ• ൅ ௥ܧ∆																																																																										•ܪ ൌ 3.73	ܸ݁ 
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ܪ →
1
2
௥ܧ∆																																																																																																				ଶܪ ൌ 	െ2.27	ܸ݁ 

ܴ െ ܵ• 	൅ ሻܾ݈ܽݏሺ	ݑܣ → ܴ െ ௥ܧ∆																																													ሻܾ݈ܽݏሺݑܣܵ ൌ 	െ1.35	ܸ݁ 

:݈ܽݐ݋ܶ ܴ െ ܪܵ ൅ ሻܾ݈ܽݏሺݑܣ → ܴ െ ሻܾ݈ܽݏሺݑܣܵ ൅
1
2
௥ܧ∆																		ଶܪ 	ൌ 0.11	ܸ݁					 

ܴ െ ܵ → ܴ െ ܵ• ൅ ௥ܧ∆																																																																														•ܪ ൌ 3.73	ܸ݁ 

•ܪ 	→ ௥ܧ∆																																																																																			ݑܣ	݊݋	௔ௗ௦ሻܪ ൌ 	െ1.88	ܸ݁ 

ܴ െ ܵ• ൅ ሻܾ݈ܽݏሺ	ݑܣ → 	ܴ െ ௥ܧ∆																																													ሻܾ݈ܽݏሺ	ݑܣܵ ൌ 	െ1.35	ܸ݁ 

ܴ	:݈ܽݐ݋ܶ െ ܪܵ ൅ ሻܾ݈ܽݏሺ	ݑܣ → ܴ െ ሻܾ݈ܽݏሺݑܣܵ ൅ ௥ܧ∆																		௔ௗ௦ܪ ൌ 0.50	ܸ݁ 

A simplified model for the chemisorption of thiol on a gold surface would be                         

ܴ െ ܪܵ → ܴ െ ܵ• ൅  •ܪ

ܪ → ଵ

ଶ
   ଶܪ

ܴ െ ܵ• ൅ ሻܾ݈ܽݏሺݑܣ → ܴ െ      ሻܾ݈ܽݏሺ	ݑܣܵ

:݈ܽݐ݋ܶ ܴ െ ܪܵ ൅ ሻܾ݈ܽݏሺݑܣ → ܴ െ ሻܾ݈ܽݏሺݑܣܵ ൅ ଵ

ଶ
     ଶܪ

1.7 Structure of SAM on the gold surface 

Alkanethiols self-assemble, and form a well packed semicrystalline structure, on 

the gold surface [88, 89]. The general bonding pattern of the thiols on gold surface is 

generally accepted to be √3 × √3R30° (R = rotated). The secondary ordering of the chain 

in a c(4 × 2) superlattice is also well accepted. Both experiments and theoretical 

calculation have suggested binding of thiolate on both the three fold hollow sites and at 

the bridge sites. A general schematic structure of the alkanethiol on gold surface is given 

in Figure 1.2 (adapted from ref [88]). Alkanethiol SAM on gold surface is tilted at an 

angle of 30o. The two-dimensional structure of SAM evolves on the gold surface through 
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several molecular interactions such as van der Waals interactions, electrostatic 

interactions, steric interactions [8] etc. The packing and ordering of molecules on the 

surface is determined by the combination of all the forces listed above. 

 

 

Figure 1.2. Structure of thiols on the gold surface. a) Orientation of a thiol molecule 

on the gold surface, b) close packing of the thiols, and c) bonding pattern of thiols on the 

surface (adapted from ref. 88). 

1.8 Mechanism of SAM formation on the gold surface 

Two distinct kinetic mechanisms are observed in the SAM formation process. The 

initial fast process involves the quick adsorption of thiols onto the gold surface, which is 

usually completed within a few minutes. The second step is relatively slow and can last 

for several hours and may last even for days [90]. The initial step of self-assembly is the 

transport of the adsorbate molecule to the solid-liquid interface via diffusion and or 

convection. As soon as the adsorbate reaches the metal surface, adsorption starts at a 

certain rate determined by the nature of the substrate, nature of the adsorbate, solvent, 

concentration, solution viscosity, temperature etc. The initial step generates a random 

distribution of the diverse conformations of the alkanethiols on the surface. Initially these 

a 
b 

c 
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molecules are lying down on the surface and as more and more molecules come closer 

they start to interact with their neighboring molecules and adopt an upright orientation, 

finally rearranging themselves in two dimensions to generate conformationally favorable 

states for the intermolecular interactions [91]. Thus, three different stages can be 

envisioned in the process of SAM formation: 1) a low density vapor phase in which 

isolated, mobile adsorbate molecules are randomly deposited on the surface, 2) an 

intermediate density phase in which adsorbate molecules are conformationally disordered 

and are lying flat on the surface, and 3) a final high density state in which molecules are 

conformationally well ordered, close packed and approximately standing at a tilt angle of 

30o. Some differences in the adsorption mechanism and structure have been reported 

depending on the chain length of alkanethiols [92-94]. The effect of the disordered 

orientation of the thiols and tailgroups in the adsorption mechanism is not significant in 

the case of simple alkanethiols, but in case of the thiols with bulkier tail groups masking 

of the adsorption sites becomes an issue [84, 95].  

1.9 Applications of SAMs for biosensors and enzyme immobilization 

Modification of the surface with appropriate molecules to prevent direct contact 

between surface and biomolecules is an attractive way of preserving biomolecular 

activity on the solid surface. Self-assembled monolayer formation is a convenient 

approach for surface modification. Using alkanethiols with appropriate terminal 

functional groups, surfaces with any desired functionality can be generated simply by 

dipping gold surfaces into the alkanethiol solution. Different methods of biomolecule 

immobilization can be adopted, based on the nature of the modified surfaces for protein 

immobilization to the SAM-modified surface. Advantages of self-assembled monolayers 
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in electrochemical detection include the reduction of background current by hindering 

close approach of ions and solvents to the metal surface [96]. Faradaic background 

current is reduced by creating an interface that limits electron transfer close to the surface 

and long-range electron transfer and electron transfer through the pits and defect sites 

become alternate paths of electron transfer at the interface. Additional advantages of 

SAMs include availability of easy detection techniques and compatibility with most 

analytical techniques such as AFM [97], STM [88], quartz crystal microbalance (QCM) 

[98], electrochemical methods [99], mass spectrometry [100], thermogravimetric 

methods [99], differential scanning calorimetry [101-103], etc.  

1.10 Biomolecule immobilization on the solid surface 

Biomolecule immobilization and active display of biomolecules on the solid 

surface is an important aspect of the current high throughput studies of biomolecular 

interaction [104], assay development [105], biomarker screening [106], diagnostic [107], 

biomaterial [108], tissue engineering [109, 110], etc. Almost every biological process 

involves interaction of one or multiple biomolecules. Study of these interactions is 

essential for the proper understanding of protein-protein interactions, protein-DNA 

interactions, transcription, translation, signal transduction, disease mechanism and several 

other biological processes. Because of the complexity of the biological system, single 

processes can involve multi-molecule interactions involving protein, DNA, RNA, 

carbohydrate, etc. High throughput screening of all these interactions of biomolecules 

demands efficient and active immobilization as well as efficient detection technology for 

biomolecular interaction studies [111-113]. The general strategy for the study of 

biomolecular interaction on the solid surface involves immobilization of one of the 
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molecules (antibody, DNA, antigen, aptamer or biotin/avidin labeled biomolecules, 

carbohydrate, lectin etc.) on the surface, followed by the binding of the other molecule to 

the immobilized partner and generation of a signal as a result of the biomolecular 

interaction [114-118]. Proteins and DNA immobilized on the solid surface in an array 

format has substantially improved current understanding of the biological processes 

involving proteins and DNA [115, 119]. MacBeath et al. reported development of the 

concept of protein microarray technology by immobilizing proteins on aldehyde 

functionalized glass slides followed by the binding of fluorescently labeled protein, 

protein substrate, and small molecules, to the surface bound protein [120]. Protein and 

DNA immobilization in the array format has started to become a routine technique for the 

high-throughput studies of these biomolecules. Carbohydrate based studies, on the other 

hand, are still lagging behind [121, 122]. Some of the reasons for the complexity of 

carbohydrate based studies involve weak interactions between carbohydrates and 

proteins, which is overcome in nature by multivalent interaction and the presence of 

carbohydrate clusters in the biological system [123]. This multivalent interaction has 

been achieved by immobilizing carbohydrates at a suitable density on the surface, and by 

immobilizing carbohydrate on dendrimers [124]. Gold is an attractive material for 

biomolecule immobilization. The spontaneous interaction between gold and sulfur in 

thiols makes gold an attractive substrate as gold surfaces can be created with many 

terminal functional groups which can further be utilized for the immobilization of any 

kind of biomolecule through well-designed surface chemistry [89].  

Several methods have been applied for protein immobilization on the surface, and 

choice of a method depends upon the physicochemical characteristics of the material as 
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well as of the protein. The most frequently used immobilization methods are based on 

physical adsorption (based on electrosatatic, hydrophilic or hydrophobic interaction), 

covalent attachment via generation of covalent bonds between protein and functional 

groups of molecules already attached to the surface, and by biorecognition or affinity 

fixation, based on the immobilization of one molecule to the surface followed by affinity 

interaction between that molecule and the agonist molecule [125-127]. Affinity or 

bioaffinity based immmobilization methods include immobilization via biotin-

streptavidin chemistry, via metal chelators, and by immobilized ligands and immobilized 

protein counterparts. Even though it is the most challenging part, the most important 

aspects of protein immobilization are the retention of protein structural and functional 

integrity. Several approaches have been applied and some progress made in this direction, 

but none of the methods developed so far are ideal. 

1.10.1 Adsorption and physical immobilization 

  Presumably this is the easiest method of protein immobilization on the surface, 

but several problems are associated with this method. Protein conformational changes, 

weak attachment and protein leaching during washing steps, random and heterogeneous 

protein distribution, effect of size of the protein and loss of protein functionality at high 

surface density due to the steric hindrance between proteins are some of the pitfalls of 

this method [128]. In order to increase protein loading on the surface, surfaces are usually 

modified with polymers and hydrogels [129, 130]. Although these porous matrices help 

to retain protein integrity, providing a relatively congenial environment, compared to that 

of the bare surfaces, there are some concerns due to mass transport and high background 

signals [125]. 
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1.10.2 Nonspecific covalent immobilization of protein 

Protein immobilization to the surface via covalent coupling involves reaction 

between accessible functional groups of the protein amino acid side chains such as -NH2, 

-COOH, -OH, -SH and the appropriate complementary functional groups on the surface 

[125]. Because of the multiple functional groups available on the protein surface, this 

type of protein immobilization is usually random and multiple attachments are possible. 

Modification of certain functional groups in the protein and correspondingly engineered 

surface chemistry will help in site specific and oriented immobilization of proteins to the 

surface with minimal loss of protein activity and conformation. One of the most 

commonly used functional groups on the protein surfaces are the amino groups. Among 

all other possible amino acids with an amine side chain, lysine is the most accessible 

amino acid for protein immobilization due to its presence on the outer surface of the 

protein. Application of this strategy demands generation of a carboxyl (or a carbonyl 

aldehyde, ketone etc.) functionalized surface and activation of the surface, usually via 

EDC/NHS chemistry generating activated esters with the carboxyl groups on the surface 

forming an amide bond. Aldehydes react readily with the amino groups of the protein 

generating a labile Schiff’s base or an imine bond, which can be further reduced to 

generate a stronger secondary amine linkage [131]. Another common functional group on 

the protein surface is the carboxyl group, which can analogously be applied for protein 

fixation reactions with amine terminated surfaces, after activation of the protein carboxyl 

groups by carbodiimides. One possible drawback of this method however, is the cross 

reactivity between proteins and successive polymerizations. Thiols have also been 

utilized as a functional group for protein immobilization. One advantage of thiol over 



21 
 

carboxyl or amino group is the presence of a limited number of thiols on the protein, 

which reduces multiple attachment and generation of a heterogeneous surface [132, 133]. 

Different approaches of thiol chemistry involve exchange of sulfide between protein and 

the surface disulfides and thioether bond formation [132]. Sulfide exchange between 

disulfides on the surface and thiol groups of the protein generates mixed disulfides on the 

surface with protein immobilized on the surface. A stable thioether linkage can be 

generated between maleimide and protein thiols via an addition reaction between the 

double bond of maleimide and the thiols [134]. Maleimide and vinyl sulfone derivatized 

surfaces both generate thioether linkages between protein and the surface [135]. Thiol 

linkage and reaction is affected by several factors such as the electrostatic environment of 

the thiols, reversibility of the linkage, etc. Epoxy groups on the surface can be applied for 

coupling to –OH groups of serine and threonine, but this reaction is relatively slower 

[125]. Other approaches involve photochemistry via commonly used reagents such as, 

arylazides, diazirines, benzophenone and nitrobenzyls by irradiation at wavelength ≥ 350 

nm [125, 136]. Some site specific chemoligation or protein immobilization involves click 

chemistry via appropriate labeling of proteins and preparation of surfaces with the 

complementary functional groups. Another strategy involves Diels-Alder coupling [137], 

which also requires labeling of biomolecules with a suitable functional group. Staudinger 

ligation [138] requires two functional groups, one azide group and a functionalized-

phosphine containing thioester. Some other approaches involve peptide ligation and -

oxo semicarbazone ligation [125]. 
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1.10.3 Affinity based immobilization 

  Affinity based ligation is an attractive approach for the generation of homogenous 

protein functionalized surfaces via oriented assembly of biomolecules on the surface. 

Affinity based approaches involves immobilization of one affinity partner to the surface 

and another attached to the protein surface. Some of the most commonly applied 

approaches include biotin-streptavidin, the His tag - Ni2+ nitrilotriacetic acid chelating 

system [139], DNA directed immobilization [140], and targeting of carbohydrate 

moieties [132] etc.  Other approaches for the directional immobilization of proteins on 

the surface involves preparation of thiol (cysteine) modified proteins through genetic 

engineering [133]. Unnatural amino acids have also been applied for protein 

immobilization on the surface [141]. These modified proteins can form self-assembled 

monolayers via the thiol units of their structure. Expressed protein ligation, i.e. a genetic 

engineering approach that expresses thioesters on the protein surface, which react with N-

terminal cysteines on the solid surface, generating amide linkages between proteins and 

the surface is another approach [142]. Fusion proteins prepared by linking a protein of 

interest with the mutant of human DNA repair protein O6-alkylguanine DNA 

alkyltransferase (hAGT) have also been applied for site specific protein immobilization 

[143]; hAGT transfers alkyl groups from O6-alkyl guanine to the cysteine residue. 

Protein immobilization can then be performed using this property of the enzyme. O6-

Benzyl alkylguanine substituted at the 4-position of the benzene ring tethered to a 

polyethylene glycol linked with an amine head-group was generated and immobilized on 

the carboxymethylated dextran surface. Protein immobilization based on the above 

principle was achieved using glutathione S-transferase-hAGT fusion protein [143]. SPR 



23 
 

studies were done to probe immobilized proteins, using anti-GST antibody to bind to the 

surface bound GST. Another similar approach involved calmodulin cutinase fusion 

protein. Cutinase was applied because of its reactions with phosphonate to form a 

covalent adduct [144]. After cutinase active site binding to the phosphonate ligand, an 

adduct was formed between the phosphonate and the serine residue of the enzyme 

resulting in a covalent linkage between the enzyme and the surface immobilized 

phosphonates. Intermediate proteins, such as protein A, protein G and Fc binding 

antibody can be attached on the surface that bind to the Fc region of the antibody for the 

oriented immobilization of antibodiesy on the surface [125]. 

Mac Beath et al. reported one of the pioneering works in modern protein 

microarray technology. Their work was based on the immobilization of proteins onto 

aldehyde functionalized glass slides generated from the self-assembly of aldehyde 

terminated silanes. Three different aspects of protein interactions, protein-protein 

interaction, protein-substrate interaction and protein-small molecule interactions were 

studied in a microarray format [145]. Recent advances in microarray based proteomic 

analysis have taken a leap, and whole cell proteomic analysis has been performed on a 

single microarray. Another aspect of the immobilization of biomolecules on solid 

substrates for high throughput screening is DNA microarrays, which has found 

widespread application in gene expression, point mutation, single nucleotide 

polymorphism detection and drug discovery [115]. Similar studies involving glycan 

based analysis are being actively researched through the development of glycan arrays 

and lectin arrays [117, 118]. Biomolecular interaction on the solid surface involves 

immobilization of one of the components on the surface followed by the binding of 
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another molecule to the surface-bound molecule. The most common pairs of 

complementary biomolecules include antibody-antigen, DNA-DNA, DNA-protein, 

DNA-RNA, carbohydrate-protein, glycoprotein-lectin, etc. One of the most commonly 

used pairs of biomolecules are antibody-antigen pairs, they are favored because of their 

biological significance as well as because of their strong binding affinity, which makes 

them a model system for most studies. Lectins, on the other hand are equally important 

biomolecules for glycan-based analysis. 

1.11 Antibodies 

Antibodies or immunoglobulins are one of the principal effector proteins of the 

adaptive immune system. Antibodies have found widespread application in scientific 

research and development, therapeutics, diagnosis, analysis, purification, enrichment, etc. 

Their application in diagnostics has greatly improved the human healthcare system. 

Chemically these antibodies are glycoproteins, secreted by the B lymphocyte cells also 

known as plasma cells [146]. Each antibody consists of four polypeptide chains 

consisting of two heavy chains (55 kDa) and two light chains (25 kDa) held together by 

disulfide bonds, hydrogen bonds and van der Waals interactions [147-149]. Mammalian 

antibodies are divided into five classes: IgA, IgD, IgE, IgG and IgM [150]. Depending 

upon the species, IgG and IgA could also be divided into several isotypes [151]. Each of 

the two antigen binding domains is formed by the combination of the NH2 terminus of 

both the light and heavy chains and the carboxyl terminus from the Fc domain. Each light 

chain has one variable and one constant region each consisting of approximately 110 

amino acids. The heavy chain, on the other hand, has one variable chain and three 

constant regions, each consisting of approximately 110 amino acids. Each antigen-
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binding domain is generated by binding of the variable region of both the heavy and light 

chains. The epitope binding site or the complementarity determining region (CDR) is 

formed by at least three hyper variable regions consisting of approximately 5 to 10 amino 

acids on each chain. Recognition of the epitope site by an antibody can be variable so all 

six or some of the CRDs can be used during antigen binding.  Structure of IgG with 

different fragments is shown in Figure 1.3 [152]. 

 

Figure 1.3. Structure of IgG.  Fab-antigen binding fragment, Fc-fragment crystallization, 

Fv- variable fragment, CL-constant region of the light chain, CH-constant region of the 

heavy chain, VH-variable region of the heavy chain, VL-variable region of the light chain. 

Polyclonal antibodies are produced as a result of the interaction of a complex 

antigen with multiple lymphocytes and their activation to proliferate and differentiate into 

plasma cells; on the other hand, monoclonal antibodies are generated from a single 

lymphocyte [153]. Polyclonal antibodies recognize multiple epitopes in an antigen 

whereas monoclonal antibodies recognize only one epitope in an antigen. One of the most 

common applications of antibodies is in protein analysis and diagnosis, in the form of 
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enzyme-linked immunosorbant assays (ELISA) [154]. Structures of different proteins 

used in this study are given in Figure 1.4. 

1.12 Lectins 

 Lectins are non-enzymatic proteins of nonimmune origin, and bind to specific 

carbohydrates with high selectivity [155]. Lectins are found to be involved in several 

biological processes, including the clearance of glycoproteins from biological systems, 

adhesion of infectious agents to the host cell surface, recruitment of leukocytes to 

inflammatory sites, and cell interaction in the immune system, in malignancy and 

metastasis [156, 157]. The presence of multiple binding sites in lectins leads to the 

crosslinking of several eryhtrocytes and finally precipitation, commonly known as the 

hemagluttination assay, which used to be commonly employed in the identification of 

cell types, and glycan units on cell surfaces [158, 159]. Based on the carbohydrate 

ligands to which lectins exhibit highest specificity, lectins can be classified into four 

classes: mannose, galactose/N-acetyl galactosamine, N-acetyl glucosamine, fucose and 

N-acetyl neuraminic acid binding lectins.  Even though lectin affinity for carbohydrates is 

fairly low,  in the mM range, the lectin-carbohydrate interaction is fairly specific [160, 

161]. Apart from some exceptions, a glucose binding lectin doesn’t bind to galactose and 

vice versa. It is reported that the variation in C2 position of a carbohydrate is tolerated to 

some extent thus, a galactose binding lectin can bind to N-acetyl galactosamine. Some 

proteins have anomeric specificity as they bind to the  or the  anomer with higher 

affinity, whereas some lectins lack this specificity [162]. Lectin-carbohydrate binding 

affinity has been found to be higher for oligosaccharides compared to that of the 

monosaccharides [162, 163]. Usually lectins exist as dimers or as tetramers, with nearly 
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250 amino acids and 25-30 kDa molecular weights, per monomer. Although primary, 

secondary and tertiary structures of monomeric lectins are fairly similar, the quaternary 

structure of lectins varies significantly among different lectins. Carbohydrate binding 

pockets of lectins are shallow depressions on the protein surface. Four invariant residues, 

aspartic acid, asparagines, glycine and an aromatic amino acid or leucine have been 

observed in the binding pocket of almost all lectins except Concanavalin A (Con A). 

Conformational changes of the lectin after carbohydrate binding are very small. One Ca2+ 

and a transition metal, usually Mn2+, are required for lectin-carbohydrate interaction, 

which is believed to bring about suitable conformational changes of lectin for 

carbohydrate binding [164-166]. Lectins have been an important analytical tool for the 

identification of glycan moieties on glycoproteins. Lectins are being actively researched 

for the development of lectin arrays for high throughput screening of glycan epitopes in 

glycoproteins and related studies. Lectins are important recognition elements for 

carbohydrate-lectin interaction because of the lack of high affinity antibodies of 

carbohydrates [160]. 

1.13 Prostate specific antigen (PSA) 

Prostate specific antigen is a protein belonging to the family of kallikrein (a 

subgroup of serine protease) like peptidases of serine protease. It is produced by the 

prostate gland, and its physiological role is to liquefy seminal fluid [167]. Development 

of prostate cancer causes a significant increase in PSA level, in blood, by up to 105 fold. 

The PSA level in blood is fairly small, almost 106 fold less, compared to that of the 

seminal fluid. PSA in serum exists in various forms such as free PSA, and in the bound 

form with protease inhibitors such as 1-antichymotrypsin and 2-macroglobulin, as a 
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proprotein or a mature protein, and intact or a nicked PSA. PSA level in human serum is 

affected by various factors such as benign prostate diseases, prostatitis, benign prostatic 

hypertrophy (BPH), age, race, body mass index and smoking, non smoking behavior, etc. 

Increased levels of PSA could be because of the changes in prostate architecture such as 

changes in order of the basement membrane and loss of the basal cell layer, changes in 

ductal lumen architecture and epithelial cell polarity, rather than due to the increased 

protein expression during prostate cancer development [168].  

PSA is one of the most studied biomarkers and is used for diagnosis and 

monitoring of prostate cancer before and after cancer treatment. The normal level of PSA 

in healthy individuals is less than 4 ng mL-1; 4-10 ng mL-1 is the so called gray zone and 

more than 10 ng mL-1 is regarded to indicate a high risk for prostate cancer; more than 

100 ng mL-1 has been observed in cases of advanced stage prostate cancer [169]. In 

addition to the PSA test, different variations of PSA tests are being actively studied to 

increase the predictivity of prostate cancer, using PSA as a biomarker. The PSA density 

test is based on the amount of PSA and the size of prostate gland. Complexed and free 

PSA has been compared to total PSA; the percentage of fPSA is lower in prostate cancer 

than in BPH (benign prostatic hypertrophy), thus information on total PSA and fPSA 

makes distinction of BPH and prostate cancer possible. PSA dynamics/PSA velocity is 

also used, and a strong correlation has been reported between PSA velocity and prostate 

cancer progression and is the most advocated test for the diagnosis of prostate cancer 

[170, 171]. The PSA test is also performed after disease diagnosis and treatment. PSA 

levels more than 0.2 to 0.5 ng mL-1 after prostatectomy is taken as a measure of the 

recurrence of prostate cancer because after prostatectomy only metastatic cells could be 
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producing PSA. There have been a huge controversy over the PSA test, and the United 

States Preventive Services Task Force (USPSTF) recommends against PSA test [172]. 

Their recommendation against PSA screening on healthy individual regardless of age, sex 

or risk level was also criticized [173]. However, the USPSTF recommendation doesn’t 

apply for PSA monitoring for individuals already diagnosed with prostate cancer. 

Undoubtedly PSA is a biomarker for prostate cancer; however, testing for it has not been 

able to reduce the mortality rate. One of the reasons for the USPSTF recommendation is 

the harm caused by misdiagnosis and subsequent treatment, which can cause several side 

effects such as, discomfort, impotency, erectile dysfunction, etc. These side effects 

should not be taken as a major factor in expense to the life-threatening condition of 

prostate cancer. In absence of any other reliable biomarker of prostate cancer, the PSA 

test should be taken as an indicator of prostate health for informed decision making for 

further treatment, and will be applied to thousands of clinics all around the world. There 

are still ongoing debates on the recommendations of USPSTF and its impact in prostate 

health care [174-176]. Catalona criticized the recommendation and published a report 

criticizing flaws in the study and its potential impact in the health care [173]. Some other 

molecules such as prostatic acid phosphatase (p-AP) and prostate specific membrane 

antigens (PMP) are also considered as biomarkers for prostate cancers but PSA 

outweighs their applicability for diagnostic purposes [177-180]. Prostate specific 

membrane antigen is actively being studied for the immunotherapy of prostate cancer 

[181]. 
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1.14 Carcinoembryonic antigen (CEA) 

  Carcinoembryonic antigen (CEA) is a biomarker for gastrointestinal cancer, 

specifically colorectal cancer. CEA is a 180-200 kDa, highly glycosylated protein, with 

almost 60% carbohydrate units by molecular weight. Carbohydrate monomers in CEA 

are mannose, galactose, N-acetylglucosamine, fucose and sialic acid. CEA is attached to 

the cell membrane via a glycosylated phosphatidylinositol anchor [182]. CEA consists of 

seven immunoglobulin-like domains, and the N-terminal domain is homologous to the 

variable domain of IgG, and the other six domains are homologous to the constant 

domains of a C2 set. Normal level of CEA in healthy non-smokers is less than 3  ng mL-1 

but its value could rise up to 6.4 ng mL-1 in male smokers and 4.9 ng mL-1 in female 

smokers [183-185]. An elevated CEA level has also been found to be associated with 

malignancies such as lung cancer, breast cancer, coronary artery disease etc. [186-188] 

1.15 Transferrin (TSF) 

  Transferrin is commonly known as an iron binding protein and is a glycoprotein 

with 679 amino acid residues, and a molar mass of 79 kDa. Transferrin has three 

carbohydrate chains, two of them are N-linked at Asn-413 and Asn-611 and the third 

carbohydrate chain is O-linked (at Ser-32). Transferrin has been observed in several body 

fluids such as plasma, bile, amniotic, cerebrospinal, lymph and breast milk [189, 190]. 

The plasma level is fairly constant throughout life, ranging from 2 to 3 ng mL-1. Lower 

concentrations of transferrin (less than 0.1 ng mL-1) have been reported to be associated 

with increased infection rate, growth retardation and anemia. Changes in glycosylation, 

or of the carbohydrate units in transferrin have been associated with several malignant 
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conditions such as hepatocellular carcinoma, and carbohydrate deficient (desialylated 

TSF) TSF has been found to be associated with alcoholism [191]. 

1.16 Immunoglobulin G (IgG) 

Glycan units in an IgG are attached to the highly conserved fragment 

crystallization site (Fc) region. IgG is abundantly present in human serum at a very high 

concentration of 10 mg mL-1 in different subclasses. Glycan structures of N-glycans of 

IgG are mostly of the biantennary, complex type with core fucosylated units [146]. 

Differences from normal glycosylation of IgG are associated with several autoimmune 

and chronic inflammatory diseases such as rheumatoid arthritis [192, 193]. 

1.17 Fetuin (FET) 

 Fetuin is a circulating acute phase glycoprotein, belonging to the cystatin 

superfamily of cysteine protease inhibitors [194]. An inverse correlation between mitral 

and aortic valve calcification and fetuin serum level has been observed [195]. It is an 

insulin inhibitor and an increased level of fetuin has been found to be associated with 

diabetes mellitus and hyperglycemia [196].  

1.18     Alkaline phosphatase (ALP) 

 Calf intestine alkaline phosphatase is a 69 kDa, non-specific 

phosphomonoesterase, purified from calf intestinal mucosa [197]. It has been one of the 

most favored enzymes in enzyme-linked lectinsorbant assays, and in dephosphorylation 

of DNAs and RNAs [198-200]. 
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Immunoglobulin G (1HZH)    Concanavalin A (3CNA)          Transferrin (1LFG) 

                                      

Prostate Specific antigen (PSA-2ZCH)                  Alkaline Phosphatase (1B8J)              

Figure 1.4. Structures of some of the proteins or their isoforms used in this study. 

PDB code is also shown for each protein. 

Carcinoembryonic antigen (PDB:1E07)
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1.19 Immunoassays 

Application of antibodies in immunoprecipitation of antigens, and quantitation 

started early in the nineteenth century. Yalow and Berson showed increased sensitivity of 

the immunoassay for insulin with antiserum with the use  of 131I radiolabel, which 

became a fairly popular analytical technique in bioanalysis, as a radioimmunoassay 

[201]. Enzyme-coupled antibodies were used in histochemistry to detect antigens in 

tissue sections. Utilizing similar concepts, the enzyme-linked immunoassay was 

introduced by Engvall and Perlmann in 1971 and reported to have similar precision and 

sensitivity to that of the radioimmunoassay [202]. In this study, they allowed antigen to 

adsorb on polystyrene tubes followed by the addition of antibody-alkaline phosphatase 

conjugate and measurement of the activity of the enzyme. Catt and Treager reported a 

solid phase radioimmunoassay, done by immobilization of antibodies on disposable 

tubes, in a competitive format [203]. Most of the common ELISA protocols are based on 

these early developments of immunoassays, both for radioimmunoassay and enzyme 

linked immunosorbant assays. With the development of modern instrumentation and 

analytical techniques, some modifications and development have taken place, and 

commonly used immunoassay formats are of the following three types: sandwich, antigen 

capture and direct [204, 205]. In a sandwich immunoassay, the primary antibody is 

immobilized onto the surface and then incubated with the antigen solution, with the final 

and detection steps consisting of the enzyme labeled secondary antibody binding to the 

antigen already bound to the primary antibody. Rinsing off any unbound enzyme 

conjugate and incubation with the enzyme substrate gives the measurement of the amount 

of antigen bound to the surface bound antibody [206]. In the antigen capture strategy, the 
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complex mixture of the protein solution (detection solution) needs to be labeled. 

Antibody is immobilized on the surface and then labeled antigen or protein solution is 

incubated. In the direct measurement strategy, a protein or the antigen is immobilized on 

the surface and then incubated with the labeled antibody.  

1.19.1 Immunoassay strategies 

Sandwich immunoassays involving multiple antibodies are described in the later 

phase of immunoassay development. Maiolini et al. reported a sandwich immunoassay 

for an antigen having at least two antibody binding sites; this procedure is fairly similar 

to the common ELISA protocol adopted today [204, 205, 207]. The initial step involved 

immobilization of an antibody to the substrate followed by antigen binding, and finally 

another antibody labeled with enzyme is allowed to bind to the antigen in solution. The 

final detection step involved measurement of the enzymatic activity of the enzyme. Later 

versions of the immunoassay involved multiple antibodies [206]. Schematic 

representations of different strategies of immunoassay are shown in Figure 1.5. 

Other types of immunoassays include: 

a) Competitive assay for antigen: Labeled antigen competes with the unlabeled 

antigen for binding to the antibody. Amount of the labeled antigen bound to the antibody 

is detected after appropriate separation procedures [208]. 

b) Immunoenzymometric assay for antigen: In this procedure, antigen is allowed 

to react with an excess of labeled antibody. In the second step, an excess of solid phase 

antigen is allowed to bind with the unreacted labeled antibodies in solution. After 

separation of the solid phase antibody, the amount of solution phase antigen is 

determined based on the enzymatic activity associated with them [209]. 
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Figure 1.5. Schematic representations of the some of the most common types of 

immunoassays. 

c) Enzyme immunoassay for antibody: This is another version of the enzyme 

immunoassay, where instead of antibody coating to the surface, antigen is coated and 

antibody is allowed to bind to the solid phase antigen. The amount of antibody bound to 

the surface is detected after final step of incubation with the labeled antibody [210]. 

d) Homogeneous enzyme immunoassay for antigens and haptens: This 

immunoassay doesn’t require separation of the analyte mixture, because the detection 

strategy is based on the activation or reduction of the enzymatic activity of an enzyme 

after antibody binding. Briefly, this method consists of preparation of enzyme conjugate 

with a haptenic group; when the antibody binds to the antigen, enzymatic activity is 

reduced due to the presence of a large antibody near the enzyme. When excess antigen is 
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allowed to bind to the antibody, free antigen-enzyme conjugate is released into the 

solution, and hence enzymatic activity increases [211]. Rowley et al. reported similar 

studies in which a morphine derivative was attached to malate dehydrogenase and their 

report showed that the loss of enzymatic activity was because of the conformational 

freezing of the malate dehydrogenase, rather than due to the presence of the bulkier 

group, i. e. the antibody [212]. They also pointed out that the conjugation sites in the 

enzyme is important for the effective loss of the enzymatic activity, after antibody 

binding [213]. Conjugation of morphine with malate dehydrogenase via tyrosine and 

amino groups of lysine showed only a moderate loss of activity with an increasing 

number of morphine molecules substituted to the enzyme; whereas, conjugation via a 

disulfide bond showed an initial increase in enzymatic activity which dropped sharply 

with increasing number of molecules. Tryptic digestion, immunoprecipitation and mass 

spectrometric characterization of morphine glucose 6-phosphate dehydrogenase has been 

reported recently, for the improvement of current understanding of the mechanism of 

enzyme inhibition by antibody-hapten interaction [214].  This study also identified that 

catalytically important lysine residues were among the 26 possible conjugation sites. This 

assay approach was applied for the determination of several other analytes, as well as 

using different enzyme labels [215-217]. 

1.20 Solid surfaces for immunoassays 

Different surfaces have been employed for the immobilization of antibodies or 

antigen depending upon the requirements of the detection techniques. With the 

development of modern instrumentation and with a continued effort to create novel ways 

of detecting immunogenic reactions, new surfaces are continuously building up in the 
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library of surfaces. Historically some of the popular solid phases employed in enzyme 

immunoassays and ELISAs include polystyrene plates [218], beads and tubes [199, 219], 

plastic [220], cellulose [221], nitrocellulose [222], agarose [113], dextran [223], latex 

[113], polydimethylsiloxane [224], nylon membranes, beads and microparticles of methyl 

methacrylate coated surfaces [225], etc. Polystyrene is one of the most ubiquitous 

materials used in research laboratories, it is available untreated or treated for optimal 

protein adsorption on its surface. Irradiated or plasma treated polystyrene and 

functionalized polystyrenes are commercially available [226].  Chemically modified 

polystyrenes have been designed for different interactions and modes of immobilization 

such as ionic and hydrophilic, ionic, hydrophobic and aminated, covalent attachment of 

DNA via reaction between NH2 and NOS groups, sulphydryl binding surfaces, surfaces 

prepared for covalent binding via hydrazide groups, and surfaces designed for UV 

crosslinking via extractable hydrogen with the biomolecules (marketed by Corning, Inc., 

Tewksbury, MA) for assay purposes [226], In addition to the different polystyrene 

surfaces designed for assay purposes, functionalized polystyrene surfaces for use in cell 

culture are also marketed by Corning. Epoxide coated glass slides with a uniform coating 

of 3-glycidoxypropyltrimethoxysilane epoxide or amine terminated surfaces prepared 

from a -aminopropylsilane coating are also available from the same company for 

microarray based studies. Nunc (Rochester, NY) also supplies modified surfaces for cell 

culture, immunology and molecular biology [227]. Polystyrene, glass, plastic and 

polycarbonate surfaces are modified for the purpose of covalent binding  with the 

secondary amines on the surface, hydrophobic or hydrophilic interactions (Covalink, 

Rochester, NY) [228]. When polystyrene is used as a substrate for protein 
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immobilization, significant background or noise is observed in assays, due to the 

hydrophobicity of the surface and nonspecific adsorption. Carbohydrate modified beads 

are known for significant reduction of nonspecific adsorption of proteins, due to the 

hydrophilic nature of the surface [229]. Membrane based systems for immunoassays are 

fairly popular and have some advantages due to their higher surface area and porosity. 

Protein binding to these surfaces is mainly due to hydrophobic interactions and in some 

cases due to hydrophilic interactions. Some of the most widely used materials are 

cellulose nitrate ester (nitrocellulose), Nylon and polyvinylidene difluoride (PVDF).  

Methods of detection in bioassays using these surfaces, are mostly optical 

measurements (either absorbance based or fluorescence measurement). Optical 

measurements have certain shortcomings when it comes to measurement of colored and 

turbid samples that scatter light. An alternative and highly sensitive set of measurements 

in ELISA are the electrochemical techniques, which have certain advantages over the 

absorbance based techniques as electrochemical techniques are less affected by 

interference from the color of the solution, turbidity and non-electroactive matrices [230]. 

Electrochemical measurements can potentially be miniaturized to develop portable 

detection devices [231]. With the development of nanotechnology, these electrochemical 

methods have boomed and several composite electrodes based on nanostructures have 

been shown to improve sensitivity and detection range of assays, compared to those of 

the traditional methods [232]. 

1.21 Nanoparticles, electrochemical immunoassays and signal enhancement 

Historically, potentiometric and amperometric methods were the most favored 

electrochemical methods applied for the electrochemical detection of antibody-antigen 
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binding events. Pioneering studies on the application of electrochemical methods, for the 

study of antibody-antigen binding, were reported by Rechnitz et al. [233] Their 

potentiometric study was based on the trimethylphenyl ammonium (TMPA+) ion 

selective electrode, and sheep erythrocyte ghosts containing TMPA+ having a binding site 

for the Fossmann antigen, which can bind specifically to the hemolytic antibody. 

Complement then recognizes the complex of antigen and the hemolytic antibody causes 

cell lysis via a series of enzymatic reactions. Complement system consist of more than 30 

serum proteins and cell surface receptors involved in several functions including cell lysis 

and enhancement of B and T cell responses [234]. The release of TMPA+ after cell lysis 

was monitored by the potentiometric method and correlated to the amount of the antibody 

and complement present in the system, with the rest of the other components kept 

constant. This system was shown to respond to the amount of antibody and of the 

complement as analytes [235, 236]. In an another study, Rechnitz et al. reported synthesis 

of a membrane electrode for potentiometric studies for the development of an 

immunosensor, and they developed two types of membranes, one with dinitrophenol 

conjugated to the polyvinyl chloride membrane, and another with triacetyl cellulose for 

BSA immobilization. Using antibodies specific for BSA and dinitrophenol, these 

electrodes were shown to be specific for the respective antibodies (dinitrophenol-anti 

dinitrophenol antibody and BSA-anti BSA antibody), and potential application of the 

principle for other systems was also pointed out [235]. There are several other reports on 

the change in potential of the immunoelectrode after antibody-antigen reaction [237-239]. 

Janata et al. reported that the change in potential with proteins immobilized on the 

electrode surface after binding with its complementary protein, was due to the changes in 
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charge distribution [240]. As proteins are polyelectrolytes, when in solution they have 

certain charges; when bound to another protein, which also is charged, the charge ratio 

changes on the surface which causes a change in potential. Thus, the change in potential 

can be related to the amount of protein analyte in solution, which is in equilibrium with 

the bound protein on the electrode surface [241]. A potentiometric immunoassay was 

reported for the determination of -fetoprotein (AFP) based on the composite 

nanostructure consisting of CoFe2O4-mercaptopropyl trimethoxy silane [242]. Au-nps 

were self-assembled on the modified CoFe2O4 surface, through the Au-S interaction, and 

the anti-AFP antibody was then immobilized by adsorption on the Au-nps. This 

composite consisting of magnetic core-(Au-np)-anti AFP antibody was then deposited 

onto carbon paste electrodes by magnetic interaction between a permanent magnet and 

the magnetic nanoparticles. Heinman et al. reported application of amperometry as a 

method for the detection of NADH in enzyme coupled immunoassay in flow injection 

analysis, using phenytoin as an analyte [243]. A non-enzymatic detection method for the 

immunoreaction of estriol and antibody, based on the redox label mercuric acetate, was 

reported using differential pulse polarography [244]. More recent approaches for the 

detection of immunoreaction have been diverse, and different electrochemical techniques 

have utilized including potentiometry, amperometry, differential pulse voltammetry, 

square wave voltammetry, anodic stripping voltammetry, electrochemical impedance 

spectroscopy and cyclic voltammetry [245-248]. The following discussion will focus on 

the enzyme linked immunosorbant assay with electrochemical detection techniques. The 

enzyme label is the important component of ELISA. The choice of the enzyme label in 

electrochemical ELISA depends upon several factors including the availability of a 
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suitable electrochemical substrate, simplicity of the enzymatic reactions, no interference 

from the sample matrix in electrochemical analysis, high catalytic activity, stable enzyme 

substrate and product etc. [249, 250] In this respect, alkaline phosphatase (ALP) and 

horseradish peroxidase (HRP) are the two most common enzyme labels in 

electrochemical immunoassays [230, 251]. Alkaline phosphatase is an attractive enzyme 

because of its high reaction rate (turnover number), robustness, and wide range of  

available substrates for different modes of detection [230]. Most of the substrates of 

alkaline phosphatase are electroinactive but the products are electroactive, which reduces 

interferences from the substrate as current is specifically due to the product of the 

enzymatic reaction [252]. Several electrode materials have been utilized for the 

electrochemical detection of the reaction product of the enzyme-linked immunosorbant 

assays. Some of the electrode surfaces commonly used for electrochemical detection in 

ELISA include gold, glassy carbon, indium tin oxide, platinum, graphite, or carbon paste 

electrodes [253, 254]. Colloidal and nanoparticles are most often applied to the electrode 

surface in order to increase surface area and increase sensitivity of assays [232].  A label-

free immunoassay for hCG was developed based on a gold nanoparticle sol/gel 

composite, a conjugate of anti-hCG antibody-HRP was adsorbed to the gold nanoparticle 

and HRP-anti-hCG/nanogold was encapsulated into the titania sol-gel matrix composite 

membrane [255]. The principle of this measurement was based on the decrease in DPV 

peak current due to the hindrance in electron transfer between HRP and the electrode 

surface after antigen binding to the antibody. In another report, thiolated DNA conjugated 

gold nanoparticles were used in a sandwich type immunoassay for signal amplification in 

an immunoassay for alpha fetoprotein and heart fatty acid binding protein. In this 
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strategy, the increased sensitivity was achieved by signal amplification and the 

multiplexing behavior of the DNA molecules on the nanoparticle surface [256]. A 

Faradaic impedance spectroscopy based label-free immunoassay for CEA was reported 

by immobilizing antibody on glutathione modified gold nanoparticles, which were later 

immobilized on the Au electrode by electrocopolymerization with o-aminophenol. The 

antigen-antibody interaction between CEA and anti-CEA antibody was reported to 

increase the charge transfer resistance at the gold electrode. This strategy was reported to 

give a linear range of determination of 0.5-20 ng mL-1, and a detection limit of 0.1 ng 

mL-1 [257]. Another electrochemical label-free technique based on a similar principle was 

reported for the detection of human IgG in which the gold surface was modified by 

electropolymerization of methionine and methylene blue, followed by the attachment of 

gold nanoparticles and antibody immobilization. After blocking nonspecific sites with 

BSA, an immunoassay was performed for human IgG. This immunoassay was reported to 

have a detection limit of 3 ng mL-1, and showed a linear range of determination of 10 to 

104 ng mL-1 [258]. A working electrode for the electrochemical detection of AFP was 

prepared by entrapping thionine in a Nafion film through electrostatic interaction, which 

provided amino functional groups for the self-assembly of gold nanoparticles. The 

presence of thionine in the Nafion membrane served to generate current in cyclic 

voltammetry. The amount of current was reported to drop with an increase in amount of 

AFP. This method had a detection limit of 2.4 ng mL-1 AFP,  and a linear range of 5.0 to 

200 ng mL-1 [259]. Another electrochemical immunoassay based on the layer by layer 

assembly of graphene-Nafion composite-methylene blue-Au-np-anti-CEA antibody/BSA 

was developed on a glassy carbon electrode surface. The differential pulse voltammetric 
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peak current was reported to be a linear function of antigen concentration in the range of 

0.5-120 ng mL-1 with a detection limit of 0.17 ng mL-1 [260]. Nanoparticles immobilized 

on 5,2’:5’,2”-terthiophene-3’-carboxylic acid polymer via electrodeposition were also 

reported; anti-osteoproteogerin antibody immobilized to this composite electrode was 

then used for the determination of osteoproteogerin, based on the competitive assay of 

HRP-labeled osteoproteogerin and unlabeled osteoproteogerin. This assay had a detection 

limit of 2.0 pg mL-1 osteoproteogerin and a dynamic range of 2.5 to 25 pg mL-1 [261]. A 

sensing surface developed by incorporating toluidine blue and hemoglobin on multiwall 

carbon nanotube-chitosan modified glassy carbon electrode was applied for the sensitive 

detection of human chorionic gonadotrophin. The electrode had a sensitivity of 0.3 mIU 

mL-1 and a linear range of 0.8 to 500 mIU mL-1. One international unit of hCG is defined 

as the activity present on 0.001279 mg of the second international standard for hCG 

[262]. Presumably hCG binding partly hindered the catalytic site of hemoglobin and 

hence caused a decrease in catalytic activity of hemoglobin for oxidation of immobilized 

toluidine blue by H2O2 [263]. Ding et al. reported a highly sensitive electrochemical 

immunoassay for alpha fetoprotein using three different nanoparticles. Magnetic 

nanoparticles were coated with streptavidin, followed by the attachment of biotinylated 

anti-AFP antibody. On the later step of this immunoassay, CdS nanoparticles were 

modified with bio barcode DNA and incubated with the magnetic nanoparticles with the 

anti-AFP-AFP immunocomplex. Cd2+ ions were released in solution by dissolving in 

HNO3, which was then determined by anodic stripping voltammetry. This immunoassay 

had a detection limit of 9.6 pg mL-1, and a linear range of 0.02 to 3.5 ng mL-1 [264]. Wu 

et al. reported a competitive immunoassay for the determination of CA125, based on 
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colloidal gold nanoparticles immobilized on cellulose acetate stabilized gold 

nanoparticles, on a glassy carbon electrode. CA125 antigen was immobilized on the gold 

nanoparticle surface and allowed to compete for the HRP labeled anti-CA125 antibody 

and o-phenylenediamine was used as a tracer and H2O2 as an enzyme substrate [265]. 

Another immunoassay for hCG was reported based on a similar principle with gold 

nanoparticles immobilized on a chitosan membrane on a glassy carbon electrode, with 

detection by differential pulse voltammetry (DPV) measurement of the redox behavior of 

o-phenylenediamine [266]. A signal amplified DPV electrochemical immunoassay, based 

on using gold nanoparticles containing multiple HRP conjugated anti-hepatitis B surface 

antigen antibodies was reported by Ding et al. [58] Anti-hepatitis B surface antigen 

antibody was immobilized on a nanoporous gold (NPG) electrode, followed by antigen 

binding and finally nanoparticles containing multiple conjugates were allowed to bind to 

the antigen immobilized on the surface. This strategy using nanoparticles for 

immobilization of multiple labels per antigen is a highly attractive strategy for signal 

amplification in immunoassays. Horseradish peroxidase encapsulated inside nanogold 

microspheres, coated on the surface with secondary anti-CEA antibody, was used in 

another approach reported for multiple label loading for signal amplification in an 

immunoassay for CEA [267]. The electrode surface was prepared by 

electropolymerization of thionine on the gold surface with several amino groups on the 

base of the polymer layer, in contact with the gold surface. Colloidal gold was deposited 

onto the gold surface by dipping the electrode into the gold particle solution followed by 

the immobilization of protein A, onto the colloidal gold surface. Anti-CEA antibody was 

immobilized due to its interaction with the protein A molecule on the surface. After 
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incubation of the immunosensor with the CEA solution, it was then incubated with the 

gold nanoshell containing HRP and anti-CEA antibody, and amperometric measurements 

were then done by CV after adding hydrogen peroxide. This immunoassay had a 

sensitivity limit of 1.5 pg mL-1 and a linear range of 0.01 to 200 ng mL-1. An et al. 

reported an immunoassay for -synuclein based on dual signal amplification by 

dendrimer-gold nanoparticle composites and multiple enzyme loaded nanoparticles [268]. 

In this assay, -synuclein was immobilized on the dendrimers followed by the binding of 

an antibody for -synuclein and then detection of surface attached -synuclein by gold 

nanoparticles loaded with multiple HRP-antibody conjugates. Using HRP as an enzyme 

label, cyclic voltammetric measurements showed a drop in current with increase in 

antigen concentration, presumably due to the formation of immunocomplexes and 

subsequent blockage of the reaction between HRP and H2O2. Lin et al. reported an 

immunoassay for CEA based on gold nanoparticles immobilized on a chitosan membrane 

on an ITO (indium tin oxide) surface. The DPV based competitive assay constituted 

immobilized CEA on the electrode surface competing with the CEA in solution, and for 

the HRP labeled antibody in solution, was reported to show linear response from 2 to 20 

ng mL-1, with a detection limit of 1 ng mL-1 [269]. Yuan et al. reported a different 

approach for the development of an immunoassay based on Au-nps immobilized on the 

glassy carbon electrode, then nickel hexacyanoferrate nanoparticles, followed by another 

layer of gold nanoparticles for immobilization of anti-CEA antibody [270]. This 

immunoassay was based on the decrease in cyclic voltammetric peak current with the 

increase in CEA antigen concentration, as formation of immunocomplexes on the 

electrode surface was believed to create resistance to electron transfer across the 
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interface. This immunoassay was reported to show two linear ranges of determination 

from 0.5 to 10 ng mL-1 and 10 to 160 ng mL-1. Zhou et al. reported a strategy for the 

simultaneous detection of two cardiac biomarkers on the microfluidic chip by 

immobilizing two antibodies on the gold nanoparticles immobilized on the PDMS surface 

followed by antigen binding and finally binding of an antibody-quantum dot label (two 

different quantum dots for each of the two antibodies) to the antigen which was finally 

detected by dissolution of the quantum dots and by AS SWV (anodic sweep square wave 

voltammetry)  [271]. A multiplexed immunoassay for human and mouse IgG was 

developed by Lai et al. [272] Two working electrodes prepared by covalent 

immobilization of antibodies on screen printed carbon electrodes modified with chitosan. 

After antigen binding to the antibody on the electrode surface, antibody-ALP conjugate 

immobilized Au-nps were allowed to bind to the antigen. Enzymatic reaction of ALP 

with 3-indoxyl phosphate generated the indoxyl intermediate which helped to reduce Ag+ 

ions, which were deposited onto the electrode surface, and later determined by linear 

stripping voltammetry in aqueous KCl solution. This strategy was reported to reduce 

crosstalk between electrodes and could potentially be applied for the development of 

multiplexed array immunoassays. Wilson et al. reported a multiplexed immunoassay 

based on the sandwich type immunoassay by immobilizing four analytes on eight iridium 

oxide electrodes (IrOX) [273]. Each electrode was spatially separated to reduce crosstalk 

between electrodes. This assay utilized alkaline phosphatase labeled detection antibodies 

and hydroquinone diphosphate (HQDP) as an enzyme substrate; the hydroquinone 

generated by the enzymatic reaction was measured amperometrically. The same group 

later applied a similar approach to detect seven different antigens, using immobilized 
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antigens on the multiarray electrodes and incubating them with the antigen, followed by 

the detection of antibody using secondary antibodies conjugated to ALP. HQDP was used 

as an enzyme substrate for electrochemical detection [274]. A multiplex label free 

immunoassay based on a silicon nanowire field effect device was reported by Zheng et al. 

for free PSA, PSA--1 antichymotrypsin and mucin-1 [275]. Wu et al. reported an 

alternative approach for the multiplexed enzyme immunoassay, based on immobilized 

toluidine blue on the electrode surface, which served as a mediator in the electrochemical 

process, and crosstalk between electrodes was minimized [276]. This immunoassay was 

successfully applied for the simultaneous determination of four tumor markers: CEA, -

AFP, CA125 and -hCG. Tang et al. reported an immunoassay for CA125 based on the 

immobilization of gold nanoparticles on thionine modified carbon paste electrode. Anti-

CA125 antibody was immobilized on the gold nanoparticles. Binding of antigen to the 

antibody produced a decrease in peak current in DPV, proportional to the antigen 

concentration in solution [277]. Zhuo et al. reported development of a multienzyme 

immunoassay based on glucose oxidase and HRP immobilized on the three layer 

magnetic nanoparticle prepared from Au-np-Prussian blue-Fe3O4 [278]. The gold 

working electrode surface was modified with chitosan/nano-Au composite followed by 

the covalent attachment of anti-CEA antibody, antigen binding to the electrode and then 

binding of bienzyme nanocomposite. This assay approach was reported to have pg mL-1 

sensitivity for CEA and for -fetoprotein. Gold nanoparticles have also been employed as 

a label, for the detection of antibody-antigen binding, in multiplex immunoassays, and 

have been reported to reduce crosstalk between electrodes. Another signal amplification 

strategy commonly applied in immunoassays is enzyme channeling and substrate 
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regeneration by attaching two enzymes on the electrode surface. Ivnitski et al. developed 

a bienzyme system for the sandwich immunoassay using HRP labeled secondary 

antibody and glucose oxidase immobilized at the polyethylineimine polymer membrane 

surface [279]. Signal amplification was achieved via continued generation of enzyme 

substrate for HRP, due to the reaction of excess glucose with glucose oxidase for 

generating H2O2, as a substrate for HRP, and accumulation of the redox mediator, I2/I
- at 

the electrode surface. Several other signal amplification strategies are reported in the 

literature such as electrochemical redox recycling of the product, chemical recycling by 

adding certain chemicals to the system, that will regenerate the initial substance, and 

electrochemical and chemical recycling of products [280].  

 Immunoassays are the gold standard for the detection of biomarkers, food 

contaminants, toxins, environmental pollutants etc. Since the discovery of immunoassays, 

there have been continued efforts to improve the performance of immunoassays in terms 

of sensitivity, selectivity, reliability, regeneration, speed and convenience of operation 

procedures. Some of the notable successes in this direction includes development of 

lateral flow assays [281], immunoassay cartridges such as iSTAT® cartridges for cardiac 

troponin [282], and other point of care diagnostic methods [283, 284]. Lateral flow assays 

are designed for point of care testing or home use, in non-laboratory settings. The 

principle of lateral flow assays is based on the immobilization of a labeled antibody in a 

compartment next to the sample application compartment of the immunochromatographic 

pad. This reacts with the detection analyte in the sample, and the signal is generated at a 

detection point, by reacting with another antibody immobilized on this compartment 

[285]. A schematic representation of the different components of the lateral flow assay is 
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given in Figure 1.6. Though LFA are simple and rapid assays, they are either qualitative 

or semi-quantitative tests, and are applicable only for yes or no type analysis. One of the 

most successful applications of this technology is the pregnancy test kit, which gives 

result within a few minutes [281]. The detection particles in the LFA are most often 

colloidal gold, latex nanoparticles, liposomes or enzyme substrate reaction products 

[285].  

 

Figure 1.6. Schematic representation of the lateral flow assay. Different stages of the 

lateral flow assay are shown. The top panel shows different compartments for sample, 

labeled antibody, target antibody, control antibody and wicking pad; the middle panel 

shows antigen binding to the labeled antibody as it passes along the 

immunochromatographic strip; the lower panel shows the final visualization step of the 

assay. 

iSTAT® cartridges are clinical testing devices designed for the fast and easy 

monitoring of blood analytes in point of care testing or bedside testing in doctor’s offices 
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and clinics [286]. These iSTAT® cartridges can detect blood gases, blood pH, 

metabolites, lactate, coagulation and hematology and cardiac biomarkers. Analysis of 

cardiac biomarkers by these cartridges is based on immunoassay principles more or less 

similar to that of the lateral flow assays. Alkaline phosphatase tagged anti-cTnI antibody 

is placed at one point of the sensor surface. Once blood is applied to the spotting point it 

flows through the enzyme antibody conjugate. cTnI present in the blood sample binds to 

the antibody and flows with the liquid until it finds another antibody where it is 

immobilized, for electrochemical detection. During the washing step, p-aminophenyl 

phosphate, a substrate for ALP, is applied, which reacts with ALP to generate p-

aminophenol, which is detected amperometrically [287]. 

The immunoassay principle has also been applied for the detection of whole cells 

for pathogen detection.  An immunosensor for the detection of E. coli 0157:H7 was 

developed by Lin et al. [288] using gold nanoparticle–screen printed carbon strip 

electrodes for the immobilization of antibodies to E. Coli O157:H7. Using secondary 

antibodies conjugated to HRP a detection limits of 6 CFU and 50 CFU were obtained in 

PBS buffer and milk samples, respectively.  Electrochemical detection of the reaction 

between HRP and hydrogen peroxide was mediated by ferrocene dicarboxylic acid. An 

anodic stripping voltammetry based immunoassay for E. coli determination was reported 

by Zhang et al.; their assay strategy was based on the immobilization of E. coli to 

polystyrene modified ITO surface, followed by the detection of bound E. coli by 

antibodies to E. coli coated on Cu-Au bimetallic nanoparticles [289].  
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1.22 Presence and significance of carbohydrates in biological system 

Cell surfaces are heavily glycosylated, and act as the initial recognition element 

for most of the processes involving cell interactions such as, cell-cell communication, cell 

adhesion, antibody, hormones, toxins, intracellular trafficking of proteins, development 

of neural network, bacteria, viruses and host pathogen interactions [290-292]. Differential 

glycosylation has been observed in different stages of cell growth, cell differentiation, 

fertilization, and during malignancies as well [293-295]. Carbohydrates are also involved 

in pathological conditions such as inflammation, metastasis and host-pathogen 

interactions [296, 297]. Protein glycosylation is one of the most prominent post 

translational modifications, with almost 50% of all proteins and 80% of membrane 

proteins being glycosylated [298]. Based on the scaffolds to which monosaccharides are 

bound, glycoconjugates can be classified into four categories as glycoproteins (N-and O-

linked), glycosaminoglycans, glycosylphosphatidylinositol (GPI) anchored proteins, and 

glycolipids [299]. Protein glycosylation has an important impact on protein conformation, 

protein folding, protein function, protein-protein interaction and protein-cell interactions 

[123, 300]. Thirteen different monosaccharides and eight amino acids are found to be 

conjugated in glycoproteins, via 41 bonds, due to the actions of 16 known glycosyl 

transferase enzymes [299]. The most common glycosidic linkages are N-glycosidic and 

O-glycosidic and other glycosidic linkages include C-mannosyl, phosphoglycosyl and 

glypiated linkages [301]. N-glycosidic linkages involve asparagine (Asn to Glc, GlcNAc, 

GalNAc, Rha) and arginine (Arg to Glc). O-Glycosidic linkages involve amino acids with 

hydroxyl groups such as Ser, Thr, Tyr, Hyl, and Hyp. C-Mannosyl (Trp to mannose), 

phosphoglycosyl–Ser, and glypiated bonds are formed in the following sequence 
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mannose-phosphoethanolamine-carboxyl group of the protein. All N-linked glycoproteins 

have a common pentasaccharide core consisting of a Man1-6(Man1-3)Man1-

4GlcNac1-4GlcNac unit. Oligomannose (high mannose, having only -mannose units 

attached to a trimannosyl core), complex (branched with N-acetylglucosamine attached at 

the reducing end, to the mannose core), hybrid (containing both high mannose and 

complex type structures), and poly N-acetyl lactosamine (having repeated units of Gal1-

4GlcNac1-3 attached to the core glycan units), are four types of oligosaccharides added 

to the trimannosyl units. Classification is based on their location and glycan structure 

[299]. O-linked glycoproteins are more complex than the N-linked glycoproteins as they 

do not have common core units and six units have been identified so far [302]. Since 

carbohydrates are involved in diverse physiological processes they are potential targets 

for drug discovery, diagnostics, antibiotics etc. Carbohydrate-protein interaction is 

usually weak, which is overcome in nature by the presence of glycoclusters. In order to 

understand the detailed mechanism of protein-carbohydrate interaction and for high 

throughput screening of carbohydrate epitopes in glycoproteins, it is essential to 

immobilize carbohydrates on solid surfaces. With the advance of protein and DNA 

microarrays for proteomics and genomics, there have been a significant number of 

studies towards the development of glycan and lectin arrays for glycan profiling in 

glycomics [303, 304]. 

Different methods have been developed for the immobilization of carbohydrates 

on surfaces such as physisorption, covalent immobilization and biochemical 

immobilization [305, 306]. Physisorption of carbohydrate to surfaces is very weak so 

they are usually conjugated to some other molecules such as lipids, peptides, 
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neoglycoconjugates etc. [307] Different reaction schemes can be applied for the 

attachment of underivatized carbohydrates to the surface, which requires activation of 

carbohydrates by suitable activating groups such as CNBr, CNCl, divinylsulphone and 

isocyanate. Carbohydrates can be attached to the surface containing amine functionality 

via reductive amination of the reducing end of the sugar and the amine on the surface.  

Carbohydrates are oxidized under mild conditions to generate aldehydes or ketones, 

followed by the reaction with the amines on the surface to form Schiff’s bases, which are 

ultimately reduced by hydrides to amides. Carbohydrates can also be immobilized to the 

surface via functional aglycones such as thiols or disulfide linkers attached to the 

carbohydrate, and another strategy involved modification of both surface and 

carbohydrate generating functional aglycone for reaction between these two functional 

groups. Immobilization via thiols and disulfides is by far the easiest and most favored 

approach for the immobilization of carbohydrates on gold surfaces. Finally, 

carbohydrates can be immobilized on the surface based on the affinity interaction 

between molecules such as biotin and streptavidin and or DNA mediated immobilization 

[307]. 
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CHAPTER II 

MATERIALS AND METHODS 

2.1  Materials 

Gold wire (0.2 mm diameter, 99.99%) was obtained from Electron Microscopy 

Sciences (Fort Washington, PA). PSA, CEA, anti-PSA monoclonal antibody, PSA (free) 

antigen, CEA antigen and anti-CEA monoclonal antibody were obtained from Fitzgerald 

(North Acton, MA). Alkaline phosphatase labeling kits were obtained from Dojindo 

Molecular Technologies Inc. (Rockville, Maryland). Concanavalin A, soybean 

agglutinin, peanut agglutinin, streptavidin-gold labeled (10 nm), Con A (biotinylated, 5 

mole/mole Con A) were obtained from Sigma Aldrich (St. Louis, MO).  P-aminophenyl 

phosphate (p-APP) was obtained from Gold Biochem (St. Louis, MO). Sodium carbonate 

(enzyme grade, >99%), N-hydroxysuccinimide (NHS) (≥ 97%), sodium phosphate 

(certified ACS grade), potassium phosphate (99.6%), sulfuric acid (certified ACS plus), 

nitric acid (trace metal grade),  hydrogen peroxide (50%), and sodium bicarbonate 

(certified ACS) were all from Fisher Scientific (Pittsburg, PA). Potassium 

dicyanoargentate (K[Ag(CN)2]) (99.96%) and potassium dicyanoaurate (K[Au(CN)2]) 

(99.98%), ethanol (HPLC/spectrophotometric grade), acetonitrile (HPLC grade), lipoic 

acid, N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) (>99%), 

Butanethiol (99%), hexanethiol (95%), octanethiol (98.5%), decanethiol (96%), 

dodecanethiol (98%), tetradecanethiol (98%), octadecanethiol (98%), 

mercaptododecanoic acid (99%) and mercaptoundecanol (97%) glycine (99%), sodium 

bicinchoninate (≥ 98%), sodium tartrate (> 99%), sodium hydroxide (99.99%), cupric 
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sulfate (≥ 99%), zinc chloride (≥ 98%), magnesium chloride (99%), and sodium chloride 

(99%) were obtained from Sigma–Aldrich (St. Louis, MO).  All reagents were used 

without further purification. Milli-Q water (18.2 MΩ) was used for preparation of all 

aqueous solutions. Thiolated glycosides (α-D-Gal-(1→4)-β-D-Gal-(1→4)-D-Glc1-O-

mercaptooctane (Gb3-C8-SH) and 8-Mercaptooctyl -D-mannopyranoside (Man-C8-SH)) 

and 8-mercapto-3,6-dioxaoctanol  (HO-PEG2-SH) were obtained from Professor Alexei 

Demchenko’s lab. 

2.2 Preparation of nanoporous gold 

2.2.1 Preparation of alloy of gold and silver 

An alloy of gold and silver was electrodeposited on the gold wire surfaces of 0.2 

mm diameter and 0.5 cm length. The solution used for electrodeposition was prepared by 

combining 4.9 mL of 50 mM K[Ag(CN)2] and 2.1 mL of 50 mM K[Au(CN)2] (each in 

0.25 M sodium carbonate) to give a composition of 70% Ag and 30% Au in the 7.0 mL 

deposition solution used in the electrochemical cell. Deposition solution was degassed 

with Ar for 10 min and deposition was carried out at a potential of -1.0 V (versus 

Ag|AgCl) for 10 min. Electrodeposition was carried out in three electrode cell 

arrangement with gold wire as a working electrode, platinum wire as a counter-electrode 

and Ag|AgCl|KCl (saturated) as a reference electrode using a PARSTAT 2273 

potentiostat and the Powersuite software.  

2.2.2 Dealloying 

 Thus prepared alloys were dealloyed by submerging alloy coated gold wires into 

concentrated nitric acid solution (trace metal grade) for 24 hours in a sealed container. 
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These dealloyed wires were rinsed several times with Milli-Q water (18.2 MΩ) and then 

stored in Milli-Q water for at least 30 min, to get rid of any HNO3 trapped into the pores, 

and then rinsed again. These wires were dipped into the ethanol for 30 min to reduce any 

gold oxide on the surface before further use. Gold wires were cleaned by dipping them in 

piranha solution (H2SO4 : H2O2 (30%), 4:1 for 10 minutes and rinsed with plenty of water 

and then with HPLC grade ethanol (Caution: Piranha solution reacts vigorously with 

organic substances so caution should be taken while preparing and handling). 

2.2.3 Characterization of NPG 

 Surface morphology and general structure of NPG was studied by Scanning 

Electron Microscopy (JEOL JSM-6320F field emission SEM). Electrochemical surface 

area was determined by the gold oxide stripping method by scanning between 0 and 1.5 

V at a scan rate of 100 mV sec-1. The charge under the oxide reduction peak was 

integrated to estimate the surface area of the gold wires used in this study, using the 

reported conversion factor of 450 µC cm-2 for reduction of gold oxide in strong acid 

[308]. Presumably, a monolayer of gold oxide is formed on the positive scan, which 

reduces back to the metallic gold in negative scan. Gold oxide formation and reduction 

reactions are as follows [309],  

	ଶܱଷݑܣ ൅ ାܪ6	 ൅ 6݁ି → ݑܣ2 ൅  ሻ݊݋݅ݐݑ݈݋ݏ	݀݅ܿܽ	݃݊݋ݎݐݏ	ሺ݅݊	ଶܱܪ3

ሻଷܪሺܱݑܣ ൅ ାܪ3 ൅ 3݁ି → ݑܣ ൅  ሻ݊݋݅ݐݑ݈݋ݏ	݀݅ܿܽ	݇ܽ݁ݓ	ሺ݅݊	ଶܱܪ3

Electrochemical behavior of the NPG surface was also studied by electrochemical 

impedance spectroscopy. 
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2.3 Preparation of self-assembled monolayers for SAM characterization on 

NPG/GW 

SAM preparation on NPG and gold wire surfaces were done by following well 

established standard protocol. These gold surfaces were immersed in 10 mM ethanolic 

solution of alkanethiols for 24 hours at room temperature. The resulting SAMs on the 

gold surfaces were copiously rinsed with ethanol, water and PBS buffer before 

performing any electrochemical measurements. Once gold wires were removed from the 

SAM solution and rinsed properly, it was connected to a copper wire and stored dipped 

into the PBS buffer solution.  

2.4 Preparation of self-assembled monolayers for protein immobilization 

Lipoic acid SAMs were prepared by immersing 10 wires at a time into a 10 mM 

lipoic acid solution, in ethanol, of 10 mL total volume. The wires were left for 

approximately 17 hours and then rinsed with ethanol twice followed by rinsing with 

acetonitrile. NPG coated wires modified with lipoic acid SAMs were immersed into the 

solution of EDC (5 mM) and NHS (5 mM) in acetonitrile for 5 hrs. After 5 hours, the 

wires were rinsed with acetonitrile and then twice with  10 mM phosphate buffered  

saline (pH 7.4) and immersed into the ALP-antibody conjugate solution (containing 25 

µg of conjugate), in  10 mM PBS buffer (100 µL) of pH 7.4 in a small glass vial at 4 oC 

for 24 hours followed by rinsing with PBS buffer. For the competitive immunoassay, 

NPG coated gold wires with NHS activated –COOH groups were prepared as above and 

then these wires were incubated with 10 g of antigen in 100 l of PBS buffer for 2 hours 

at 4 oC in Eppendorf tubes. 
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2.5 Electrochemical impedance spectroscopic measurement 

Electrochemical impedance spectroscopy is a powerful electroanalytical 

technique for the study of interfacial phenomenon. Unlike other electrochemical 

techniques, such as, chronoamperometry, chronopotentiometry and chronocoulometry, 

EIS gives sensitive, complete and detailed information about the system, in a single 

experiment [310]. If other electrochemical methods are chosen for the study of the 

interfacial processes several sets of experiments are required to get complete answer for 

the interfacial processes. The basic principle of EIS is based on the application of a small 

sinusoidal ac potential perturbation, to a system at equilibrium, followed by the 

measurement of the response current [311]. Application of small sinusoidal potential 

perturbation maintains the cell’s response in the linear/pseudolinear regime and hence the 

response of the system is a sinusoidal current, at the same frequency but with a different 

phase. If a potential oscillation E(t) = E0sin(t) is applied to a system then the response 

current is I(t) = I0sin(t-), where  is the difference in phase angle between current and 

potential and E0 and I0 are the amplitudes of potential and current, respectively [312]. 

Thus, impedance of the system is defined as, [313].  

ܼ௧ ൌ
ா೟
ூ೟
ൌ ாబ	ௌ௜௡ሺఠ௧ሻ

ூబ	ௌ௜௡ሺఠ௧ା∅ሻ
ൌ ܼ଴

ௌ௜௡ሺఠ௧ሻ

ௌ௜௡ሺఠ௧ା∅ሻ
	 (2.1) 

From Euler’s theorem, 

 ܼሺ߱ሻ ൌ ா

ூ
ൌ |ܼ|݁௝∅ ൌ 	ܼ଴ሺݏ݋ܥ∅ ൅ ݆ܵ݅݊∅ሻ ൌ ܼ௥௘ ൅ ݆ܼ௜௠  (2.2) 

where j = (-1)1/2 , Zre and Zim are real and imaginary impedance, respectively 

Four principle criteria have to be fulfilled in order to get valid EIS data: the 

system should be at equilibrium, the response should be linear, the system should be 

stable and the response should be specific for the system or causality [314]. Due to the 
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widespread use and development of frequency response analyzers, EIS measurements are 

mostly performed in the frequency domain.   EIS measurements can be done for a range 

of frequencies within a short period of time. The most common ways for representation 

of frequency data are the Nyquist plot and the Bode plot [315]. In the Nyquist plot, each 

data point represents the real and imaginary parts of the impedance as measured at one of 

the chosen measurement frequencies. The values at the highest frequencies are found 

closest to the origin. Once the impedance data is generated, the next step is the analysis of 

data based on the electrical equivalent circuit model, which helps in the measurement and 

complete description of the electrical interface. Circuit elements used in the model 

equivalent circuit for EIS data analysis are the common electrical circuit elements such as 

capacitors, resistors, inductors etc. Series and or parallel combinations of these circuit 

elements are designed to represent the electrochemical interface. 

 

Figure 2.1.  Schematic representation of the electrical interface and different 

electrochemical processes at the interface. a) Electrode electrolyte interface at the 

working electrode, and b) a modified Randle’s circuit for modeling the electrified 

interface in an EIS experiment. 

a 

b 
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Let us consider an electrochemical redox reaction at the interface, 

	ݔܱ ൅ 	݊݁ି → 	ܴ݁݀	

Where, Ox is the oxidized form of the probe molecule, and n is the number of electrons 

involved in redox reaction to form reduced form (Red).  The different components of the 

electrochemical interface are represented in Figure 2.1, in which the electrical double 

layer is represented by the Helmholtz model of the interface. There are both Faradaic and 

non-Faradaic processes taking place at the interface. A Faradaic process involves charge 

transfer across the interface, which takes place by overcoming the activation barrier, the 

polarization resistance (Rp), along with the uncompensated resistance (Rs). Charging of 

the double layer at the interface involves a non-Faradaic process i. e. no charge transfer 

takes place, and only involves redistribution of ions in solution and near the surface. 

Another component of the impedance of the electrified interface is the Warburg 

impedance (Zw), associated with the diffusion of oxidized and reduced molecules to and 

from the interface, which is determined by the rate of charge transfer at the interface, i.e. 

the rate of conversion of Ox to Red at the interface. Figure 2.1b, shows the electrical 

equivalent circuit used for modeling the interface. Three different types of Nyquist plots 

are also shown in Figure 2.2 for the interface, depending upon the nature of the 

electrochemical process taking place at the interface: a) kinetically controlled process, b) 

diffusion controlled process, and c) a mixed diffusion and kinetic controlled process. The 

total impedance of a system consists of real and imaginary parts; when the real part of the 

impedance is plotted on x-axis and imaginary part on the y-axis, the plot is called a 

Nyquist plot. Each point in the Nyquist plot is a representation of impedance at a certain 

frequency. Depending upon the nature of the system, a Nyquist plot could have one 



61 
 

semicircle, multiple semicircles or a combination of semicircle and straight lines with 

slopes of 4º. The semicircle intersects x-axis at two points, at higher frequency the 

intersection point gives a measure of the solution resistance (Rs) and the intersection at 

the lower frequency (if observed) gives the sum of solution resistance and charge transfer 

resistance (Rs+Rct).  In the Bode plot, the log of frequency is plotted on the x-axis and 

phase and the absolute value of impedance are plotted on the y-axis. 

 Different components of the equivalent circuit shown in Figure 2.1 are explained 

as follows: 

a) Solution resistance (Rs): Solution resistance between a reference electrode and 

the working electrode is an important component of the electrochemical system. Solution 

resistance depends upon several factors such as concentration, nature of the electrolyte, 

temperature and cell geometry.  

Solution resistance is given by, ܴ௦ ൌ ߩ	 ௟

஺
  (2.3) 

Where, ߩ is the solution resistance, ݈ and A are the characteristic of the cell geometry. 

b) Double layer capacitance (Cdl): In an ideally polarizable electrode, the interface 

between electrode and the electrolyte consists of adsorbed ions (at a certain distance, in 

Å) on the electrode and equal but oppositely charged ions in the solution. There is an 

electrostatic equilibrium at the interface. Electrical double layer capacitance depends 

upon the nature of the electrode surface, electrolytes, temperature, electrode potential etc. 

Double layer capacitance for a bare metal electrode surface is in the range of 10-60 F 

cm-2. Impedance of the double layer capacitance is given by: 

ܼ ൌ ଵ

௝ఠ஼
  (2.4) 
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Usually the metal surface is not an ideal capacitor and it behaves as a constant phase 

element. 

Impedance of the constant phase element is given by, 

ܼ஼௉ா ൌ
ଵ

ሺ௝ఠሻ೙஼
  (2.5) 

where, ݊ is an empirical constant with no physical meaning. Its value ranges from 0 to 1, 

depending upon the nature of the interface. For an ideal capacitor ݊ ൌ 1	and for an ideal 

resistor ݊ = 0.  

c) Charge transfer resistance: After application of certain overpotential, 

electrochemical redox reaction takes place at the interface and charge is transferred from 

an ion to the electrode. Charge transfer occurs after overcoming a certain activation 

barrier commonly referred to as the polarization resistance and at formal potential of the 

redox probe it is known as charge transfer resistance. At a certain applied overpotential 

( = Eapp-Eoc), the difference of applied potential and the open circuit potential, the 

current potential relationship at the interface is given by Butler Volmer equation as, 

݅ ൌ ݅଴ሺ݁
ቀఈఎ೙ಷ

ೃ೅
ቁ െ ݅଴ሺ݁

ିሺଵିఈሻఎ೙ಷ
ೃ೅
ሻ  (2.6) 

This is the Butler-Volmer equation when concentrations of oxidized and reduced form of 

the molecules are equal at the interface and in the bulk of the solution.  Here, ݅଴ is the 

exchange current density, ߙ is the charge transfer coefficient and other terms have their 

usual meanings. At a very small applied overpotential, to the system at equilibrium, 

charge transfer resistance can be represented as, 

ܴ௖௧ ൌ 	
ோ்

௡ி௜బ
 (2.7) 

Thus, the exchange current density can be calculated from Rct. 
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d) Warburg impedance: Diffusion of ions at the interface also contributes to the 

total impedance of the system, which is referred to as the Warburg impedance. Warburg 

impedance is fairly small at higher frequencies and at smaller frequencies Warburg 

impedance becomes prominent. Warburg impedance in the Nyquist plot appears as a 

straight line with slope of 45°. 

Warburg impedance is given by, 

ܼఠ ൌ ሺ߱ሻߪ	
భ
మሺ1 െ ݆ሻ  (2.8) 

Where, ߪ is the Warburg coefficient given by, 

ߪ ൌ ோ்

௡ி஺√ଶ
൭

ଵ

஼ೀ஽బ

భ
మ
൅ ଵ

஼ೃ஽ೃ

భ
మ
൱  (2.9) 

Where, DO and DR are the diffusion coefficients of oxidized and reduced form of the 

probe. 

 

 

Figure 2.2.  Nyquist plots for the different electrochemical processes at the interface. 

a) Diffusion controlled charge transfer process, b) mixed kinetic and diffusion controlled, 

and c) kinetic controlled process. 
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  EIS measurements were done in a three-electrode cell of 3 mL solution volume 

containing 5 mM K3[Fe(CN)6] and 5 mMK4[Fe(CN)6] at frequencies from 105 Hz to 100 

mHz, at 12 points per decade. A PARSTAT2273 potentiostat/galvanostat/FRA was used 

for the EIS measurement and the Powersine software was used for data collection. Data 

collection time was approximately 7 minutes for each data set of impedance as a function 

of frequency. Data analysis was done by using Zsimpwin 3.21 software (Princeton 

Applied Research, Oak Ridge, TN), by fitting to the modified Randles equivalent circuit 

shown in Figure 2.1b, in which the double layer capacitor has been replaced by the 

constant phase element (Q) to account for the non-ideal behavior associated with the 

roughness of the electrode. This circuit has been applied for fitting EIS data obtained on 

both modified NPG and gold wire surfaces. Charge transfer resistance was used as a 

measure of the resistance at the interface created by the addition of a layer of molecules 

because of lectin-carbohydrate binding. EIS measurements to assess binding kinetics 

were performed by incubating the electrode in the protein solution for the desired time 

followed by removal and acquisition of EIS data in the Fe(CN)6
3-/4- redox probe solution. 

2.8 Cyclic voltammetry 

Cyclic voltammetry is one of the most favorite electroanalytical techniques, 

mostly used for the study of redox processes and for understanding of the reaction 

intermediates and stability of the reaction products [316, 317]. The electron transfer rate 

constant of an electrochemical reaction can be estimated by studying the changes in peak 

separations as a function of scan rate. It is a potential sweep technique where potential of 

the working electrode is varied linearly between two operating potentials, at a certain 

scan rate. Once the final potential is reached it is scanned back to the initial potential, and 



65 
 

since the potential is cycled back to the same starting potential it is called cyclic 

voltammetry. Figure 2.3 shows the typical potential scan scheme and a theoretical CV 

for a completely reversible electrochemical reaction. One of the disadvantages of the 

linear scan technique is the contribution of the charging current, which becomes more 

prominent at higher scan rates. Some of the important information that can be obtained 

from CV data includes reversibility of a reaction, formal potential, rate constant, number 

of electrons involved in the redox reaction, reaction mechanism, diffusion coefficients 

etc. Important parameters obtained by CV analysis include peak potentials (anodic (Epa) 

and cathodic (Epc)) and peak currents (anodic ((Ipa) and cathodic (Ipc)). 

Ideally, peak separation in a reversible reaction is, Ep=|Epa-Epc| = 2.303RT/nF, but 

usually there is some deviation from this value due to the cell resistance. For irreversible 

or quasireversible processes peak separation can be quite large. The formal potential of a 

redox reaction is given by, ܧ଴ ൌ 	
ா೛ೌାா೛೎

ଶ
. 

The relation between concentration and the peak current for a reversible reaction is given 

by the Randles-Sevick equation as follows, 

݅௣ ൌ 2.686 ൈ 10ହ݊ଷ/ଶܥܣ଴ܦଵ/ଶݒଵ/ଶ  (2.10) 

Where, ip is the peak current in amperes, A is the electrode surface area in cm2, C0 is the 

concentration of the redox molecules In mol/cm3, D is the diffusion coefficient in cm2/sec 

and v is the scan rate in V/sec. Self-assembled monolayers on the surface were 

characterized by cyclic voltammetry.  It was also applied for the determination of the 

surface area of Au electrodes by the gold oxide stripping method as discussed above. 

Determination of surface area was performed by cyclic voltammetry (CV) scans between 
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0 V and 1.5 V (vs. Ag|AgCl), at a scan rate of 100 mV sec-1 in 0.5 M H2SO4, that was 

degassed with argon. 

 

Figure 2.3. Cyclic voltammetry. Potential scan scheme in CV (a) and a representative 

CV for the reversible redox reaction (b). 

This experiment with the SAM modified surfaces was used for estimation of the 

fractional coverage of the surface by the SAM. Additional CV scans to probe SAM 

integrity on gold wires and on NPG coated gold wire electrodes were conducted between 

0 and 0.5 V (vs. Ag|AgCl) in 10 mM K3[Fe(CN)6] at a scan rate of 100 mV sec-1. The 

integrity is assessed by the ability of the SAM to block electron transfer to/from the metal 

complex Fe(CN)6
3-/4-. Each determination of surface area was repeated ten times. Each 

CV measurement on SAM modified surfaces in sulfuric acid or in the presence of 

K3[Fe(CN)6] was repeated for three different electrodes, and representative curves are 

shown in each case.  

2.9 Reductive desorption of lipoic acid SAM 

Reductive desorption of SAM was carried out in a 0.5 M NaOH solution, argon 

degassed for 30 minutes. CV scans were performed in 3 mL of solution in a three 
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electrode cell arrangement as mentioned before for other CV measurements. The CV 

scan was performed between 0 and -1.5 V (vs. Ag|AgCl) at a scan rate of 20 mV sec-1 on 

NPG; for gold wires, CV scans were performed at 500 mV sec-1. 

The process of reductive desorption of alkanethiol on the gold surface can be 

represented as [318], 

ܴെܵെݑܣ൅	 ݁െ→ܴെ ܵെ൅	(2.11) ݑܣ 

The desorbed molecules either diffuse away from the surface or remain in vicinity 

of the surface, depending upon the solubility and hydrophobicity of the adsorbed 

molecules. In a study by Hobara et al., it has been reported that mercaptopropionic acid 

diffused away from the surface whereas 1-hexadecanethiol and 1-propanethiol remained 

close to the surface. The partial appearance of the readsorption peak on positive scans 

also supports the hypothesis that molecules remain close to the surface after reductive 

desorption [319]. 

2.10 Lectin-carbohydrate interaction studies on SAM modified surfaces 

Gold surfaces with appropriate self-assembled monolayers, either pure Man-C8-

SH, Gb3-C8-SH or mixed SAM of Man-C8-SH/OCT, Man-C8-SH/HO-PEG2-SH, 

Gb3-C8-SH/OCT and Gb3-C8-SH/HO-PEG2-SH were prepared on NPG and gold wire 

surfaces and impedance spectra were recorded on these wires. After rinsing with copious 

amounts of PBS buffer the same wires were incubated with Con A or SBA solution in 

PBS buffer supplemented with 1.0 mM Ca2+ and 0.5 mM Mn2+. These wires were then 

removed from the incubation solution and rinsed with copious amounts of PBS buffer 

and EIS measurement was performed. 



68 
 

2.11 Preparation of monoclonal antibody alkaline phosphatase (MAb-ALP) 

conjugate 

200 µg of the antibody was labeled with the pre-activated alkaline phosphatase 

(NH2 reactive ALP) provided in the Dojindo labeling kit (LK12-10) following the 

instructions provided with the kit. Briefly, 200 µg IgG was added to the microcentrifuge 

filter provided with the kit, washed twice with washing buffer and then 10 µL of ALP 

dissolved in reaction buffer was added to the tube and incubated at 37 ºC for 2 hours. 190 

µL of storage buffer was added to the tube, mixed well and then the ALP-antibody 

conjugate was stored at -20 °C until use. All protein concentrations were determined by 

BCA assay. 

2.12 Chronoamperometry 

Chronoamperometry is a potential step technique where a sufficiently large 

potential step, large enough to cause an electrochemical reaction, is applied at the 

working electrode and current response is measured as a function of time. Thus, this 

technique records current as a function of time and is generally known as 

chronoamperometry (CA). 

 

2.13 Square wave voltammetry 

SWV is a pulse voltammetric technique, where a potential pulse of magnitude 

ESW is applied to the working electrode and the current response is recorded with respect 

to the applied potential. Square wave voltammetry was developed by Barker et al. in the 

1950s; however, the most commonly used technique is the one developed by Ramaley 

and Krause in 1969 [320]. Figure 2.4 shows the potential pulse scheme of the 
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Osteryoung SWV. In this technique a symmetrical square wave potential pulse (ESW) is 

superimposed in the staircase waveform with the step height of E. Current is sampled 

twice, once at the start of the pulse and once at the end of the pulse or once at the forward 

pulse and once at the reverse pulse. Three types of current potential curves can be 

generated by this method: forward current vs. potential, reverse current vs. potential and 

difference in current vs. potential. Some of the advantages of SWV compared to the 

cyclic voltammogram include [321-323], 

            

Figure 2.4. Square wave voltammetry. Potential pulse scheme for an Osteryoung 

square-wave voltammetry scan, (a) representative SWV for the forward, reverse and the 

difference in forward and the reverse current for a redox reaction. 

A) No charging current:  The effect of the charging current in SWV is minimal, as a 

result potential scan can be performed at higher scan rate and hence increases speed of 

the measurements. This makes measurement of faster reactions feasible by SWV. 

B) Sensitivity: SWV is almost 1000 times more sensitive than cyclic voltammetry. 

Thus, this method can be a valuable tool for the measurement of trace metals and 

biological samples. 

Sampling
time

Sampling
Time

Pulse
Height

Pulse
Width Pulse

Time

Time

Po
te

nt
ia

l

C
ur

re
nt

 (A
)

Potential (V)

Forward Current

Reverse Current

Difference

a b 



70 
 

C) Broader dynamic range: Due to the small effect of the background or charging 

current SWV has a broader dynamic range of electrochemical determination. 

2.14 Electrochemical immunoassays 

Square-wave voltammetric (SWV) measurements were done using a PARSTAT 

2273 (Princeton Applied Research, Oak Ridge, TN). The optimal parameters for the 

SWV were obtained from a series of experiments conducted by varying pulse width, 

pulse height and step height used in the square wave voltammetric analysis of a p-

aminophenol standard solution. The best parameters determined for the square-wave 

voltammetric measurement of the oxidation of p-aminophenol were:  pulse height 50 mV, 

pulse width 0.2 sec, and step height 2 mV. The potential was scanned from -0.1 V to 0.4 

V at a rate of 5.0 mV sec-1.  

A Michaelis-Menten kinetics study was performed by incubating conjugate 

modified NPG wires with several concentrations of p-aminophenyl phosphate, and 

measuring the square wave voltammetric peak current at each concentrations of substrate. 

In the direct immunoassay, the peak current for p-aminophenol oxidation on each wire 

was measured before incubating with antigen and again after incubating with antigen. 

The incubation period with antigen used was 2 hours and was carried out in glycine 

buffer (pH 9, 100 mM). The substrate, p-aminophenyl phosphate (p-APP) was introduced 

via micropipette into the stirred solution (argon degassed) containing the MAb-ALP 

conjugate modified NPG covered Au wires and allowed to react for a period of 30 

minutes prior to conducting the potential scan. Each measurement on each wire was 

repeated three times. The difference in peak current (ip (before incubation) – ip (after 
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incubation)) was plotted vs. the antigen concentration to obtain the response plots for 

PSA and CEA.  

For the competitive immunoassay, the NPG covered gold wire electrodes 

modified with immobilized PSA or CEA antigens were allowed to compete for the MAb-

ALP conjugate in solution with variable concentrations of free antigen in solution for 24 

hours in PBS buffer (10 mM, pH 7.4). The concentration of MAb-ALP conjugate used 

was 100 ng mL-1. After incubation with conjugate, the NPG coated wires with bound 

conjugate were incubated in 0.25 mM p-APP in glycine buffer (pH 9.0, 100 mM) for 30 

minutes and then a square wave voltammetry scan was conducted. MAb-ALP conjugate 

solution of concentration 100 ng mL-1 was chosen, because a much less significant signal 

was obtained using 50 ng mL-1, and 200 ng mL-1 did not produce a significantly different 

result than 100 ng mL-1. p-APP concentrations less than 100 nM were not enough to 

obtain satisfactory currents, and thus 250 M was chose as a working substrate 

concentration for the immunoassay. 

2.15 Enzyme-linked lectinsorbant assay 

Enzyme-linked lectinsorbant assays were performed in three different formats. In 

the direct kinetic lectinsorbant assay, Con A-ALP conjugate was immobilized on the 

LPA modified NPG surface. Enzyme activity was determined as above by studying 

Michaelis-Menten kinetics at different substrate concentrations. Traditional type ELLSA 

was performed by immobilization of glycoprotein on the NPG surface and allowing it to 

bind to the ConA-ALP conjugate. Amount of conjugate bound to the surface was 

determined by enzymatic activity of ALP with 1 mM p-APP. Kinetic ELLSA was 

performed by determining enzymatic activity of ALP before and after glycoprotein 
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binding to the Con A. As in the immunoassay, initial and final peak currents in SWV 

were determined and plotted against the glycoprotein concentrations. Competitive 

ELLSA was analogous to the traditional type ELLSA except surface bound glycoprotein 

was allowed to compete for the conjugate with free glycoprotein in solution. Inhibition 

studies with Me-D-Man were performed by incubating Con A-ALP conjugate 

immobilized on NPG with fixed concentration of glycoproteins and a variable 

concentration of Me-D-Man. IC50 values were determined by fitting data to the 

competitive model equation using the Graphpad prism software. 

2.16 BCA Assay 

The concentration of the MAb-ALP conjugate solution before and after 

incubation with the NHS-activated lipoic acid modified NPG wires was determined using 

the BCA (bicinchoninic acid) assay. Reagent A: 1 g sodium bicinchoninate (BCA), 2 g 

sodium carbonate, 0.16 g sodium tartrate, 0.4 g sodium hydroxide, and 0.95 g sodium 

bicarbonate were dissolved into 100 mL Milli-Q water and the pH was then adjusted to 

11.25 with 10 M sodium hydroxide. Reagent B:   0.4 g cupric sulfate was dissolved in 10 

mL Milli-Q water. A standard working solution was prepared by mixing 100 mL of 

reagent A and 2 mL of reagent B. Standard BSA or Con A samples containing 0.2 to 50 

g protein were prepared. 2500 L of standard working reagent was combined with 500 

L protein and incubated at 60 ºC for 30 min. Samples were cooled and absorbance 

measurement was done at 562 nm using a Cary-50 uv-visible spectrophotometer. A 

similar procedure was applied for the sample proteins (PSA/CEA conjugates and antigens 

alone) as well. 
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2.17 Determination of molecular footprint on the NPG surface 

Surface coverage of protein on the NPG surface was estimated based on the size 

of the protein, i. e. the maximum and minimum possible surface area of the proteins. 

Protein molecules were confined in a bound box in JMOL and the dimensions of each 

bound box was obtained. Maximum surface area was determined from the larger 

dimensions of the box and lowest possible surface area was estimated from the smaller 

values of the dimensions of the box. Comparison of the theoretical and the observed 

molecules per cm2 gave the percentage coverage of protein on the NPG surface. 
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CHAPTER III 

ELECTROCHEMICAL CHARATERIZATION OF SELF-

ASSEMBLED MONOLAYERS OF ALKANETHIOLS ON NPG 

3.1 Introduction 

Gold nanostructures are at the center of research in nanoscience and 

nanotechnology. Gold nanostructures with increased surface area, excellent thermal and 

electrical conductivity and plasmonic properties have enormous potential applications in 

sensitive bioanalytical devices, nanoelectronics, catalysis, etc.[324, 325] Functionalized 

gold nanostructures are particularly interesting for these and many other applications. 

Gold surfaces are easy to functionalize because the moderately strong gold-sulfur 

interaction provides an convenient way to prepare desired functional interfaces using 

alkanethiols bearing the needed terminal groups [326]. Even though there have been 

studies describing the application of gold nanostructures to immobilize proteins by 

conjugation to activated alkanethiol molecules, information on the electrochemical and 

structural properties of SAMs on such rough surfaces is limited [35, 58].  

Nanoporous gold (NPG) is a nanostructured material with a very high surface to 

volume ratio which could potentially increase the sensitivity of chemical and biological 

sensors, and is useful also for many electrocatalytic applications. It has been reported that 

alkanethiol SAMs on a surface comprised of Au columns of 20-30 nm diameter and 400-

500 nm in height were stable for many more weeks than on standard mostly Au (111) 

surfaces due to strong gold-sulfur interactions at kinks and defects [327]. Nanoporous 
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gold surfaces display regions of both positive and negative curvature that very likely can 

affect the organization and stability of alkanethiol SAMs relative to what it would be on a 

relatively smooth polycrystalline gold surface. Most of the molecules in an SAM on NPG 

will be present on regions of positive curvature, and thus it is possible that additional 

stabilization may be gained. The NPG ligament surfaces will have regions of both 

positive and negative curvature (near where the ligaments are interconnected, or where 

they may randomly bend) and hence are intrinsically more complex than the surfaces of 

gold nanoparticles or nanorods, which only possess regions of positive curvature. Surface 

curvature creates a significant difference in the properties of adsorbates on the surface.  

Literature reports show pKa, redox potential and other properties of immobilized 

molecules being affected due to the curved surfaces of gold nanoparticles [328, 329]. On 

a positive surface curvature region, molecules are closer near the surface and separated at 

the top as a result the available surface for the tail group is larger compared to that of the 

head group [329]. On the other hand, molecular orientation on the negative surface 

curvature is opposite, tail groups are brought closer together and the head groups are 

spaced further apart. Structural effects due to curvature will become more prevalent as 

the ligament diameter decreases. Generally, for NPG, the average ligament diameter and 

average pore dimensions are equivalent [330]. The structure of SAMs on NPG could be 

closely related to that of SAMs on gold nanoparticles or nanorods, except that the 

curvature of NPG is more varied across the structure. The surface curvature may affect 

the orientation of thiols and especially the spacing between terminal functional groups 

[329]. Thus, the arrangement of alkanethiol molecules on the NPG surface can be 

imagined as being different from that on either flat gold or gold nanoparticle surfaces. 
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Thus, characterization of the properties of SAMs on NPG is crucial for applications in 

electroanalytical chemistry. Herein, we have applied the simple methodology of NPG 

preparation based on the electrodeposition of an alloy of gold and silver and then 

dealloying it by selective leaching of silver from the alloy in concentrated acid. The NPG 

is then utilized for the formation of self-assembled monolayers of different chain length 

alkanethiols and their effect on the interfacial properties is studied by electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry (CV). The effects of using 

alkanethiols with different terminal functional groups are also studied. Porous electrodes 

with their high surface to volume ratio are at the center of electrocatalysis because the 

increase in surface area decreases the reaction overpotential and also increases the 

intrinsic electrocatalytic activity [331]. Nanoporous materials reach the highest 

practically attainable surface areas and are important materials for supercapacitors for 

energy storage [332]. NPG is a nanomaterial with bicontinuous channels of 

interconnected pores and ligaments. Pores and ligaments are generally between ten 

nanometers and a few hundreds of nanometers in diameter [333]. Surface features and 

pore sizes of NPG can be tuned by changing the dealloying conditions or by applying 

thermal annealing treatments [330, 334, 335]. Fujita et al. have proposed that the three-

dimensional surface of nanoporous gold is quasi-periodic and has been shown to have on 

average a zero surface curvature, even though the local curvature has both positive and 

negative values [336].  NPG with high surface to volume ratio, inertness to general 

laboratory conditions, and capability of serving as a support for the formation of SAMs 

of alkanethiols has made it an interesting material for life science research [337]. NPG 

has been applied in the development of chemical sensors [39, 52], biosensors [54, 55], for 
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the immobilization of proteins [79], immunoassays [6, 58, 338], catalysis [50, 339], fuel 

cells [340] etc.  NPG is generally prepared by selectively leaching less noble metals 

either electrochemically [28] or by dealloying in nitric acid solution [3, 22],  from an 

alloy of gold and other metals such as silver, copper, zinc, or others.  The current trend of 

research shows that NPG is being highly utilized for immobilization of biomolecules 

either by direct adsorption [79, 341, 342] or via covalent attachment to the SAM [35, 

343]. Covalent attachment to the SAM is more attractive because it reduces protein 

leaching from the surface [344].  

SAMS of alkanethiols on flat gold have been extensively characterized [8, 326, 

345-347]. They are found to form well-packed molecular assemblies [85]. The structural 

integrity of SAMs on gold surfaces of varying but limited roughness has also been 

studied [348]. Even though alkanethiol molecules form well-packed monolayers, the 

defects in SAMs are universal because of the defects in the underlying surface or those 

produced during SAM formation and handling [308, 347, 349]. These defects have been 

classified into two types: pinhole defects, i.e. small disc shaped electroactive spots on the 

surface uniformly scattered throughout the SAM, and collapsed sites, which are formed at 

the grain boundaries, kinks and edges and at the defect sites on the surface of gold 

crystals [350].  Creager et al. have found that the microscopic surface roughness, i.e. the 

roughness on the scale of the adsorbate, is critical in creating defects in the SAM, and 

that the macroscopic surface roughness is less important [351]. NPG with its ligaments 

and pores almost all being greater than 10 nm is highly rough on the macroscopic scale, 

and the distribution and nature of microscopic defects may be different than on 

macroscopically flat gold surfaces. Even though there have been some studies on the 
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formation of SAMs on NPG, the process has not been fully characterized and much 

remains to be learned [352]. NPG is reported to retain the initial crystallographic 

orientation as that of the alloy and has been reported to be mostly the Au(111) crystal 

structure, but with smaller contributions from other faces such as Au(200), Au(220), 

Au(222), and Au(311) [39, 353-355]. The characteristics of SAMs formed on different 

gold surfaces with varying roughness such as bulk gold, Au on mica, Au on annealed 

mica, flat gold, Au on glass with a Ti adhesion layer, and Au on 3-

mercaptopropyltrimethoxysilane modified glass were studied by STM and 

electrochemical studies. STM is a widely applied tool for the microscopic 

characterization of SAMs on gold surface, and gives information about the molecular 

packing patterns on the surface and features associated with vacancies and defects in the 

SAM. Despite being a widely employed technique to assess the structure of SAMs on the 

surfaces, Goodding et al. have shown that STM is less sensitive to predict the differences 

in SAMs formed by microcontact printing and solution self-assembly  [356]. 

Electrochemical methods are highly appropriate for characterizing macroscopic 

properties and integrities of SAMs. The studies on the selected gold surfaces showed 

differences in SAM formation depending on the defects and grain sizes of the gold. 

Atomically flat surfaces and those with less defects were found to support more ordered 

and intact SAMs, compared to those surfaces with a larger number of defects and smaller 

grains [356]. There are various reports on the domain sizes of alkanethiols on gold, as an 

example the domain sizes of as prepared dodecanethiol on Au(111) is reported to be 6.5 

nm, thus the sizes of NPG ligaments are big enough for the formation of stable domains 

[357]. It is reasonable to assume a difference in orientation of alkanethiols at the edges of 
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the ligaments but most of the ligament surfaces are not curved sharply and are parts of a 

single grain, as a result continuous domain formation along ligaments should also be 

possible. There are several controversial reports on the grain sizes of NPG. In one report, 

it has been shown that the crystal lattice orientation of the original alloy is retained even 

after dealloying with a very small amount of high angle grain boundaries of 50 m-100 

m grain size [49]. But in another TEM study, electrochemically formed gold foams have 

been shown to contain 40% of the surface with multiple grain boundaries [358]. HRTEM 

studies of the 100 nm ligaments of a compressed foam showed average grains of 5 nm in 

diameter  [359]. 

The objectives of the present study are to electrochemically characterize the 

integrity of alkanethiol SAMs on NPG and compare the results with those for SAMs on 

flat gold. One recent study concerning EIS studies of alkanethiol SAMs alone on NPG 

from octanethiol to tetradecanethiol (C8, C10, C12, and C14 chain lengths) reported that 

the charge transfer resistance changed little with chain length on NPG but showed a 

steady increase on flat gold [360]. In the reported study, the EIS measurements were 

conducted in 0.1 M sulfuric acid using a single redox state of ferricyanide as probe 

(Fe(CN)6
3-). In the present study, we examine SAMs on NPG in phosphate buffered 

saline (pH 7.4) for even chain length alkanethiols from butanethiol to octadecanethiol and 

also examine a number of SAMs presenting polar terminal groups. The electrochemical 

behavior of SAMs on gold surfaces has been reported to be dependent on the chain length 

of the alkanethiols as well as on the nature of the ω-functional groups. The integrity and 

defects in these SAM are studied by electrochemical impedance spectroscopy as well as 

by cyclic voltammetry. 8-Mercapto-1-octanol and 11-mercapto-1-undecanol were chosen 
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as molecules with a smaller but polar terminal group, and mercaptoundecanoic acid was 

chosen as an example of a molecule with a relatively larger polar terminal group, in order 

to study the effect of functional groups on the behavior of SAM on rough surface. As 

stated earlier the surface curvature of the NPG has a significant impact on the molecular 

orientation which increases as the size of the head group is increased. The negative 

surface curvature brings two ends of the molecules closer whereas the positive curvature 

brings head groups closer with the opposite effect on the other end. These polar 

molecules with the terminal bulky functional groups most probably form a disordered 

SAM on the NPG surface due to similar reasons. 

3.2  Results and discussions 

3.2.1  Surface and electrochemical characterization of bare NPG and bare gold 

wire 

Surface characterization of the NPG and gold wires was done by scanning 

electron microscopy. SEM micrographs of flat and nanoporous gold wires are shown in 

Figure 3.1. NPG coated Au wire shows a random distribution of nanometer sized 

ligaments and nanopores, as is characteristic of a nanoporous gold surface. Even though 

the size range of these pores varies from ten to a few hundreds of nanometers, the 

majority of the pores are >10 nm and very few pores are >100 nm or <10 nm. Most of the 

ligaments are fairly large and at least greater than 10 nm. Most of pores and ligaments are 

30-50 nm in diameter.  
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Figure 3.1. Scanning electron micrograph of NPG thin film on a gold wire. a) Cross 

sectional view of the nanoporous gold covered gold wires (magnification 1 kX) and b) 

topographic view of the nanoporous gold at higher magnification (100 kx). 

Electrochemical characterization of NPG and gold wire surfaces was done by 

cyclic voltammetry and electrochemical impedance spectroscopy (EIS). Surface area 

estimation was done by the gold oxide stripping method in 0.5 M H2SO4. Figure 3.2 

shows the cyclic voltammogram for NPG coated Au wire and for Au wire alone recorded 

in 0.5 M H2SO4 at a scan rate of 100 mV sec-1. The charge passed during the gold oxide 

reduction was measured by integrating the oxide reduction peak and the charge in C 

was then divided by the conversion factor 450 C cm-2 [308, 361, 362]. The surface area 

of a typical NPG coated Au wire by this method was found to be 12±1.3 cm2 and that of a 

gold wire alone was found to be 0.040 cm2; thus, the NPG coated Au wires have about 

300 times higher surface area. The geometric surface area of gold wire and the surface 

area of the underlying gold in NPG coated wire is 0.032 cm2, corresponding to a 

roughness factor of 1.25.  
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Figure 3.2. CV data for NPG and gold wire. Cyclic voltammograms of bare 

nanoporous gold (dotted line) and bared gold wire (solid line) electrodes. CV scans were 

performed in 0.5 M H2SO4 at a scan rate of 100 mV sec-1 and surface area was 

determined by integrating oxide reduction peak. 

Bare NPG and bare gold wires were characterized by electrochemical impedance 

spectroscopy. Electrochemical impedance spectroscopy is a sensitive technique where a 

small sinusoidal potential perturbation is applied to the system at equilibrium and the 

response current is measured. The physical characteristic of the interface is then modeled 

to an equivalent circuit and respective values for the characteristic parameters are 

obtained [50]. A Nyquist plot for the bare gold wire (Figure 3.3a) shows a small 

semicircle at higher frequencies followed by a straight line at the lower frequency region, 

characteristic of the bare gold surface having a small value of charge transfer resistance, 

as reported in the literature [363]. The Nyquist plot of NPG (Figure 3.3a) on the other 

hand doesn’t show a clear semicircle, and instead shows a depressed semicircle that 
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smoothly evolves to an almost straight line with a 45º slope versus the x-axis attributed to 

the Warburg impedance. This is the characteristic of a porous electrode and similar 

behavior has been reported for NPG prepared by other methods [331]. The pore 

geometry, pore size and distribution in the porous electrode have a significant impact on 

the EIS data [364, 365].  Various mathematical models have been developed for 

modeling impedance data of porous electrodes [366-368]. The model developed by De 

Levie, commonly known as transmission line model, is the most frequently used model 

for EIS data [369]. Most of the porous electrodes have heterogeneous pore distribution 

with the wide variation in pore sizes and shapes and continuous models are frequently 

applied for these porous electrode. The application of the theoretical models in the EIS 

studies demands information on the complete picture of pore geometry, size and 

distribution which is not always available, and as a result average information is obtained 

from the simplified models [364]. The equivalent circuit applied in this study is shown in 

Figure 2.1b. This simplified model has been applied for the porous electrode in several 

studies. This is the modified Randles equivalent circuit which consists of solution 

resistance (Rs), double layer capacitance replaced by the constant phase element (CPE), 

charge transfer resistance (Rct) and the Warburg impedance (W). The accurate estimation 

of Rct on the bare NPG surface was not done because the semicircle on the Nyquist plot 

that characterizes Rct is not well defined. 

The Bode phase angle plots (Figure 3.3b) also show distinct differences between 

NPG and flat gold. When an interface behaves more like a pure capacitor, the phase angle 

is near 90o; whereas, the phase angle of a purely resistive interface will be 0o. For 

unmodified flat gold, a broad peak in phase angle is seen with a maximum of about 36.5o 
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near a frequency of 3.16 kHz followed by a gradual increase at lower frequencies. The 

Bode plot found for these unmodified Au electrodes resembles that reported by Pillay and 

co-workers, although their peak phase angle was near 47o at a frequency closer to 1000 

Hz [370]. The result is also similar to that reported by Mashazi [371]. Bode plots reported 

for bare gold have a range of variability in features, in that some reports show a higher 

frequency peak, and others do not. In the low frequency limit of 0.01 – 1.0 Hz, values 

reported include 52o at 1 Hz [370], and near 80o at 1 Hz  [372], as compared to our value 

of near 29o at 1 Hz. The presence of a peak at a higher frequency is attributed to a 

relaxation process occurring at the electrode-electrolyte interface [373]. The Bode phase 

plot appears to be highly sensitive to the conditions of the Au surface and the nature of 

the contacting electrolyte solution. For the NPG electrodes, the Bode phase plot shows a 

low phase angle at high frequencies that does not begin to increase significantly until 

around 100 Hz, and then reaches a maximum value of 58.3º near 582 mHz. In the low 

frequency limit, the NPG electrode has a much higher phase angle than flat gold which is 

consistent with the capacitive behavior associated with its porosity [374]. At higher 

frequency, the impedance is dominated by the solution resistance and the Bode phase plot 

shows phase angles closer to zero degrees, while at the intermediated frequencies, the 

contribution of the capacitive component and charge transfer resistance becomes 

prominent.  
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Figure 3.3. EIS characterization of NPG and gold wire electrodes. a) Nyquist plot for 

the bare gold wire (triangles) and NPG (circles). b) Bode phase plot for the gold wire 

(triangles) and NPG (circles). 

3.2.2  Electrochemical characterization of the self-assembled monolayer of 

alkanethiols on NPG 

3.2.2a  Charge transfer resistance across different chain length alkanethiols on NPG 

and flat gold wires 

Several other surface characterization techniques have been applied to 

characterize self-assembled monolayers, including ellipsometry for thickness [8], and 

infrared reflection absorption spectroscopy (IRRAS) for information on the orientation 

and crystallinity of the SAM [356]. Electrochemical techniques are well suited for the 

characterization of the microscopic properties of the interface and for the characterization 

of the extent of defects in SAM [363]. Given the rough and curved nature of the NPG 

surface, we used electrochemical techniques to characterize the structure of SAMs on 

NPG. The integrity and packing of the SAM on the substrate surface affects the 

electrochemical properties at the interface which is reflected in the double layer 
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capacitance and the heterogeneous electron transfer rate across the SAM in EIS studies. 

The extent of defects in SAM can easily be estimated by the relative ability of the SAM 

to hinder electron transfer across the interface. EIS has been widely used to characterized 

SAMs on the gold surface and is more sensitive and informative compared to other 

techniques such as CV or chronoamperometry because it is less affected by charging and 

background currents [310, 363]. Charge transfer resistance is a measure of the resistive 

behavior of the interface for the transfer of electrons to the metal surface from the metal 

solution interface. It has been reported for alkanethiol SAMs on polycrystalline gold 

surfaces that an increase in chain length increases the charge transfer resistance [363, 

375].  NPG, with its high extent of surface curvature (both convex and concave), appears 

different in structure than either flat gold surfaces or the surfaces of electrodes modified 

with gold nanoparticles. Thus, it is interesting to determine how the charge transfer 

resistance varies with chain length on NPG versus on a flat gold surface; also, Rct is an 

important parameter to compare the relative packing integrity and extent of defects in 

SAMs.  

Figure 3.4 shows the representative Nyquist plots on NPG and GW for different 

chain length alkanethiols. We found that both the NPG and the gold wire surfaces 

showed an increase in charge transfer resistance, as manifested by an increase in the 

diameter of the observed semicircle, with the increase in chain length. The diameter of 

the semicircle increases with the increase in chain length for both the surfaces. For the 

smallest chain length alkanethiol in this study, butanethiol and hexanethiol, the low 

frequency linear region is prominent along with the semicircle on flat gold. 
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Figure 3.4. Nyquist plots for the SAM modified NPG and gold wires. a) Nyquist plot 

for alkanethiols ranging from 4 to 18 carbon chain length on gold wire. Butanethiol, 

hexanethiol and octanethiol SAM modified wires are shown in 3.4b for clarity. 3.4c and 

3.4d are Nyquist plots for the alkanethiol modified NPG. Alkanethiols SAMs ranging 

from 4 to 18 carbon chains were prepared on NPG (3.4c). Butanethiol, hexanethiol and 

octanethiol modified wires are shown in 3.4d for clarity. 

This straight line is a characteristic of Warburg impedance, representing diffusion 

of ions across the interface and hence provides evidence that the electron transfer process 

at the interface is not completely kinetically controlled, rather it is a mixed kinetic and 

diffusion controlled. This is an indication of a loosely packed SAM possible with defect 
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sites for efficient electron transfer. As the chain length increases, the straight line at lower 

frequency becomes less obvious and the overall Nyquist plot is dominated by the 

semicircle, characterizing a kinetically controlled electrochemical process at the 

interface. Hence a completely blocking interface with a SAM of greater integrity and 

blocking ability is created. In contrast, the low frequency linear region is much less 

evident for these SAMs on NPG, possibly attributed to restricted diffusion within pores 

[376].   

Figure 3.5a shows the variation of Rct with chain length for different alkanethiols 

on NPG and on flat gold. The Rct value increases much more steeply with chain length on 

NPG than on flat gold.  For the case of SAMs studied on flat or microscopically rough 

gold surfaces, the electrochemical properties and integrity of the SAM on the gold 

surface is dependent on the topography of the underlying surface, chain length related 

phenomenon like chain interlocking and van der Waals interactions, which increases with 

the increase in chain length, and the method of preparation [85]. Charge transfer 

resistance is the measure of the electrode kinetics and depends on the electrochemically 

active surface area of the electrode material and hence is a direct measurement of the 

defects and integrity of the SAM on the surface. The magnitude of Rct is affected by the 

extent of defects like pinholes and collapsed sites as well as solvents trapped within the 

SAM [377, 378]. The SAMs formed on either surface display an increase in Rct with 

increasing chain length of the alkanethiol. Values of Rct for the different chain length 

alkanethiols SAMs on NPG are listed in Table 3.1, and values for the SAMs on flat gold 

are listed in Table 3.2. The observation that Rct is much greater on the NPG electrode 

than on the flat gold electrode for the same alkanethiol chain length, and that this 
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difference appears to grow with chain length, suggests that effects of porosity and the 

increase in SAM ordering with chain length are both influencing the chain length 

dependence of Rct for these SAMs on NPG. With the progressive decrease in the number 

of sites at which electron transfer can occur, as the SAM ordering increases with the 

chain length, the distance between such sites should increase. Within a porous structure, 

diffusion to these sites is restricted or anomalous, and this may result in a stronger 

increase in the Rct values with chain length in an NPG electrode than on a flat Au surface 

towards which diffusion occurs in the normal linear manner. 

Charge transfer resistance is related to electron transfer across the interface and 

hence calculation of the heterogeneous electron transfer rate constant by EIS has been 

widely applied. The standard procedures involve, fitting impedance data to an equivalent 

circuit model that represent the physical interface, in order to obtain Rct from which 

apparent electron transfer rate constant can be calculated using equation (1). The apparent 

electron transfer rate constant for the SAM modified electrode has been calculated and 

used for the estimation of the extent of defects in the SAM [379-381]. 

Heterogeneous electron transfer rate constant across the interface can be obtained 

from the charge transfer resistance as follows, 

ܴ௖௧ ൌ
ோ்

௡ி௜బ
  (3.1) 

݅଴ ൌ ሺ1 െ  (3.2)  ܥ଴݇ܨሻߠ

݅଴ ൌ  (3.3)  ܥ௔௣௣݇ܨ

݇௔௣௣ ൌ 	݇଴ሺ1 െ  ሻ  (3.4)ߠ
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݇௔௣௣ ൌ
ோ்

௡మிమோ೎೟஼
	  (3.5) 

In the above equations, ݇଴ is the electron transfer rate constant across the bare 

metal surface and kapp is the electron transfer rate constant at the modified electrode 

surface, and other terms have their usual meanings. 

 

Figure 3.5. Electron transfer resistance at the interface. a) Charge transfer resistance 

vs. chain length on alkanethiols on NPG (circles) and on gold wires (triangles). Apparent 

electron transfer rate constant on the SAM modified NPG surface (circles) and gold wire 

(triangles). 

Electron transfer across the blocking interface takes place through three major 

processes including non-adiabatic electron tunneling through the SAM, electron transfer 

across the pinhole defects where the electron transfer process is similar to that of the bare 

metallic surface and electron transfer across collapsed sites [378]. The heterogeneous 

electron transfer rate constant is a measure of the electron transfer kinetics across the 

interface and it increases with the increase in the number of defects in SAM. Several 

factors such as defects in the underlying substrate, kink edges, grain boundaries, trapped 
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solvents etc. cause such an increase in the electron transfer rate constant at SAM 

modified surfaces [350, 382]. 

The values of the apparent electron transfer rate constant for a polycrystalline flat 

gold wire modified with different alkanethiol length SAM are given in Table 3.2, these 

values are similar to the values reported in the literature [379, 383]. There is a huge drop 

in electron transfer rate constant at the polycrystalline gold electrode after formation of 

SAMs, from 0.03 cm sec-1 to the 10-6 range [384]. The magnitude of the drop in charge 

transfer resistance between butanethiol and hexanethiol is almost tenfold for both NPG 

and for the flat gold surface, while after hexanethiol the decrease with chain length is 

more gradual. As reported in the literature, the magnitude of the electron transfer rate 

constant decreases with the increase in chain length and magnitudes of Rct. These values 

are close to the values reported in the literature for alkanethiol SAMs on polycrystalline 

gold surface [363, 375]. The values of the electron transfer rate constant decrease 

nonlinearly with chain length as if they are approaching limiting values when examined 

for the octadecanethiol SAMs, on either substrate. The decrease in electron transfer rate 

constant with chain length is due to the formation of progressively better ordered SAMs. 

The increased length of the alkanethiol increases the interaction between neighboring 

molecules and hence stabilizes the SAM [85]. Octadecanethiol, which has been reported 

in the literature to form pinhole-free SAMs, shows the lowest apparent rate constant on 

either surface and the dependence appears to be approaching a limiting value [385]. 

Shorter chain length alkanethiol SAMs have a relatively larger fraction of defects and 

thus much higher apparent electron transfer rate constants. The magnitude of the apparent 
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electron transfer rate constants for the SAM modified NPG electrodes (Table 3.1) are 

lower than those on the flat gold electrode. 

Table 3.1. Summary of EIS data for SAM modified NPG electrodes 

 

Table 3.2. Summary of EIS data for SAM modified gold wire electrode 

Alkanethiols (FG) CPE 
(FSn-1) 

Exponent 
(n) 

Cdl 

(F) 
Rct 

 
kapp 

(cm sec-1) 

Bare GW 2.3×10-6 0.88 2.42×10-6 242.7 --------- 

Butanethiol 2.40×10-7 0.97 2.52×10-7 5657 1.26×10-4 

Hexanethiol 1.36×10-7 0.98 1.43×10-7 7434 1.21×10-5 

Octanethiol 1.07×10-7 0.98 1.11×10-7 52140 1.51×10-5 

Decanethiol 7.13×10-8 0.99 7.41×10-8 156140 4.76×10-6 

Dodecanethiol 5.32×10-8 0.99 5.51×10-8 261000 2.63×10-6 

Tetradecanethiol 4.79×10-8 0.99 4.94×10-8 306000 2.38×10-6 

Octadecanethiol 3.80×10-8 0.99 3.92×10-8 313000 2.15×10-6 

 

Figure 3.6 shows the plot of ln(kapp) vs. chain length for different chain length 

alkanethiols on NPG and on gold wire. The exponential decrease in electron transfer rate 

constant towards a limiting value with the increase in chain length has been observed for 

the alkanethiol SAM on gold surfaces [375]. The trend versus chain length is similar for 

Alkanethiols 
(NPG) 

CPE 
(FSn-1) 

Exponent 
(n) 

Cdl  

(F) 
Rct  


kapp  

(cm sec-1) 

Bare NPG 1.2×10-4 0.81 1.33×10-4 2192 --------- 

Butanethiol 3.17×10-7 0.92 3.51×10-7 8553 7.98×10-5 

Hexanethiol 7.91×10-8 0.98 8.21×10-8 126140 9.26×10-6 

Octanethiol 5.30×10-8 0.99 5.47×10-8 307200 2.60×10-6 

Decanethiol 4.62×10-8 0.99 4.77×10-8 1000800 7.11×10-7 

Dodecanethiol 3.69×10-8 0.98 3.85×10-8 852000 1.05×10-6 

Tetradecanethiol 3.42×10-8 0.99 3.52×10-8 2092000 2.21×10-7 

Octadecanethiol 2.44×10-8 0.99 2.35×10-8 2117200 5.84×10-7 
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both NPG and gold wire. The overall lower values of the rate constants on NPG versus 

flat gold are related to the higher values of Rct for the longer chain length SAMs on NPG, 

and should also be related to the combined effects of improved SAM integrity and 

diffusional restrictions, as accounted for by the employed circuit model.  

3.2.2b  Double layer capacitance for different chain length alkanethiols on NPG and 
gold wires 

Even though NPG has been reported to behave to some extent as an ideal 

capacitor under potential sweep and potential step conditions, NPG under study shows 

frequency dispersion and hence the ideal double layer capacitor in the equivalent circuit 

model has been replaced by the constant phase element [386]. A constant phase element 

is universally present when working with solid and rough electrodes. This behavior is 

observed for ideally polarized electrodes in the presence of a Faradaic reaction [387]. 

There are basically two types of explanations for this capacitive dispersion, the most 

accepted explanation is due to the microscopic roughness of the electrode which causes 

variation in solution resistance along the surface and the capacitive and resistive terms 

become inseparable. Another explanation assumes capacitive dispersion to be purely 

interfacial and unrelated to the solution resistance [388]. EIS data in our study fit better to 

the use of the constant phase element rather than to a parallel plate capacitor.  Impedance 

of a constant phase element is given in equation 1.  

ܼሺ߱ሻ ൌ 	 ଵ
ொ
ሺ݆߱ሻି௡    (3.6) 

Where, ݆ ൌ 	√െ1,  0<n<1 and Q is the quantity related to double layer capacitance with 

unit of FSn-1
. When n = 1, it is purely capacitive and when n = 0, it is a pure resistor. 

Usually for a rough electrode, the value of n is less than 1 but there is no correlation 
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between the exponent  and the roughness of the surface [389]. Capacitance was 

calculated from CPE values using the relation given in equation (3.2) [390, 391] , where 

Rs, ݊ and Rct have their usual meanings. 

ܳ ൌ	ܥௗ௟
௡ 	ሾܴ௦ିଵ ൅	ܴ௖௧ିଵሿଵି௡  (3.7)  

Even though the characteristic of the bare NPG is somehow different from that of the 

bare gold surface there is a significant similarity after surface modification with the 

SAM. It has been reported that the interfacial CPE can be regarded as a double layer 

capacitance when the value of n is greater than 0.98 [392]. For all the SAMs with greater 

than six carbons in the alkanethiol, both for NPG and gold wire the value of n is always 

more than 0.98. Thus, the behavior of the interface will be considered as a double layer 

capacitor for the following discussions and for the estimation of the effective thickness of 

alkanethiol molecules at the interface. Double layer capacitance provides valuable 

information on the interface and the thickness of the interface which can be estimated 

from the capacitance obtained from EIS studies as discussed below. The Helmoltz 

electrical double layer model has been widely applied to SAM modified gold surfaces for 

the characterization of the interface and for the calculation of effective thickness of the 

monolayers at the interface, assuming the electrical interface can be represented as a 

parallel plate capacitor separated at a certain distance by the alkanethiols on the metal 

surface. Thus, alkanethiol molecules with the appropriate chain length at the interface 

behave as a dielectric material with the dielectric constant similar to that of polyethylene 

[382]. EIS provides a more sensitive and accurate estimation of the double layer 

parameters compared to those obtained from CV or chronoamperometry data [85].  
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Double layer capacitance values for a flat gold surface and nanoporous gold 

surface of similar geometric area, but different true surface area, are given in Table 3.2 

and Table 3.1, respectively. The capacitance value for a bare gold surface is comparable 

with the literature reports, but the capacitance for NPG is slightly higher than that of the 

flat surface, but within the limit of values reported for a metal surface. Higher values of 

capacitance have been reported for the gold surface and the adsorption of hydroxide ions 

leads to increased capacitance at the interface. Double layer capacitance of the NPG 

electrodes before and after modification with SAMs was also compared for both flat gold 

and NPG. Double layer capacitance was found to decrease after SAM formation and this 

drop is similar to the values reported for SAMs on polycrystalline gold surfaces [382].  

Figure 3.6a shows the plot of the reciprocal of double layer capacitance vs. chain 

length for NPG and also for flat gold wire electrodes. Double layer capacitance was 

converted from the CPE value obtained by fitting EIS data to the equivalent circuit 

mentioned above. Even though the value of Cdl is not directly comparable, the 

approximate estimation and relative comparison can be made having both the constant 

phase element exponent and CPE value on hand. 

The CPE exponent values for the modified electrodes are given in Table 3.1 and 

in Table 3.2. The interesting observation is that the n value for the same electrode 

increased after SAM formation compared to the value for the bare electrode. The 

magnitude of n is close to 1; hence, the interface looks more like an ideal capacitor after 

surface modification. The plot shows that there is a significant difference in the 

interfacial capacitance and the magnitude of CPE exponent for small chain alkanethiols 

(n<6) but with the increase in chain length (n>6) the interface becomes more ideal and 
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the effect of the roughness of the interface is mitigated to some extent. For the longer 

alkanethiols modified NPG and gold wires, the CPE value is fairly similar which is an 

indication that the amount of bare and exposed metal surface drops after SAM formation 

with a longer chain alkanethiols but it is still significant for the short chain alkanethiols. 

For alkanethiols longer than octanethiol, the n value is close to that of an ideal capacitor 

(n=1).   

 

Figure 3.6. Double layer capacitance vs. chain length of SAM on NPG and gold wire. 

EIS measurements were done on SAM modified NPG (triangles) and gold wire (circles) 

with 5 mM each of K3[Fe(CN)6] and K4[Fe(CN)6]. Dielectric constant vs. chain length 

for the same wires as in 3.6a. 

It has been reported that when the value of n = 0.98, the interface can be 

represented as an ideal capacitor and the CPE value can be accepted as Cdl.  For the 

smallest alkanethiol in this study, butanethiol, the CPE exponent n is lowest on NPG and 

suddenly rises after hexanethiol so the effect of two carbons is also dramatic to create a 

more regular interface and ordered SAM of alkanethiols on the highly rough interface. 

Even though the value of Cdl is slightly higher for SAM modified NPG, compared to that 
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of SAM modified gold wire, at a particular chain length of alkanethiols, the inverse of the 

Cdl vs. chain length plot shows a similar linearly increasing trend for both NPG and on 

GW. The slope of the plot on NPG is 0.098 and for on flat gold it is 0.06, which is close 

to the value reported in the literature for Au(111) surfaces [382]. The intercept of the 

plots are -0.13 and -0.097 for the data on NPG and on flat gold, respectively. There are 

reports showing the intercept variation depending upon the electrolyte so our data for the 

gold wire is in agreement with the reports for polycrystalline gold surfaces [382].  

An approximate determination of the dielectric constant of the monolayer can be 

made by assuming the total capacitance to be a sum of the monolayer capacitance and the 

double layer capacitance at the bare spots [393, 394]. 

௧௢௧ܥ ൌ ௠ܥ	 ൅ ௗ௟ܥ ൌ ሻߠ௠ሺܥ ൅ ஺௨ሺ1ܥ െ  ሻ  (3.8)ߠ

In the above equation, Ctot is the measured capacitance at SAM modified electrode, Cm 

the capacitance of the SAM, Cdl the double layer capacitance at the bare spots, i.e. at 

pinholes and on any solvent exposed gold surface, and CAu is the capacitance at the bare 

gold surface. When the surface coverage is very high and close to 100% as with the 

longer chain length alkanethiols, the total capacitance can be assumed to be equal to the 

capacitance of the monolayer [382]. The dielectric permittivity of the monolayer can be 

calculated from the monolayer capacitance by using the relation, 

௠ܥ ൌ 	 ఌ೘ఌబ
ௗ

  (3.9) 

Here in equation (3.4), ߝ௠ is the permittivity of the SAM,	ߝ଴ ൌ	8.85 ×10-12 C2 N-1 m-2 is 

the permittivity of the free space, and ‘d’ the thickness of the monolayer. In this study, 
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the thickness is assumed to be equal to the length of alkanethiol molecules and the 

effective thickness of the molecules reported on polycrystalline gold surfaces [363]. The 

literature reported value of ߝ௠ for alkanethiols is 2- 3 [382]. Figure 3.6b shows a plot of 

the dielectric constant of the interface for different chain lengths of alkanethiols on NPG 

and on flat gold.  The value of the dielectric constant (m) for SAMs on gold wire is 

consistent with the literature report for the alkanethiols SAMs on polycrystalline gold 

[382]. The higher value of the m for the butanethiol SAM on flat gold might be because 

of the short chain length of the thiol which doesn’t form a very well ordered and 

completely resistive monolayer and hence the presence of relatively larger solvent 

accessible surface makes the overall SAM more hydrophilic. Hence, this approximation 

of the dielectric permittivity might not be completely true for the loosely packed SAMs. 

However, for alkanethiols longer than hexanethiol, the m value is almost constant. On 

the other hand, the m value is smaller for shorter chain length alkanethiols on NPG and 

reaches a value equal to that on the gold wire, for longer chain length alkanethiols. The 

m value smaller than 1 might be because of the error associated with the approximation 

of chain length of alkanethiols and the presence of a larger surface exposed to the 

solution. The effective thickness of the double layer might be less than the chain length of 

the alkanethiol especially in case of NPG. This type of behavior of SAM has been 

reported in the literature by Rubinstein et al. where they found that the m of  Au-ATP 

was 0.52; they interpreted this due to the error associated with the estimated effective 

thickness of SAM on the surface [393]. With the increase in thickness of the interface, 

the double layer is more uniform and the Helmholtz model of a parallel plate capacitor 

for the interface is applicable for NPG as well. The value of m for longer chain length 
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alkanethiols is close to the value for m reported for these SAMs on polycrystalline gold 

[375]. 

3.2.3 Bode plots for the different chain length alkanethiols on NPG and GW 

Nyquist plots are the most common and favorite methods of electrochemical 

impedance spectroscopic data presentation but they do not provide a complete picture of 

the experiment as no information on the phase angle as a function of the frequencies of 

the measurements are presented. Bode plots, either as Bode phase plots or as plots of |Z| 

versus log (), are alternate representations of the EIS data. Figure 3.7 shows Bode 

phase plots for different chain length alkanethiol SAM modified NPG. At high 

frequencies, the phase angle is smaller and starts to rise, and at intermediate frequency, 

the phase angle reaches a maximum and again starts to fall again.  The smallest phase 

angle was observed for the smallest chain length alkanethiol, which starts to increase with 

the increase in chain length of the alkanethiols. At higher chain length of the alkanethiols, 

the phase angle starts to reach 900 (C18= 880). A similar Bode phase plot for the gold 

wire electrodes is given in Figure 3.8. Trend of phase angle vs. the chain length of 

alkanethiols is similar to that on NPG, but the magnitude of phase angle is smaller than 

for every chain length of alkanethiols on GW. One other difference in the nature of these 

plots on NPG and GW is that the phase angle plateau is relatively broader on the NPG 

surface compared to that of the GW. The general dependence of the phase angle with 

frequency shown in these figures resembles that reported in Faradaic EIS studies of 

alkanethiol related SAMs on flat gold surface [395]. In the frequency range where the 

phase angle is closest to 90o, the SAM is behaving like a capacitor, and as the angle 

becomes closer to 0o, it is behaving more like a resistor. 
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Figure 3.7.  Bode phase plots for alkanethiol SAM modified NPG electrodes. NPG 

wires were modified with alkanethiols of varying even chain length from butanethiol 

(C4) to octadecanethiol (C18).  

 

Figure 3.8.  Bode phase plots for alkanethiol SAM modified GW electrodes. GWs 

were modified with alkanethiols of varying even chain length from butanethiol (C4) to 

octadecanethiol (C18).  
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3.2.4  Reductive desorption and surface coverage of the SAM on NPG and gold 

wires 

Figure 3.9 shows the cyclic voltammogram for the reductive desorption of 

different chain length of alkanethiols on NPG and on GW, only selected curves are 

shown for clarity purpose. The reductive desorption studies were carried out to calculate 

the surface coverage of thiols on NPG and on GW. The reductive desorption curves show 

the increase in desorption potential with the increase in chain length for both NPG and 

for the GW.  

 

Figure 3.9.   Reductive desorption of different alkanethiols on NPG and gold wire. 

Cyclic voltammogram for the reductive desorption of alkanethiols on a) NPG and b) gold 

wire. CV scans were performed in 0.5 M KOH solution at a scan rate of 500 mV sec-1 for 

gold wire, and at 20 mV sec-1 for NPG. 
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Figure 3.10.   Chain length dependence of desorption potential of SAMs on NPG and 

gold wire. Chain length vs. desorption potential are plotted for the NPG (circles) and 

gold wires (triangles). The most negative peak potential was taken for thiols showing 

multiple desorption peaks. 

The desorption potential is always more negative for the SAMs on the NPG 

surface compared to that of those on the gold wire surfaces, and that might be because of 

the increased stability of the SAM on NPG as reported or because of the difference in 

solvent accessibility at different surfaces, i.e. at pores of the NPG and ligament surfaces 

in immediate vicinity of the solution. Cortes et al. also reported a more negative 

desorption potential for SAMs on NPG compared to on the flat gold surface, but their 

study was not complete for all chain length alkanethiols and no information on the 

surface coverage was provided. They also presented linear scan voltammograms which 

do not show the oxidative readsorption part of the associated phenomenon [327]. An 

additional interesting feature observed during the reductive desorption studies is that the 

oxidative readsorption is observed even for lower chain length alkanethiols, such as for 

octanethiol at higher scan rate (Figure 3.11), whereas in previous studies on 
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polycrystalline gold it has been reported only for higher chain length alkanethiols. The 

reason for the observed readsorption peaks for only higher chain length alkanethiols was 

attributed to the easier diffusibility of shorter alkanethiols because of their size compared 

to the longer alkanethiols. The observed readsorption of alkanethiols can be explained 

based on the restricted diffusion of desorbed SAMs from the NPG surface from the pores 

and hence also explains the observation of re-adsorption peaks for relatively smaller 

alkanethiols. The oxidative readsorption peaks weren’t observed for shorter alkanethiols 

on the flat gold wires, possibly because of the smaller surface area of the electrodes used 

in this study and hence lower amount of charge passed under the readsorption process. 

The other possible reason for this is that the desorbed thiols can easily diffuse away from 

the surface before they can be oxidatively readsorbed on the gold wire [396]. The 

reductive desorption curves were acquired at different scan rates for NPG and GW. At 20 

mV sec-1 employed for NPG no reductive desorption peaks were observed on GW but at 

500 mV sec-1 employed for gold wires reductive desorption peaks were obscured in NPG 

(Figures 3.9). At higher scan rate, only the oxidative readsorption peaks were observed 

for NPG (Figure 3.9). For all the SAMs on gold wires, a small shoulder was followed by 

the reductive desorption peak. The different peaks in reductive desorption has been 

attributed to the different crystal faces on polycrystalline gold [397, 398]. Two peaks are 

reported for long chain alkanethiols (n>10) but a single peak is observed for smaller 

alkanethiols [397]. In case of NPG, there was mostly one peak for shorter alkanethiols 

but for longer chain alkanethiols (n>10), multiple peaks were observed. Three peaks are 

observed for octadecanethiol SAMs on NPG.  
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Figure 3.11.  Reductive desorption of SAMs on NPG and gold wire surfaces. a) 

reductive desorption of octanethiol SAM on NPG at 20 mV sec-1 (dotted line) and 500 

mV sec-1 (solid line) b) reductive desorption of octadecanethiol SAM on NPG at 20 mV 

sec-1 (dotted line) and 500 mV sec-1 (solid line). 

This observation might be because of the different crystal faces as suggested in 

the literature or could also be cause of the different desorption profiles at the kinks, edges 

and pore walls compared to the flat surface of the ligaments on immediate vicinity of the 

solution or desorption of thiols from different domains of SAMs [398]. Reductive 

desorption of polar SAMs on NPG shows clear peaks, separated by almost 0.3-0.4 V. 

Two peaks were observed for all the other SAMs with polar head groups (lipoic acid, 

HO-PEG2-SH and the Man-C8-SH, data not shown).  The surface coverage determined by 

reductive desorption studies in shown in Table 3.3, the surface coverages on flat gold, for 

all SAMs, are consistent with the literature reports, close to the 7.6 × 10-10 mol cm-2. The 

relatively higher value of surface coverage obtained for SAMs on NPG must be because 
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of the large charging current which has been found to increase the calculated surface 

coverage on polycrystalline gold surfaces. 

Table 3.3. Reductive desorption of SAMs on NPG and on Gold Wire. 

 

Alkanethiols Gold Wire           NPG Surface 
Desorption 
Potential 
(V) 

Surface 
Coverage 
(Mol cm-2) 

Desorption  
Potential 
(V) 

Surface  
Coverage 
(Mol cm-2) 

Butanethiol 1.05 1.02×10‐9 1.20 2.62×10‐9

Hexanethiol 1.08 7.3×10‐10 1.25 3.10×10‐9

Octanethiol 1.20 8.33×10‐10 1.36 2.61×10‐9

Decanethiol 1.30 7.43×10‐10 1.38 1.02×10‐9

Dodecanethiol 1.32 8.41×10‐10 1.46 1.31×10‐9

Tetradecanethiol 1.37 8.31×10‐10 1.50* 9.89×10‐10

Octadecanethiol 1.48 1.15×10‐9 ------- ‐‐‐‐‐‐‐‐‐‐‐‐‐

Mercaptooctanol 1.20 6.20×10‐10 (0.9, 1.2) 6.60×10‐10

Mercaptododecanoicacid 1.22 8.00×10‐10 (1.04,1.14,1.22) 4.00×10‐10

*For multiple desorption peaks, all peaks were integrated and sum of areas was taken for 

calculation of surface coverage. (Hydrogen evolution overlapped with the reductive 

desorption peak so surface coverage was not calculated) 

It has been reported that the error associated with the charging current is almost 

close to the value of charge associated with the reductive desorption of SAM. Thus the 

relatively large background current associated with the large surface area of NPG  

explains the larger values of surface coverages [98]. Another possible reason for the high 

surface coverage on NPG could be associated with the restricted diffusion of desorbed 

thiols from the surface inside the pores which might readsorb and hence increase the 

overall charge associated with the reductive desorption of SAM. Surface coverage for 

polar SAMs on gold wire is close to the monolayer coverage whereas it is less than 

monolayer coverage on the NPG surface where it is almost 50 %. 
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3.2.5 EIS studies of SAMs with different -functional groups on NPG and on flat 

gold. 

Structural organization and electrochemical behavior of SAMs on smooth gold 

surfaces has been well studied [326, 345]. Properties of the terminal functional groups of 

SAMs such as, bulkiness, hydrophobicity and tendency to form hydrogen bonding greatly 

influence the interfacial behavior of SAMs on the metal surface [347, 399]. Study of the 

effect of -functional groups on SAM formation and electrochemical behavior was 

carried out by comparing the characteristics of octanethiol and mercapto-1-octanol 

(comparison of –CH3 vs. -OH functional group), similarly dodecanethiol and 

mercaptododecanoic acid were compared (comparison of –CH3 vs -COOH functional 

group). Figure 3.12a shows the Nyquist plot overlays for the octanethiol, mercapto-1-

octanol and mercaptoundecanol SAMs on NPG and on gold wire. Both mercapto-1-

octanol and mercaptoundecanol form a fairly well ordered SAMs, with significant charge 

transfer resistance on the gold wire as indicated by their well defined semicircles in the 

Nyquist plots; the charge transfer resistance of SAMs with –OH terminal group is less 

than that of the –CH3 terminated SAMs. There are some distinct differences in the 

Nyquist plot of these polar SAMs on NPG and on flat gold, the difference in the shape of 

the Nyquist plot indicates the difference in the organization of SAM on the NPG surface 

compared to that on flat gold. Octanethiol SAMs on NPG show a clear semicircle and 

smaller Warburg impedance, whereas the semicircle portion of the Nyquist plot is not 

well formed for mercaptooctanol SAMs, and instead it is a very small depressed 

semicircle followed by the Warburg impedance (Figure 3.12a). 
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Figure 3.12. Nyquist plots for polar and nonpolar SAMs on NPG and gold wire. a) 

Comparisons are made between 8 carbon chains with –OH and –CH3 tail groups. 

Mercaptooctanol and mercaptoundecanol SAM on NPG are shown in (b). 

This is an indication of the fairly ion permissive and less ordered SAM of 

mercapto-1-octanol. Similarly, comparison of the Nyquist plot for SAMs of 

dodecanethiol vs. that for mercaptododecanoic acid SAMs also shows clear differences 

on NPG (Figure 3.13). Mercaptododecanoic acid with the negatively charged terminal 

carboxyl group and with the longer chain length is expected to from a repellent 

monolayer for ferro/ferricyanide ions, and as expected, a monolayer of 

mercaptododecanoic acid SAM on flat gold appears well-ordered, whereas SAMs on 

NPG are relatively less resistive to ion transfer across the interface. One interesting 

observation is that the charge transfer resistance of MDDA SAM on gold wire is higher 

than that of the dodecanethiol SAM, whereas it is opposite on the NPG surface. The 

lower charge transfer resistance of the MDDA SAM on NPG compared to that of the 

dodecanethiol SAM despite the presence of a negatively charged terminal group is a 

result of the loose packing of the SAM with the bulkier and polar functional groups. This 
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observation shows some striking differences in the organization of SAM on NPG and on 

flat gold, which is a subject of further characterization. Similarly comparison was made 

between two different chain length alkanethiols with terminal –OH groups (Figure 3.12a 

and Figure 3.12b), results show that the increase in chain length of the alkanethiol with 

polar head group also start to form a better organized and resistive interface. The 

preliminary result of our EIS study shows that the molecules with polar head groups, both 

–OH and –COOH, are more permissible to ions across the interface compared to the 

similar chain length SAM with a –CH3 terminal group.  

 

Figure 3.13. Nyquist plots for meraptododecanoic acid (MDDA) and dodecanethiol 

SAM on NPG. Comparison of –CH3 tail group and –COOH, nonpolar, and polar 

negatively charged tail groups. MDDA SAM on NPG is shown in inset for clarity. 

A summary of results from EIS experiments on polar SAMs on NPG and flat gold 

is given in Table 3.4. Studies have shown that the extent of hydrophobicity or 

hydrophilicity is not the sole reason for the formation of a charge transfer barrier in 

SAMs [400]. Thus, the difference in the behavior of two different SAMs on NPG 
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corresponds to the difference in the packing of SAM on NPG surface and on the gold 

wire. Robinson et al. also reported that the formation of a less organized SAM of polar 

molecules on NPG and they interpreted it as due to crowding of head-groups at the 

concave surface of the pore wall that might be the responsible factor for the formation of 

a defective SAM [352]. As mentioned earlier, for the NPG surface with the a large 

fraction of ligaments and pores, it is possible that the effective barrier thickness of the 

SAM, at the edge of the pores, is reduced and ion penetration is increased; this decrease 

in thickness on the NPG surface must be higher than on the flat gold surface thus 

increasing electron transfer across the interface. Comparison of the capacitance of the –

OH SAM and –CH3 SAM shows that the capacitance of –CH3 terminated SAM is lower 

than that of the –OH terminated SAM, hence the effective thickness of the SAM is 

reduced with polar head groups, which supports our arguments of reduced thickness of 

the SAM and the increased charge transfer across the interface. A similar observation was 

made for the –COOH terminated SAM as compared with the –CH3 terminated SAM. 

Table 3.4. EIS data summary for polar SAMs on NPG and on gold wire. 

SAM Surface CPE 
(FSn-1) 

n Rct 

() 
Mercaptooctanol GW 2.1×10-7 0.97 28334 

NPG 7.0×10-4 0.74 ---* 
Mercaptoundecanol GW 8.2×10-8 0.98 410000 

NPG 1.8×10-5 0.98 2116 
Mercaptododecanoic 
acid 

GW 1.0×10-7 0.97 1966667 
NPG 1.8×10-5 0.99 30750 

*Rct value for mercapto octanol on NPG was not calculated because the semicircle on 

Nyquist plot was poorly formed. (Surface areas: GW= 0.040 cm2 and NPG= 12 cm2) 
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3.3 Conclusions 

NPG surface with approximately 300 times higher surface area was prepared by 

simple alloying and dealloying process and this was characterized for the formation of 

SAM. The behavior of SAM on the rough and curved NPG surface shows some 

similarities and differences compared to the SAM on GW surface. Shorter chain length 

alkanethiols are less ordered and less packed in NPG as in the GW surface and hence 

double layer capacitance, charge transfer resistance and heterogeneous electron transfer 

resistance are as expected. The longer chain length alkanethiols are more organized and 

behave similarly to the SAM on the gold wire surface. Even though NPG is expected to 

have a large amount of defects and is potentially the SAM is expected to be disordered 

but hydrophobic SAM with same chain length is similar to that of the SAM on gold wire. 

Hydrophilic SAMs on the other hand are dramatically different on these two surfaces, 

SAMs with –OH and –COOH functional groups used in this study are relatively less 

organized and more permeable to ions across the interface. The effect of the terminal 

charge on the –COOH functional groups in mercatododecanoic acid SAM on the GW 

surface is overcome by the less organization effect on the NPG surface. 
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CHAPTER IV 

CARBOHYDRATE-LECTIN INTERACTION STUDIES ON 

NANOPOROUS GOLD AND FLAT GOLD SURFACES 

4.1 Introduction 

 Carbohydrates are one of the most complex and prevalent biomolecules in 

biological systems. Different glycoconjugates such as glycolipids, glycoproteins, 

glycosaminoglycans and proteoglycans extensively decorate cell surfaces, and are the 

part of frontiers of cell related biological interactions [401]. Variation in glycosylation 

patterns occurs according to cell type, stage of cell development, growth, and 

differentiation [402]. Abnormal patterns of glycosylation are observed during the 

malignancy and metastasis of cancer cells [403]. Carbohydrates are an important element 

of several biological processes such as cell-cell communication, cell recognition, cell 

adhesion in inflammation and metastasis, recognition in bacterial and viral infections, 

immune response, fertilization, and also the conformation and stability of proteins are 

affected by the changes in glycosylation [295, 404]. Carbohydrates are being studied as 

potential biomarkers due to changes in glycotopes (carbohydrate epitopes) during  

malignant transformation of cells, which has made carbohydrates valuable targets for 

diagnostics and therapeutics [405]. Lectins bind to mono- or oligosaccharides with high 

specificity, and are proteins of non-enzymatic and non-immune origin  [161]. Due to the 

multiple carbohydrate binding sites present in lectins, when they interact with cell surface 

carbohydrates they interact with multiple cells and hence can cause cell precipitation, as 

it occurs when lectins are used in the haemagglutination assay [159]. The scarcity of high 
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affinity carbohydrate antibodies and the high specificity of lectins towards carbohydrates 

has made them an important component of the glycan target based studies such as,  the 

study of structural and functional roles of complex carbohydrates, cell surface 

carbohydrates [156], cell sorting [406], the study of protein glycosylation patterns [407], 

and other applications that rely on advances in glycobiology for biomedical and 

biotechnological applications [160, 408]. One of the predicaments to the studies of 

carbohydrate-protein interactions is the lower affinity between carbohydrates and 

proteins, and that current common biochemical techniques have not yet been perfected to 

fulfill all the requirements for such studies. The issues with the weak affinity of 

carbohydrate protein interaction have been partially overcome by the attachment of 

carbohydrates on solid surfaces, polymer surfaces, or dendrimers. These surface 

immobilization techniques result in a significant increase in the binding affinity most 

probably due to the cluster glycoside effect, which facilitates multivalent interactions 

[409, 410]. 

 Carbohydrate arrays are still in the early phases of development and there is much 

to be done for them to be comparable to the advancement made in proteomic and 

genomic technologies, through their arrayed immobilization on solid surfaces. Solid 

phase assays via immobilized biomolecules simplify the steps needed for the isolation 

and characterization of biomolecules. Solid surface modification with carbohydrates and 

their successive application in carbohydrate based interaction studies can be taken as a 

simplified model for the cell-cell interactions often involving binding of a protein from 

one cell to the carbohydrates on an adjacent cell. Controlled immobilization at a desired 

level of functional display of carbohydrates on solid surfaces will be a great achievement 
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in this direction [303, 411]. The display of carbohydrate ligands on the solid surface at 

appropriate density can favor the multivalent interactions of carbohydrates with lectins, 

and hence increase the affinity [409]. Due to the several advantages of gold for the 

biomolecule immobilization, as discussed in earlier chapters, and its spontaneous 

interaction with sulfur atoms makes it an attractive substrate in carbohydrate 

immobilization and related studies [8]. The interfacial properties of self-assembled 

monolayers (SAMs) can be controlled by varying composition and functionality of SAMs 

on the surface [89, 412]. Earlier studies have shown that the affinity of carbohydrate 

lectin interaction can vary with the fraction of carbohydrates in the mixed self assembled 

monolayer, also the affinity of carbohydrate for a lectin on surface can be different from 

the affinity of lectin for carbohydrate in solution [413].  

Highly sensitive label-free techniques for studying molecular interactions are 

highly desirable because of the inherent greater complexity such as fluorescent and radio-

labeling techniques associated with labeling techniques [414]. Electrochemical 

impedance spectroscopy (EIS) is a label-free and sensitive technique for characterizing 

redox behavior at the electrode-electrolyte interface, which has been applied for the  

study of the changes in this behavior occurring as a result of biomolecular interactions at 

the interface [415]. In this chapter, we report and discuss the application of EIS to study 

carbohydrate-lectin interactions on NPG and on gold wire surfaces, and comparison of 

the response to lectin binding on these surfaces modified with mannose presenting 

SAMs. Several approaches have been developed for the immobilization of carbohydrates 

to solid surfaces, including biotin-streptavidin based affinity attachment [416], 

incorporation into SAMs formed on gold surfaces [417], and click chemistry reactions 
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onto appropriately functionalized surfaces [418]. The SAM based immobilization 

strategy has been favorite and straightforward technique for obtaining carbohydrate 

modified surfaces using thiolated glycosides. Thus, we fabricated carbohydrate modified 

electrodes by the self-assembly of thiolated glycosides either from a pure or from a mixed 

ethanolic solution. OCT and HO-PEG2-SH  were used as diluting molecules in mixed 

SAM preparation along with Man-C8-SH, in the desired ratios, in order to determine the 

optimal ratio of mixed SAM for the maximum increase in charge transfer resistance, due 

to Con A binding to mannose. Even though there are reports of utilization of mixed 

SAMs for carbohydrate-lectin binding studies, to our knowledge, there has not been a 

comparison over a full range of composition to determine the optimal SAM mixture for 

binding.  Most of the prior studies, with the exception of those utilizing Au nanoparticles 

[419, 420], were conducted on flat gold surfaces [409, 421]. The present study provides a 

comparison of lectin carbohydrate interactions on SAMs modified rough and porous 

NPG to that on relatively smooth gold wire surfaces. The SAM composition was varied 

on each surface to elucidate the optimal binding of Con A to mannose, chosen as the 

carbohydrate target due to its well-known binding behavior and biological relevance, 

such as its association with the virulence of pathogens [422].  

Use of monosaccharide presenting SAMs simplifies the model system for 

carbohydrate-lectin/protein interaction studies but they don’t truly mimic the behavior of 

complex carbohydrate units on the cell surface or on a glycoprotein. A limited number of 

studies have been performed by incorporating complex carbohydrates into the SAM 

[423-425].  Gb3 presenting SAMs were chosen as an effort to mimic the real and 

complex carbohydrate-lectin interaction studies. Globotriosylceramide is a Pk blood 
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group antigen also known as CD77 antigen with the terminal glycan unit consisting of 

unique Gal1-4Gal moieties [426]. It is expressed in high density in kidney and brain 

endothelial cells, and in human erythrocytes  [427]. It is an important recognition element 

in the attachment of shiga toxins,  shiga like toxins or verotoxins to the host cells [428]. 

These toxins are the important cytotoxins that cause diarrhoeal disease and hemolytic 

uremic syndrome. Shiga toxin is produced by the pathogenic bacteria Shigella 

dysenteriae and certain enterohemorrhagic Escherichia coli produce shiga like toxins  

[429].  Gal1-4Gal unit of the globo series of glycolipid is the recognition unit of most of 

the uropathogenic bacteria [430]. Burkholderia cepacia, an opportunistic bacteria found 

in the sput of cystic fibrosis patient has been found to bind to the unsubstituted terminal 

Gal1-4Gal unit of digalactosylceramide and globotriosylceramide [431]. Higher 

expression of Gb3 has been reported in human colorectal tumors and their metastases 

[432]. Keyhole limpet hemocyanin (KLH) contains the trisaccharide portion of Gb3 

linked by a MUC5AC peptide epitope, which has been prepared for use as a vaccine for 

treating ovarian cancer [433]. Gb3 is overexpressed in colorectal adenoma cells, in 

Burkitt’s lymphoma cells, in breast and ovarian cancer and some other cancers [434-437]. 

There is an increasing interest to mimic the cell surface and present carbohydrates in self-

assembled monolayers or in bilayers. A very limited number of derivatives of globotriose 

have been synthesized for various studies in this direction.  Synthesis of Pk antigen linked 

to the mercaptohexadecanol was reported by Bundle et al. for the application in 

amperometric sensor for verotoxin [438]. Self assembled monolayers of globotriose 

terminated alkanethiols or of oligoethylene glycol terminated species were prepared on 

gold surfaces and their properties including, wetting, surface interaction and surfactant 
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adsorption were studied [439]. This study reported that the lateral interaction between 

globotriose groups was dependent on the surface density and this interaction, primarily 

hydrogen bonding, which could be either direct or water mediated. Svedhem et al. 

reported synthesis of globotriose coupled to the bis(16-hydroxy hexadecanyl) disulfide or 

with the tetra or diethylene glycol spacer and SAMs of the molecules were prepared on 

gold. Antibody binding studies were performed on this SAM and binding of the highest 

amount of the antibody occurred at 1-10% carbohydrate coverage on the surface in mixed 

SAMs [440]. Based on infrared spectroscopy studies with this large spacer they reported 

that the carbohydrate SAM on the gold surface was highly ordered and showed 

crystallinity, characteristic of SAM on the gold surface but no electrochemical 

characterization has been reported so far. Globotriose encapsulated gold nanoparticles 

were synthesized and employed for the inhibition of toxicity of shiga toxin [441]. Gold 

nanoparticles encapsulated with globotriose showed size dependent effects in the 

inhibition of shiga toxin, Au-nps of 20 nm size was reported to be good enough for the 

multivalent binding of Stx B and globotriose, since ligament size of the NPG are in the 

similar range and hence can be assumed as an optimal surface for such binding studies 

[442]. A large portion of the reports  in the literature, concerning carbohydrate-lectin 

interactions, have predominantly utilized mannose and Concanavalin A pairs as a model 

systems for such studies [409, 443]. Complex carbohydrates have also been used but the 

information is limited [306, 423]. The self assembly of complex carbohydrates might be 

different from the self assembly of the simple monosaccharide bearing molecules. Earlier 

studies have predominantly utilized flat gold surfaces or some gold nanostructures as a 

model substrate [419, 423, 444]. Carbohydrate orientation in cell and organelle is not as 
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in the perfectly flat surfaces which lack curvature and fluidity, thus we used NPG with 

ligaments dimension close to that of the vesicles and cell organelle which we believe 

could be a better model for the study of carbohydrate-protein interaction. At least NPG 

with its curvature and the ligament sizes which are close to the size of microdomains of 

the membrane, caveolae (55 nm diameter), nanodomains (20-30 nm) and transient lipid 

localization region or confinement zone (100-300 nm) of the membrane, which has been 

reported to have high content of glycosphingolipids, can be a better substrate for 

mimicking membrane properties [445, 446]. Here we report for the first time the 

synthesis, characterization of SAM of Gb3-C8-SH on NPG surface and compared that 

with the SAM on the well characterized substrate, gold wire, and employed them to study 

of globotriose soybean agglutinin binding studies on NPG and gold wire surfaces. 

4.2 Results and discussions 

4.2.1 Electrochemical characterization of the carbohydrate presenting SAMs on 

NPG and on gold wire 

Self-assembled monolayers were prepared on the gold surfaces by immersing the 

wires into a solution of thiols in ethanol for the given period of time. SAMs on the gold 

surfaces were characterized by cyclic voltammetry (CV) as well as by electrochemical 

impedance spectroscopy. Figure 4.1 shows the CV scans for gold oxide stripping on both 

bare and modified NPG and gold wires. CV scans of bare as well as Man-C8-SH and 

mixed SAM of Man-C8-SH and OCT modified electrodes were performed in 0.5 M 

H2SO4, in order to assess the ability of the SAM to hinder the process of gold oxide 

formation and reduction, and thereby provide a measure of the integrity of the monolayer. 

CV scans were performed in 0.5 M H2SO4 at 100 mV sec-1. The CVs on gold wire 
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showed one oxidation peak starting at 1.3 V and extending up to 1.5 V as a flat plateau, 

on the positive scan, characteristics of gold oxide formation on the surface (all potentials 

are noted versus the Ag|AgCl reference electrode). A reduction peak at around 0.93 V 

was observed for the reduction of gold oxide on the reverse scan. Peak position of the 

Man-C8-SH modified wire extended in the range of 1.48 - 1.50 V, at a relatively larger 

overpotential, but of greater current. The enhanced current on the modified electrode 

represents a contribution from oxidation of the Man-C8-SH species, and that the higher 

overpotential results from the monolayer, which results in hindrance on the onset of gold 

oxide formation. The oxide reduction peak was observed at around 0.96 V.  

 

Figure 4.1. CV scans for gold oxide stripping of bare and modified surfaces of 

mannoside presenting SAMs. CV scan of the modified GW (a) and NPG (b) for the 

study of integrity of SAM on potential scans. CV scan of modified wires were performed  

in 0.5 M H2SO4. 
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The mixed SAM (1:9 molar ratio) of Man-C8-SH and OCT modified gold wires 

shows reduced current and onset at an even higher overpotential, suggesting that this 

monolayer is more compact and robust, more resistant to oxidation itself, and that it is 

also hindering the formation of gold oxide. The reduction peak is slightly positively 

shifted in potential and appears near 0.98 V. Only a modest decrease in oxide reduction 

peak was observed for the Man-C8-SH modified gold wire (20 - 23%) whereas around a 

78 - 83% drop in charge passed under the oxide reduction peak was observed for mixed 

SAM modified gold wire.  

The CV scan on bare NPG in 0.5 M H2SO4 is characterized by two peaks at 

around 1.25 V and 1.42 V prior to the scan reversal peak at 1.5 V. The gold oxide 

reduction peak appeared near 0.91 - 0.93 V. Man-C8-SH modified NPG shows one 

broad peak at around 1.4 V with larger currents than those observed on the bare NPG. 

The reduction peak was observed around 0.88 - 0.90 V. The mixed SAM modified NPG 

shows a peak at around 1.47 V and the onset of oxidation is shifted here to higher 

overpotentials as was observed on gold wire modified with the mixed SAM. The gold 

oxide reduction peak was observed near 0.96-0.98 V. Relatively a modest, around 11 - 

15% ,decrease in charge passed under the oxide reduction peak was observed for the pure 

Man-C8-SH modified NPG  compared to that on the bare NPG. In contrast, almost 99.0-

99.9%  drop in charge passed was observed for mixed SAM modified NPG. This 

significant drop in charge passed for the mixed SAM modified NPG compared to the 

mixed SAM modified gold wire could be partly attributed to the porosity of NPG. For the 

objective of monitoring gold oxide formation and stripping, scans on SAM modified 

NPG were done to assess the robustness and packing of the pure Man-C8-SH thiol SAM 
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vs. the mixed SAM of Man-C8-SH and OCT. It is clear from the data acquired on both 

gold wire and NPG surfaces that mixed monolayers are more effective at hindering the 

process of gold oxide formation. This observation suggests that the mixed monolayers are 

better ordered.  

Figure 4.2 shows similar studies performed on the globotriose containing SAMs. 

Globotriose is relatively a larger molecule and hence its organization on surface is 

expected to be different from that of the mannose containing SAM. The trend of gold 

oxide formation and reduction peaks on Gb3 modified surfaces are similar to that of the 

mannose containing SAM.  As in mannose containing SAM on gold wire, Gb3-C8-SH 

modified surfaces showed a slight decrease in oxide reduction peak height, but after the 

formation of a mixed SAM with OCT there was a significant drop in the charge under the 

oxide reduction peak. Globotriose modified NPG surface shows one significant 

difference as the oxide reduction peak in the globotriose SAM is more negatively shifted 

than on gold wire. This is most possibly because of the restrictions on diffusion of ions 

inside pores or possible hydrogen bonding in the carbohydrate presenting SAMs [444]. 

As on gold wire, there was a drop in oxide reduction peak after formation of mixed SAM 

and only a small change was observed with the pure Gb3-C8-SH SAM.  

Given that the gold oxide formation and stripping approaches probes a process 

taking place on the internal surfaces of NPG, it was pursued as a complementary 

approach to the more common strategy of measuring the ability of SAMs to block the 

redox potential of a diffusing probe. CV scans in electrolyte solutions containing redox 

probes like Fe(CN)6
3-/4-  or [Ru(NH3)6]

2+/3+ are commonly employed for the assessment of 
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the integrity of the SAM on surfaces since well-ordered SAMs will create barrier for the 

electron transfer across the interface thus greatly reducing the peak current [400, 447]. 

 

Figure 4.2. Gold oxide stripping for the bare and globotriose presenting SAMs on 

NPG and gold wire. CV scans were performed in 0.5 M H2SO4 for the determination of 

surface coverage and robustness of pure Gb3-C8-SH SAMs and mixed SAMs of Gb3-C8-

SH with OCT or HO-PEG2-SH on NPG (a) and on gold wire (b). CV of bare NPG and 

gold wires are also shown for comparison. CV scans were performed as in Figure 4.1. 

Thus, the integrity of the SAMs was also assessed by performing CV scans in the 

presence of the widely used redox probe Fe(CN)6
3-/4- [356, 448].  Figure 4.3a shows the 

cyclic voltammograms for three different electrodes: bare gold wire, gold wire with 

Man-C8-SH and gold wire with the 1:9 mixed SAM of Man-C8-SH and OCT measured 

in 10 mM K3[Fe(CN)6]. There are two clear and distinct characteristic peaks for the 

oxidation and reduction of Fe(CN)6
3-/4- on gold wire, whereas these peaks completely 

disappear on both Man-C8-SH and on mixed SAM modified wires (Figure 4.3b (gold 

wire) and Figure 4.3d (NPG)). 
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Figure 4.3. Cyclic voltammograms of bare and modified surfaces in 10 mM 

K3[Fe(CN)6]. CV scans for the pure Man-C8-SH and mixed SAM of Man-C8-SH and 

OCT modified gold wire (a and b) and NPG (c and d) surface with 10 mM K3[Fe(CN)6]. 

CV scans were performed between 0 and 0.5 V at a scan rate of 100 mV sec-1. 

A very small charging current was observed in CV scans on these SAM modified 

wires, which indicated effective blocking behavior on both modified surfaces towards 

electron transfer to or from Fe(CN)6
3-/4-. Similar results were obtained for CV scans on 

bare NPG, as on bare gold wire, except a much larger charging current was observed for 

the NPG wire, because of the comparatively higher surface area of NPG. A nearly 30 
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times larger peak current was observed on NPG, and the electrode capacitance was also 

much larger. Slightly different behavior was observed on the NPG electrodes when 

modified with pure Man-C8-SH or a mixed SAM. The Man-C8-SH modified wires 

still shows some charging current, in the CV scan, indicating presence of some bare areas 

on the electrode. A characteristic S-shaped CV curve was observed with the mixed SAM 

modified NPG, indicating a completely resistive interface with very little redox current 

passed. These data are complementary to the data on oxide stripping in the presence of 

the SAM and support the conclusion that the mixed SAM is much better packed and 

ordered than the SAM of the pure Man-C8-SH. 

Figure 4.4a and Figure 4.4b shows the cyclic voltammograms for five different 

electrodes: bare gold wire, gold wire with Gb3-C8-SH, gold wire with the 1:5 mixed 

SAM of Gb3-C8-SH:OCT and 1:5 mixed SAM of Gb3-C8-SH:HO-PEG2-SH, measured 

in 10 mM K3[Fe(CN)6]. The effective blocking behavior of the pure Gb3-C8-SH, 1:5 

molar ratio mixed SAM of Gb3-C8-SH:OCT and 1:5 molar ratio mixed SAM of Gb3-C8-

SH:HO-PEG2-SH modified surfaces, for the charge transfer across the interface is 

indicated by the complete disappearance of the redox peaks of the probe. The amount of 

charging current is very low for pure Gb3-C8-SH SAM and mixed SAM with OCT 

modified electrodes, whereas the charging current is relatively larger for the mixed SAM 

of Gb3-C8-SH and HO-PEG2-SH. SAMs of polyethylene glycol has been reported to be 

disordered due to the hydration of the terminal hydroxyl groups and solvent penetration 

into the oligoethylene unit, this accounts for the increased permeability of the HO-PEG2-

SH and Gb3-C8-SH mixed SAM compared to the other two SAMs on the GW [449].  
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Figure 4.4. Cyclic voltammograms of bare and globotrioside presenting SAMs on 

NPG and on gold wire. CV scans on gold wire GW (a and b) and on NPG (c and d) 

electrodes, with and without modifications. CV scans were performed in 10 mM 

K3[Fe(CN)6] at a scan rate of 100 mV sec-1. 

Figure 4.4c and Figure 4.4d shows CV scan of similarly modified NPG surfaces. 

CV scan of the bare NPG shows fairly large charging current compared to that of the gold 

wire, because of the large surface area of NPG, otherwise it is fairly similar to that of the 

CV on gold wire, showing both redox peaks. CV scans on modified NPG show slightly 

different behavior when modified with pure Gb3-C8-SH, a mixed SAM of Gb3-C8-SH 

and OCT, or a mixed SAM of Gb3-C8-SH and HO-PEG2-SH. Oxidation and reduction 
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peaks of Fe(CN)6
3-/4- are clearly seen for both the pure Gb3-C8-SH and mixed SAMs of 

Gb3-C8-SH and HO-PEG2-SH modified surface. The OCT mixed SAM modified NPG 

has a characteristic S-shaped CV curve, this indicated completely resistive interface with 

very little redox current passed. Gb3-C8-SH modified NPG surface is fairly similar to the 

bare gold surface even though the magnitude of the redox currents is significantly 

decreased. The magnitude of the reduction of the redox current increases with the 

formation of the mixed SAM of HO-PEG2-SH and Gb3-C8-SH, still redox peaks are seen 

and this is characteristic of a significantly permeable interface. The magnitude of the 

residual charging current for mixed SAMs of OCT and Gb3-C8-SH modified gold wire is 

slightly larger than the charging current on similarly modified NPG; this might be 

because of the increased hydrophobicity of the SAMs on the gold nanostructure 

compared to those on the flat gold surface and for the reasons as discussed earlier for the 

mannose presenting SAMs [35]. 

4.2.2 Reductive desorption of SAMs, and surface coverage 

CV scans for the reductive desorption of Man-C8-SH and mixed SAM of Man-

C8-SH and OCT are shown in Figure 4.5. Surface coverage for alkanethiol on gold wire 

is consistent with the similar studies reported, a slightly lower surface coverage for SAMs 

with polar and bulkier -functional groups has been reported in the literature and these 

molecules are reported to form disordered SAM.  Reductive desorption of SAMs on NPG 

on the other hand shows fairly different behavior, surface coverage for octanethiol and 

mixed SAM with octanethiol is fairly large (almost twice) compared to the monolayer 

coverage on the flat and polycrystalline gold surface (Table 4.1).  
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Table 4.1. Summary of the results of reductive desorption of SAMs on NPG and 
gold wire surfaces. 

 Gold wire NPG 

SAM Des. 
potential 

(V)

Surface 
coverage 
(mol/cm2)

Des. 
potential 

(V) 

Surface 
coverage 
(mol/cm2)

OCT 1.14 8.7 × 10-10 1.38 2.9 × 10-9 
Gb3-C8-SH 1.13 5.6 × 10-10 1.17 2.4 × 10-10 

HO-PEG2-SH 1.07 6.1 × 10-10 1.18 2.3 × 10-10 
1:9-Man-C8-SH:OCT 1.16 9.7 × 10-10 1.30 2.1 × 10-9 

1:19-Man-C8-SH:OCT 1.15 8.3 × 10-10 1.30 1.9 × 10-9 

1:5-Gb3:HO-PEG2-SH 1.10 6.3 × 10-10 1.05 3.0 × 10-10 
1:5-Gb3:HO-PEG2-SH 1.16 8.1 × 10-10 1.35 2.4 × 10-9 

 

This higher value of charge under the reductive desorption peak, and hence the 

higher surface coverage is most likely because of the large charge associated with the 

charging current.  Depending upon the magnitude of the potential at zero charge and the 

integrity or defects in the SAM, the charging current can contribute up to 100 C cm-2 

which is almost equal to the charge passed during reductive desorption of SAM, 

considering desorption as a one electron process [98]. Thus, almost 300 times higher 

surface area of NPG and inherently increased charging current adds to the charging 

current during reductive desorption. A similar observation was reported for the higher 

surface coverage of SAM on gold surface with almost 1.5 times larger value, compared to 

the estimated value for (3×3)R30 surface coverage, on the gold surface [450]. The 

detailed discussion on this has been already presented in an earlier chapter. The broader 

desorption peak on NPG compared to that of the gold wire also supports the assumption 

that desorption over the large potential range also incorporates a large background. A 

similar observation, almost twice the amount of charge under the thiol reduction peak, 

was reported for hexanedithiols on gold surface [451]. The surface coverage calculated 
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from reductive desorption of SAMs with polar tail group is almost one third of the 

monolayer coverage. Even though there is a slightly higher coverage for the mixed SAM 

of HO-PEG2-SH, it is almost 30% of monolayer coverage. This is consistent with the 

observation in the CV scans in 10 mM K3[Fe(CN)6] and indicates that these SAMs are 

less organized on the NPG surface, and needs further characterization in order to 

understand the conformation, orientation and organization of polar molecules on NPG 

surface. Another striking feature seen for desorption of Man-C8-SH, Gb3-C8-SH and 

HO-PEG2-SH SAMs on NPG, is the observation of two peaks separated by 

approximately 0.30 V-0.4 V. This type of peak splitting or multiple desorption peaks for 

a single component SAM has been observed for alkanethiols SAMs on gold surface and 

has been attributed to the thiols adsorbed at different sites on the surface, desorption of 

phase separated domains etc.[397, 452] 

 

Figure 4.5. Reductive desorption of SAM on pure Man-C8-SH and mixed SAM of 

Man-C8-SH and OCT modified NPG and on god wire. CV scans were performed in 

0.5 M KOH at a scan rate of 20 mV sec-1 for NPG and at 500 mV sec-1 for gold wire. 
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Cyclic voltammograms for the reductive desorption of globotriose containing 

SAMs are given in Figure 4.6. As in mannose containing SAMs both Gb3-C8-SH and 

HO-PEG2-SH containing SAMs showed multiple desorption peaks. Both of the peaks are 

prominent in the CV and are separated by approximately 30 mV. Surface coverages 

determined for all the surfaces containing pure or mixed monolayers of carbohydrate and 

diluting molecules are shown in Table 4.1. 

Figure 4.6. Reductive desorption of globotriose containing SAM on NPG and gold 

wire. CV scans were performed in 0.5 M KOH solution at a scan rate of 20 mV sec-1 for 

NPG  (a and b) and at a scan rate of 500 mV sec-1 for gold wire (c). 
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4.2.3 Electrochemical impedance spectroscopic studies of lectin-carbohydrate 

interaction on surfaces 

A Nyquist plot for a Man-C8-SH SAM on a gold wire surface (Figure 4.7a) 

shows a well-defined semicircle, representing charge transfer resistance and a small 

straight line, characteristic of the Warburg diffusion. The Man-C8-SH SAM on NPG, on 

the other hand, is characterized by a very small semicircle and a straight line (Figure 

4.7b) characteristic of a dominantly diffusion controlled redox process at the 

NPG/electrolyte interface. Thus, the Man-C8-SH SAM shows a distinct difference in 

characteristic behavior on NPG versus on gold wire surfaces. Molecules with polar and 

bulkier end-groups such as Man-C8-SH are less likely to form well packed and resistive 

monolayers on the surfaces of NPG, although it appears that they can assemble and pack 

better on the flatter gold wire surface. NPG and gold wires with the pure mannoside 

monolayer were then incubated with Con A in the presence of 1 mM Ca2+ and 0.5 mM 

Mn2+, which are both required as cofactors. The EIS measurements after Con A binding 

to pure mannoside monolayers on the gold wire surfaces showed only a small increase in 

charge transfer resistance whereas the change in charge transfer resistance on NPG was 

negligible. One possible reason for this small change in Rct could be that the mannose 

density on the gold surface was too high and populated with random and laying down 

orientations of Man-C8-SH creating steric hindrance to the binding of Con A to 

mannose. Another possibility is that even though a small amount of Con A could access 

and bind to mannose on the surface, it was not enough to create an increase in the charge 

transfer resistance because of the random and laying down orientations of Man-C8-SH 

on the NPG surface. Both the NPG and the gold wire surfaces did not show a significant 
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increase in Rct upon Con A binding to pure Man-C8-SH SAMs. Carbohydrate density 

dependent enzymatic activity of N-glycosyltransferase enzyme was reported by Mrksich 

et al. and their study showed that the activity of the enzyme was very low on high density 

N-acetyl glucosamine terminated SAMs. When the surface density was diluted at the 

interface by preparing a mixed SAM of the N-acetylglucosamine terminated species and 

alkanethiolates bearing triethylene glycol terminal groups, an increase in enzymatic 

activity was seen [453].  

 

Figure 4.7.  Nyquist plots for pure Man-C8-SH modified gold wires in the presence 

and absence of Con A. a) Pure Man-C8-SH modified GW before (triangles) and after 

(Squares) incubation with 5 M Con A, and b) Pure Man-C8-SH modified NPG before 

(triangles) and after (Squares) incubation with 5 M Con A. 

Van Duyne et al. reported a SPR study of mannose-Con A binding on gold using 

only 5% mannose in the mixed SAM [417]. Loaiza et al. also reported an EIS study 

showing carbohydrate density dependent effect on carbohydrate-lectin interaction. Their 
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nanoparticles assembled on screen printed electrodes, showed a response comparable to 

the background using the pure mannoside SAM,  but a large response was observed after 

lectin binding in a mixed SAMs with mercaptopropane sulfonate [419]. 

Alkanethiols with terminal methyl groups can assemble and form well-packed 

resistive monolayers on both NPG and gold wire surfaces. We sought to create a mixed 

monolayer of OCT and Man-C8-SH for carbohydrate-protein binding studies. A 1:9 

molar ratio mixture of Man-C8-SH to OCT was prepared on both NPG and gold wire 

surfaces. When these wires were incubated with a solution of the lectin Con A, there was 

a significant increase in charge transfer resistance as indicated by the increase in diameter 

of the semicircle in the Nyquist plot (Figure 4.8). This result showed that there was 

lectin-carbohydrate binding, and an additional layer of molecules being added at the 

interface. In accordance with the literature reports, we also saw better response for 

carbohydrate-lectin binding with the dilution of ligand density on the metal surface [419].  

 

Figure 4.8. Nyquist plots for the Man-C8-SH and OCT mixed SAM modified 

surfaces for Con A - mannose interaction studies. Nyquist plots for modified gold wire 

(a) and NPG (b), with and without Con A. 
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Figure 4.9. Nyquist plots for the different ratio mixed SAMs on Man-C8-SH and 

OCT on NPG (a) and gold wire (b). 

Increase in charge transfer resistance was observed after lectin binding on both 

the relatively smooth gold wire surfaces as well as the NPG surface. Nyquist plots for the 

modified NPG and gold wire, at different ratios of mixed SAMs of Man-C8-SH and OCT 

are shown in Figure 4.9a and Figure 4.9b, respectively. Figure 4.10a shows a plot of 

percentage change in Rct resulting from incubation with Con A on both NPG and gold 

wire for SAMs prepared from different ratios of the Man-C8-SH and OCT in solution. 

The highest response to Con A binding was obtained near 1:9 molar ratio of Man-C8-SH 

to OCT on gold wire.  In the case of NPG, a clear semicircle was observed on SAM 

formed from solution molar ratios of Man-C8-SH: OCT of 1:4 or less. Approximately a 

1:19 molar ratio of Man-C8-SH to OCT in the SAM solution gave the highest response 

to Con A binding on NPG (Figure 4.10b). This difference in optimal ratio could be 

attributed to the difference in the nature of the surface and in the ligand display 

associated with the surface curvature of the NPG. Molecules with polar and bulkier -

functional groups are believed to create a larger hindrance to the adjacent molecules and 
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hence such molecules form more disordered monolayers. EIS data alone are not sufficient 

to rule out any possibility of phase segregation and formation of separate domains of 

Man-C8-SH and OCT. At lower mole ratios of mannoside, a well-mixed SAM is more 

likely with mannose units spaced further apart, i.e. highly dispersed mannose units with 

OCT molecules between them. Polyethylene glycol SAMs are well studied and accepted 

as protein resistant surfaces. In this study, HO-PEG2-SH was also used as a diluting 

molecule to study effect of the polar molecules with unfavorable nonspecific adsorption. 

Figure 4.10b shows the plot of different molar ratio of the Man-C8-SH and HO-PEG2-

SH SAMs, and the response obtained after Con A binding.  

 

Figure 4.10. Optimal ratio of mixed SAM for Con A-mannose interaction. Mixed 

SAMs of Man-C8-SH and OCT (a) or HO-PEG2-SH (b) mixed SAMS for Con A 

binding to mannose on the surface. a) Mixed SAMs of Man-C8-SH and OCT on gold 

wire (triangles) and NPG (circles) b) mixed SAMs of Man-C8-SH and HO-PEG2-SH on 

gold wire (triangles) and on NPG (circles). 
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A striking observation here is that the optimal response was observed at much 

higher ratio of mannose in the SAM solution. The maximum response was observed at a 

1:1 solution molar ratio of Man-C8-SH and HO-PEG2-SH on gold wire surfaces, 

whereas a maximum response was observed at 1:2 molar ratios on the NPG surface. 

The Nyquist plot, for the pure Gb3-C8-SH SAM on a flat gold wire surface shows 

a well-defined semicircle (Figure 4.11a), representing charge transfer resistance and a 

small straight line, characteristic of the Warburg diffusion. In contrast, the Nyquist plot of 

Gb3-C8-SH SAM on NPG (Fig 4.11b (inset)) is characterized by a very small and 

depressed semicircle and a dominant straight line. As for the mannoside SAM, this is a 

distinct difference in characteristic behavior of the carbohydrate SAM on NPG versus 

that on gold wire. The absence of the semicircle in NPG is because of the very large 

surface area and roughness of the NPG compared to that of the gold wire. A semicircle 

was observed for NPG either with the pure OCT SAM or the mixed SAM of OCT and 

Gb3-C8-SH; no semicircle was clearly observed for the pure HO-PEG2-SH and mixed 

SAM of Gb3-C8-SH and HO-PEG2-SH. Consistent with the CV studies EIS also shows 

that molecules with polar and bulkier end-groups such as Gb3-C8-SH and HO-PEG2-SH 

form relatively loosely packed and permeable monolayers on the surfaces of NPG, 

although similar studies show more closely packed and resistive monolayer of these 

molecules on the gold wire surface.  These carbohydrate modified surfaces were then 

used for the study of carbohydrate lectin interaction (Figure 4.11a, 4.11b, 4.11c and 

4.12). Soybean agglutinin is a lectin from Glycine max and binds to the NAcGal/Gal 

carbohydrate moiety, even though the affinity of SBA to galactose in solution phase has 

been found to be less compared to its affinity for NAc-Gal. Manimala et al. reported a 
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very low detection limit of SBA on the globotriose-modified surface which was even 

lower than that reported for the NAcGal [454]. Thus, the binding of carbohydrate to 

lectin on the surface in an SAM is different than that in the solution. SBA was chosen as 

a model lectin for Gb3-C8-SH lectin interaction in our study. 

 

Figure 4.11. Nyquist plots for the EIS studies of the globotriose-SBA interactions on 

globotriose presenting SAMs. Mixed SAMs of Gb3-C8-SH and OCT on NPG (a) Pure 

SAMs of Gb3-C8-SH on NPG (b) and pure and mixed SAM of globotriose with OCT on 

NPG (c).  
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The change in charge transfer resistance after incubation with SBA for the pure 

Gb3-C8-SH modified surfaces was very low for both the NPG and the gold wire surfaces 

(Figures 4.12b, 4.12c). As mentioned earlier for the mannoside presenting SAMs, this 

lower affinity of lectins or biomolecules at high ligand density is reported in literature 

and has been attributed to the sterically unfavorable interactions, because of the crowding 

of neighboring carbohydrate groups [453]. 

 

Figure 4.12. Nyquist plots for 1:5 mixed SAM of Gb3-C8-SH and HO-PEG2-SH. 

Gold wire modified with 1:5 mixed SAM of Gb3-C8-SH and HO-PEG2-SH before 

incubation with SBA, and after incubation with SBA (a), and similarly modified NPG 

(b). 

In order to overcome this lower affinity of the lectins for high density of 

carbohydrates on the surface, carbohydrates on the surface are often diluted with other 

molecules. Polyethylene glycols are polar molecules and are the molecules of choice for 

the creation of protein resistant surfaces; these molecules are reported to reduce 

nonspecific protein adsorption to insignificant levels [455]. The increase in diameter of 
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showed that there is a huge increase in charge transfer resistance after incubation with 0.5 

M SBA; whereas, the increase was significantly lower for the NPG surface (Figure 

4.13b). Increase in hydrophobicity of the SAM on NPG, relative to a gold wire surface, 

along with the reduced contact surface of protein in this rough architecture may be 

responsible for the loss of non-specifically surface adsorbed protein during washing, 

which is consistent with literature reports on loss of adsorbed proteins on nanoscale 

rough surfaces during washing [456, 457].   

 

Figure 4.13. Study of the non-specific adsorption of SBA on OCT and on HO-PEG2-

SH on NPG and on gold wire. (a) OCT modified gold wire with and without SBA, (b) 

OCT modified NPG with and without SBA, (c) HO-PEG2-SH modified gold wire with 

and without SBA (c), and HO-PEG2-SH modified NPG with and without SBA in (d). 
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Similar studies for the nonspecific adsorption of protein were also performed 

using HO-PEG2-SH modified surfaces, and no significant change in charge transfer 

resistance was observed after incubation with SBA on either surfaces ((Figure 4.13c and 

4.13d). 

Interestingly, the extent of increase in the size of the semicircle for OCT modified 

NPG was comparatively low even at 10 times higher concentrations of SBA (5 M), 

indicates that the low protein attachment on the NPG surface must be either because of 

the low protein adsorption or because of the detachment of protein during washing. 

 

Figure 4.14. Optimal ratio of mixed SAM of Gb3-C8-SH and OCT for SBA-

globotriose interaction studies. Ratio of Rct on NPG (circles) and on gold wire 

(triangles) is plotted for the various mole fractions of Gb3-C8-SH and OCT in SAM 

solution. NPG and gold wire were incubated with different ratio mixtures of Gb3-C8-SH 

and OCT followed by EIS measurement, each wire was then incubated with SBA 

solution for 2 h and EIS measurements were done again. Ratio of Rct was obtained by 

dividing (Rct)final by the (Rct)initial. 
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Figure 4.14 shows EIS studies for the various ratios of octanethiol and Gb3-C8-

SH in SAMs. The highest change in Rct was observed at around 1:5 molar ratio of Gb3-

C8-SH and OCT. The length of the tail group has been found to affect the organization of 

the SAM on the surface and the larger tail group in Gb3 compared to that of the mannose 

might be responsible for the observed variation in the optimal ratio for lectin binding.  

4.2.4 Comparison of Concanavalin A binding kinetics on flat gold and on NPG 

surfaces 

Nanoporous gold with such a complex network of pores might be expected to 

create restricted diffusion of Con A within the network of pores and ligaments. Thus, all 

of the mannose molecules at the interfaces might not be equally accessible, and the 

lectin-carbohydrate binding kinetics might be affected by the nature of the surface 

resulting in the difference in kinetics compared to that on the gold wire surface. To test 

this hypothesis, we studied the change in charge transfer resistance as a function of Con 

A incubation time for NPG and gold wire surfaces. Con A to mannose binding kinetics 

data are shown in Figure 4.15 at 1:9 and 1:19 solution molar ratios of Man-C8-SH and 

OCT mixed SAMs on both NPG and gold wire. Charge transfer resistance increased with 

the increase in incubation period, indicating an increase in surface coverage of Con A, 

bound to mannose at the interface. The kobs value was obtained by fitting data to the 

equation for an exponential rise to a maximum. The kobs value was dependent both on the 

nature of the surface as well as on the composition of SAM. Table 4.2 shows the kobs 

values for different composition SAMs on the NPG and gold wire surface.  At 1:19 molar 

ratio, the binding kinetics on gold wire was faster and reached saturation more quickly 

than on NPG. It took about twice as long for saturation to be achieved on the NPG 
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surface, which can certainly be partly attributed to the longer incubation times required 

for Con A to diffuse into the NPG pores, and bind to the mannose units on the interior 

surfaces. Whereas at 1:9 molar ratio, which gives the optimal response for gold wire as 

the surface, no significant difference in binding kinetics was observed on NPG and gold 

wire surfaces. The difference in binding kinetics on these surfaces and its dependence 

upon the composition of the diluting molecule can be attributed to the curvature of the 

NPG surfaces, which results different molecular organization and ligand presentation that 

affect the binding kinetics at the local molecular level. 

 

Figure 4.15. Con A-mannose binding kinetics. NPG (a) and on gold wire (b) surfaces 

modified with 1:9 and 1:19 mixed SAMs of Man-C8-SH and OCT were incubated with 2 

M Con A for various period of time and EIS measurements were done. 

The difference in the nature of SAM on surfaces, 2D (gold wire) vs. 3D (NPG), 

creates differences in the rate of intermolecular interaction and hence affect the kinetics 

of biomolecular interactions [32, 458]. In the porous structure, this is also affected by the 

dimension of the molecule and the accessibility of the target molecules inside pores. Gb3-
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C8-SH is significantly larger than the diluting octanethiol molecules and Man-C8-SH, 

which might have some effect in intermolecular interaction and binding kinetics.  

Table 4.2. Data summary of the binding kinetics on NPG and gold wire with 
different SAMs. 

SAM  kobs (min-1) 
GW 

kobs (min-1) 
NPG 

1:9-Man-C8-SH:OCT 0.120  0.128  

1:19-Man-C8-SH:OCT  0.220  0.130  

1:5-Gb3-C8-SH:OCT  0.135  0.063  

1:5-Gb3-C8-SH:HO-PEG2-SH  0.093  0.113  

 

Figure 4.16 shows the binding kinetics of Gb3-C8-SH and SBA on the gold wire 

and NPG surfaces; kinetics of interaction is dependent on the nature of the diluting 

molecules in the SAM as well as on the nature of the surfaces. The kinetics is faster on 

gold wire surface compared to on NPG for both OCT and HO-PEG2-SH mixed SAMs 

with Gb3-C8-SH. Slower kinetics was observed for the mixed SAMs with OCT compared 

to that of the mixed SAM with HO-PEG2-SH. The time required for saturation on NPG 

was 1.5 times longer than the time required on gold wire. This is similar to the 

observation reported for the binding of Con A to mannose on the NPG surface [21]. The 

slower binding kinetics in the porous three-dimensional NPG compared to that of the 

two-dimensional flat gold surface can be attributed to the restricted diffusion of protein 

through the pores [458]. Even though a clear semicircle wasn’t observed for NPG with 

Gb3-C8-SH or a mixed SAM with HO-PEG2-SH, EIS data could be fit satisfactorilyto the 

given equivalent circuit and charge transfer resistance was extracted. Non linear least 

square fitting of the experimental data and the model was judged by the 2 values (less 
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than 10-4) and standard error (less than 20% which is the minimum acceptable value for 

fitting according to Zsimpwin software supplier) both indicated that the chosen 

equivalent circuit represented the physical interface. The magnitude of the increase in Rct 

with protein binding on the surface was very high on the surfaces modified with OCT and 

Gb3-C8-SH SAM whereas the magnitude of Rct was fairly low on the mixed SAM with 

HO-PEG2-SH. As stated earlier, this higher value of Rct with the mixed SAM of 

hydrophobic octanethiol molecules is due to the hydrophobicity assisted binding of SBA 

with Gb3-C8-SH onto this SAM alone. The other reason for this higher charge transfer 

resistance is due to the hydrophobicity of alkanethiols SAM which creates better blocking 

interface compared to other SAMs in this study. 

 

Figure 4.16. SBA-Gb3 binding kinetics on modified surfaces. Binding kinetics on 

Gb3-C8-SH-SBA on 1:5 molar ratio mixed SAM on Gb3-C8-SH and HO-PEG2-SH (a) 

and OCT (b) presenting SAM. Mixed SAM of HO-PEG2-SH on  NPG ((a), triangles) and 

gold wire ((a), circles). Similarly, mixed SAM of Gb3-C8-SH and OCT on NPG ((b), 

triangles) and gold wire ((b), circles). 
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4.2.5 Binding studies of Concanavalin A to mannose on gold wire and on NPG 

surfaces 

Binding isotherms for Con A to mannose on both NPG and gold wire at 1:9 and 

1:19 molar ratio of Man-C8-SH to OCT mixed SAMs is shown in Figure 4.17. The 

binding isotherm was obtained by plotting the difference in charge transfer resistance 

(∆Rct = Rct,(protein) – Rct,(SAM)) versus the Con A concentration. Stronger affinity of Con A 

to mannose was observed on the gold wire surface for both ratios of mixed SAM, the 

binding affinities calculated from this study by fitting data to a one site ligand binding 

model are 15 ± 4 nM and 13 ± 7 nM for the 1:9 and 1:19 molar ratios, respectively. It 

should also be noted that magnitude of Rct achieved at saturation is different for these two 

different ratios of mixed SAM. Gold wires with the 1:9 molar ratio mixed SAM have 

almost a two-fold higher Rct value at saturation compared to the Rct value for the 1:19 

molar ratio. There have been different reports for the binding affinity of Con A to 

mannose depending upon the method of study and surface composition.  

 

Figure 4.17. Binding affinity of Con A to mannose on mixed SAM modified NPG 

and gold wire surfaces.  NPG with 1:9 and 1:19 mixed SAM of Man-C8-SH and OCT 
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on NPG (a) and on gold wire (b) were incubated with different concentrations of Con A 

for 2 h and EIS measurements were done. Difference in Rct = (Rct)Con A-(Rct)SAM. 

Table 4.3. Summary of the binding affinity of Con A-mannose on different SAMs. 

SAM  Kd -GW  Kd - NPG  

1:9-Man-C8-SH:OCT  15±4 nM  400±190 nM  

1:19-Man-C8-SH:OCT  13±7 nM  815±280 nM  

1:2-Man-C8-SH:OCT  244±47 nM  ND  

1:2-Gb3-C8-SH:OCT  470±0.18 nM  1.87±0.44 nM  

1:5-Gb3-C8-SH:OCT  240±0.06 nM  1.33±0.64 mM  

1:5-Gb3-C8-SH:HO-PEG2-SH  1.57±0.340 mM  270±0.15 nM  

 

A dissociation constant (Kd) of 178 nM was reported in a SPR imaging study of 

Con A - mannose interaction on a gold surface, with 50% mannose mixed SAM diluted 

with pyridyl groups at the interface. Even though this report showed a fairly constant Kd 

for different mole fractions of mannose at the interface, the difference in the nature of the 

diluting molecules (other molecules of the mixed SAM) and hence the nature of the 

interface might be one responsible factor for the observed variation in binding affinity in 

our case Liang et al. reported a variation in surface dissociation constant of Con A to 

mannoside modified glass slides depending upon the printing concentrations of 

mannoside on N-hydroxysuccinimide activated glass slides. An average surface 

dissociation constant of 83 nM was reported in this study [459]. Nahalkova et al. reported 

a relatively high binding affinity (Kd = 4.3 nM) of Con A to p-aminophenyl α-D-

mannopyranoside immobilized on the dextran modified sensor chip (CM5) [460]. Con A 

- mannose interaction studies were also performed at the higher mannose concentration in 

the SAM. Changes in Rct, after Con A binding was observed at a 1:2 mole ratio of Man-
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C8-SH and OCT on gold wire, but for NPG we did not observe any change in Rct. The 

dissociation constant of Con A to mannoside on gold wire, at this ratio, was 244 nM 

(Figure 4.18). This is fairly similar to the literature report of Con A mannoside binding 

affinity, at similar ratio of mixed SAM, of 178 nM [409]. 

 

Figure 4.18. Binding isotherm for 1:2 molar ratio mixed SAM of Man-C8-SH and 

OCT on gold wire. 

The binding affinity of Con A mannose interaction is significantly affected by the 

the fraction of mannose in the mixed SAM solution used to immobilize onto surface, the 

binding affinity of Con A to mannose on NPG gives Kd = 400 ± 190 nM and Kd = 815 ± 

280 nM at 1:9 and 1:19 molar ratio of Man-C8-SH and OCT, respectively. Difference in 

ligand display at the NPG and gold wire surfaces is one of the reasons for this difference 

in Kd, compared to that of the gold wire, and between different ratios of mixed SAM on 

NPG. Another possibility is the multivalent interactions at clustered domains of mannose 

which might be different on the rough and curved areas of NPG and on gold wire. 
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accessibility for Con A molecules in the relatively constricted and narrow pores of NPG 

can create diffusional limitations to Con A accessing the inner parts of the nanoporous 

structure. The decreased on-rate of biomolecular interaction in a porous matrix because 

of the diffusion controlled interaction inside the pores might be another possible reason 

for the observed lower affinity of Con A to mannose on NPG [461, 462]. 

Binding studies were also conducted in a mixed SAM on Man-C8-SH and HO-

PEG2-SH (figure 4.19). As stated earlier no clear semicircle was observed with the polar 

HO-PEG2-SH molecule so bias potential in EIS was decreased, and at 0.2 V applied bias 

potential a semicircle was observed. So, for the SAMs with HO-PEG2-SH a bias potential 

of 0.2 V was applied in contrast to the formal potential applied for rest of the studies. As 

in the case of mixed SAM with OCT, binding affinities were higher on gold wire 

compared to the affinity found on the NPG surface. 

 

Figure 4.19. Binding isotherm of Con A mannose on 1:2 and 1:1 mixed SAM on 

NPG (a) and on gold wire (b) surfaces. 

a b 
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Binding affinity measurements were also performed for the chosen ratio of mixed 

SAM on NPG and GW with both OCT and HO-PEG2-SH as diluting molecules for 

globotriose presenting SAMs (Figure 4.20a and 4.20b). Figure 4.20a, shows the binding 

isotherm for SBA binding to Gb3 on 1:5 mixed SAM of Gb3-C8-SH and OCT on gold 

wire and NPG surface. The dissociation constant for adsorption of SBA to the 1:5 mixed 

SAMs of Gb3-C8-SH and OCT on gold wire is Kd = 0.24 M whereas, it is 1.33 M on 

NPG. Similar results for the mixed SAMs with HO-PEG2-SH are shown in Figure 4.20b, 

the value of Kd is 1.57 M on gold wire and 0.27 M on NPG for the mixed SAM of 

HO-PEG2-SH and Gb3-C8-SH. The higher affinity of the SBA on mixed SAM with OCT 

on gold wire can be attributed to the effect of hydrophobicity of the underlying surface 

that might increase the affinity by hydrophobic interaction with the lectin hydrophobic 

patches. The lower affinity of SBA to the mixed SAM with OCT on NPG could possibly 

be taken as an advantage of the NPG surface in reducing the contribution from non-

specific protein adsorption, which is consistent with our prior results on binding of 

Concanavalin A to SAMs of OCT and a thiolated mannoside [21]. The opposite result 

was observed on the rough NPG surface. Because of the flat nature of the gold wire 

which might assist in binding of SBA to Gb3 and stabilize the complex and hence lower 

the Kd value. The opposite effect would be expected on the mixed SAM with HO-PEG2-

SH and hence an increase in Kd value is expected. The observed higher affinity for SBA 

to the HO-PEG2-SH containing mixed SAMs on NPG than to those on flat Au suggests 

that NPG may have the advantage of presenting mixed SAMs with higher lectin affinity 

and fully resistant to non-specific protein adsorption. There are no reports for the binding 

affinity of SBA to Gb3 but based on the very low detection limit of SBA on the Gb3 
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modified surface and compared to that of the detection limit for GalNAc the value 

determined here seems reasonable.  

 

Figure 4.20. Binding isotherm for the 1:5 molar ratio mixed SAMs of Gb3-C8-SH 

and SBA. 1:5 molar ratio mixed SAM of Gb3-C8-SH and OCT on gold wire ((a), 

circles), NPG ((a), triangles) and 1:5 mixed SAM of Gb3-C8-SH and HO-PEG2-SH on 

gold wire ((b), circles) and NPG ((b), triangles). 

Table 4.4. Summary of binding affinities (Kd values) for soybean agglutinin to mixed 

self-assembled monolayers containing α-D-Gal-(1→4)-β-D-Gal-(1→4)-D-Glc-

mercaptooctane (Gb3-C8-SH) and either 8-mercapto-3,6-dioxaoctanol (HO-PEG2-

SH) or octanethiol (OCT). 

Substrate 1:5 Gb3-C8-SH/HO-PEG2-SH  1:5 Gb3-C8-SH/OCT 
Flat gold 1.57 M 0.24 M 
Nanoporous 
Gold 

0.21M 1.33 M 

 

The overall structure and orientation of the carbohydrate presenting molecules in 

a mixed SAM is likely influenced by the nature of the second component in the SAM 
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which affects the presentation of carbohydrate group to the lectin. In a mixed SAM with 

OCT as a second component, is expected to promote van der Waals interaction with the 

octanethiol chains of carbohydrate presenting molecules and in principle lead to a more 

regular orientation and presentation of the carbohydrates at the interface. Similar to the 

longer chain alkanethiols, smaller chain alkanethiols also adopt all trans configuration on 

the flat gold surface [463]. In addition to the specific binding of lectin to the 

carbohydrates, the use of OCT in the mixed SAM will result in some measure of non-

specific lectin adsorption to the surface. HO-PEG2-SH molecules on the other hand will 

have a weaker interaction with the alkyl chain regions of Gb3-C8-SH, and should result in 

a less well defined presentation of the carbohydrate units at the interface. However, the 

advantage of using HO-PEG2-SH is that it strongly limits non-specific lectin binding to 

the SAM. The presence of curvature on the NPG surface in comparison with flat gold is 

expected to create some additional space between neighboring OCT chains, an increase 

in the number of gauche defects, and hence form a less ordered presentation than 

expected on flat gold [464]. In this study the vibrational spectroscopic data have shown 

that alkanethiol SAMs on nanoparticle surfaces of greater curvature present a higher 

fraction of gauche defects in SAM. Studies have shown that the helical or amorphous 

forms of polyethylene glycol chains resist protein adsorption, while an all trans 

configuration is not as effective [465]. Solvent penetration results in the formation of 

disordered HO-PEG2-SH units [449]. The curved nature of the nanoporous gold surface 

should promote more effective solvent penetration amongst the HO-PEG2-SH units and 

the amorphous form is more favorable on NPG than on the flat gold surface. The detailed 
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structural differences of these species on NPG and on flat gold surface can be obtained 

via spectroscopic studies of chain order and configuration on these surfaces.  

4.2.6 SEM imaging of carbohydrate lectin interaction using streptavidin coated Au-

np and biotinylated Con A 

 Protein molecules on metal surfaces cannot be imaged directly by SEM, and their 

imaging requires appropriate labeling of the molecules with some metals of different 

contrast from the supporting metal surface. Imaging becomes even more difficult on the 

NPG surface because of the variation in surface heights, which sometimes creates same 

contrast as that of the metal used for molecules on the surface. In order to study the 

distribution of mannose molecules, their possible orientations and their effect on 

mannose-Con A interaction, various SAMs were prepared on both the NPG and flat gold 

surface and allowed to bind to the biotinylated Con A, which was finally incubated with 

streptavidin coated gold nanoparticles, and imaged by SEM. Au-nps (10 nm) were 

expected to diffuse through the pores of NPG and provide information on the location 

and possible differences in molecular affinity, if any, at the pores and at the outer 

ligament surface of NPG.  Figure 4.21 shows the SEM images of nanoparticle 

immobilized on the pure SAM modified NPG and flat gold surfaces. Large numbers of 

Au-np were clearly seen on the flat gold surface modified with Man-C8-SH SAM and 

relatively small numbers of particles were observed on the OCT modified flat gold 

surface. No nanoparticles were observed on the pure HO-PEG2-SH modified flat gold 

surface. On the other hand, nanoparticles were not observed on any HO-PEG2-SH, Man-

C8-SH or OCT SAM modified NPG surface. At this point it was not clear whether it was 
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because of the similarity in contrast of the NPG surface and Au-np or because no 

nanoparticles were attached to the surface.  

 

 

Figure 4.21. SEM images of Au nanoparticles on the single component SAMs on flat 

gold surfaces (upper panel ) and NPG (lower panels). Surfaces were modified with 

various SAMs as indicated and allowed to bind to biotinylated Con A followed by 

incubation with streptavidin labeled Au-np. (Scale bar = 200 nm) 

Man-C8-SH-100kX

Man-C8-SH-100kX

OCT-100kX 

OCT-100kX 

HO-PEG2-SH-100kX 

HO-PEG2-SH-100kX 
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Figure 4.22.  SEM images for the different mixed SAM modified NPG and flat gold 

surfaces. 1:9 and 1:19 molar ratio of Man-C8-SH and OCT were chosen based on the 

highest response obtained for Con A binding on flat gold (upper panels) and NPG (lower 

panels) respectively. 1:2 molar ratio of Man-C8-SH:HO-PEG2-SH has shown better 

response in EIS studies on NPG surface, which was chosen as the optimal ratio for Con 

A-mannose interaction on surface. NPG surfaces are shown at higher magnification, as 

Au-nps were hard to visualize at lower magnifications. (scale 200 nm for upper panel and 

lower right (100 kX) and 100 nm for two images on the lower left panels (200 kX)). 

Figure 4.22 shows the SEM images of Au-nps immobilized on the mixed SAM 

modified gold wire and NPG surfaces. Consistent with the EIS studies, relatively large 

number of the Au-nps were seen on the 1:9 ratio mixed SAM modified flat gold surface 

1:2-Man-C8-SH:HO-PEG2-SH

1:2-Man-C8-SH:HO-PEG2-SH 

1:9-Man-C8-SH:OCT-100 kX 1:19-Man-C8-SH:OCT

1:9-Man-C8-SH:OCT-200 kX 1:9-Man-C8-SH:OCT-200 kX
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and almost similar number of Au-nps were observed on the NPG surface for both 1:9 and 

1:19 molar ratio mixed SAMs with OCT. Mixed SAMs with HO-PEG2-SH, on the other 

hand show different behavior on the NPG and the flat gold surface. No Au-nps were 

observed on the 1:2 molar ratio of Man-C8-SH:HO-PEG2-SH mixed SAM modified NPG 

surface but significantly large number of particles were observed on the flat gold surface. 

Even though there was some change in the charge transfer resistance on the EIS studies 

with 1:2 molar ratio mixed SAM modified NPG surface there was no nanoparticles seen 

on the surface, which indicates relatively small number of Au-np must have been 

obscured on the NPG surface due to the similar contrast of the supporting surface and the 

Au-np [466]. Some other methods are required for the detail understanding of the 

difference in molecular adsorption on these surfaces but the nanometer dimension of the 

NPG ligaments might be creating similar ripples as reported in literature for the gold 

nanoparticles. These ripples formed in mixed SAMs with polar and nonpolar tail groups 

and have been reported to reduce protein adsorption on the surface.  

4.3 Conclusions 

 A number of both similarities and differences are observed in the behavior of 

SAMs containing a glycoside-terminated alkanethiol, either as a pure component or 

together with some diluting molecules. The variation in nature of the surface, i.e. gold 

wire surface vs. the surfaces of nanoporous gold which are curved, irregular, present a 

rough topography, and for which most of the surface is internal from the immediate 

boundary with the solution has been found to affect both the kinetics and affinity of 

biomolecular interactions. On both flat gold and NPG, the addition of an appropriate 

diluting molecule improves monolayer integrity and degree of packing order. The mixed 
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SAM with octanethiol presents a more effective interface for mannose binding of Con A, 

presumably due to improved orientation in the presentation of mannose units and a lower 

surface density of mannose units that allows for the multivalent binding of Con A. On the 

other hand the mixed SAM with polar and protein resistant HO-PEG2-SH molecule on 

NPG was not as conducive as OCT molecule. Nonspecific protein adsorption is 

significant on the OCT modified gold wire surface, whereas it was significantly smaller 

on the NPG surface. However, the optimal mole fraction of mannose for Con A binding 

is lower on NPG than on flat gold, with the mixed SAMs of Man-C8-SH and OCT at 1:19 

molar ratio providing the optimal response on NPG as compared with a ratio of 1:9 

providing an optimal response on flat gold. The binding affinity of Con A to mannose 

presented in SAMs on NPG is reduced, most probably due to the diffusion time required 

for proteins to access mannose units on the interior surfaces, which will reduce the on-

rate and hence increase the value of Kd. Similar studies were performed on the 

globotriose presenting SAMs on NPG and on gold wire as well. The ratio of mixed SAM 

solution that gave maximum response after SBA incubation was different from that of the 

mannose presenting SAM and is attributed to the longer tail and different solubility of 

these molecules, which ultimately creates a different organization of SAMs on the 

surface.  Binding affinities were stronger on the gold wire surface than on the NPG 

surface.  

  The differences in lectin – carbohydrate binding on flat Au versus on NPG are 

significant, and some potential advantages of NPG for use of EIS as a label-free 

screening method. The mixed SAMs of thiol modified carbohydrates with the 

hydrophobic OCT diluent show a reduced contribution from non-specific binding on 
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NPG, which is a potential advantage for use of NPG as a surface for such studies. The 

mixed SAMs containing HO-PEG2-SH shows different effects in binding affinity for 

carbohydrate and lectin compared to that of the mixed SAM with OCT. The difference in 

affinity also depends on the nature of the carbohydrate units used in the study. EIS is 

highly sensitive to the variations in nature of the surface and monolayer structure and 

their combined effects on protein binding affinity. Detailed characterization of the 

organization of SAMs on NPG and on flat Au by vibrational spectroscopic methods 

could help understand differences in conformational order. NPG in an electrode array 

format could potentially prove to be of future interest for lectin-carbohydrate interactions. 
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CHAPTER V 

DEVELOPMENT OF SQUAREWAVE VOLTAMMETRIC 
IMMUNOASSAYS ON NPG 

5.1 Introduction 

Current analytical techniques for protein biomarker detection  involve  methods 

based on radioactive labeling [467], fluorescent labeling [468], chemiluminescent 

labeling of either antigen or antibody to probe antibody-antigen binding [469],  mass 

spectrometry [470], electrophoretic analysis [471] and changes in surface properties as a 

result of biomolecular interaction [472]. Gold nanostructures are very attractive and 

actively studied substrates for immunoassay development. A sensitive method for free 

prostate specific antigen (fPSA) detection based on antibody immobilization on gold 

coated cantilevers was reported by Majumdar et al. [473] Choi et al. reported an SPR 

based assay for PSA based on formation of a sandwich complex between antibodies 

immobilized on the gold surface, PSA, and gold nanoparticles labeled with polyclonal 

antibodies for PSA [474]. Garcia et al. reported a dual sensor for the detection of both 

free and total PSA based on nanogold modified screen printed electrodes and the 

voltammetric detection of silver deposited on their surface from Ag+ in solution. 

Deposition of Ag on the surface was assisted by indoxyl generated from the enzymatic 

reaction of alkaline phosphatase conjugated to the anti PSA antibody on indoxyl 

phosphate [475]. Rusling et al. immobilized anti-PSA antibody on a film of gold 

nanoparticles and developed an immunoassay based on multiple horseradish peroxidase 

labeled magnetic beads attached to the secondary antibody [476]. An immunoassay for 

carcinoembryonic antigen (CEA) captured in an antibody sandwich on nanoporous gold 
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leaf electrodes was reported in which the secondary antibody was conjugated to CdTe 

quantum dots and a 5.5 fold increase in electrochemiluminescence intensity over that on a 

bare gold electrode was observed [338]. An immunoassay for PSA based on the quartz 

crystal microbalance and gold nanoparticle amplification was reported by Tothill et al. 

[477] A SPR based immunosensor for CEA was reported by Nishimura et al. [25]  Gao et 

al. reported an amperometric  immunoassay for CEA on glassy carbon electrodes 

modified by the layer by layer assembly of carbon nanotubes onto which gold 

nanoclusters were electrodeposited, followed by immobilization of anti-CEA antibody, 

and with detection achieved by measuring the reduction in current due to oxidation of 

Fe(CN)6
3- as a result of CEA binding [478]. A competitive immunoassay for CEA was 

reported based on CEA|colloidal gold|chitosan membranes on screen printed carbon 

electrodes [479]. Electrochemical immunoassays are highly attractive because 

electrochemical methods can be applied to highly absorbing samples for which 

spectrophotometric methods are less useful. In addition, electrochemical devices are 

relatively cheap, sensitive and can be miniaturized and do not require high energy power 

sources [249]. A label free amperometric immunosensor for human serum chorionic 

gonadotrophin using hydroquinone as a redox marker and based on glassy carbon 

electrodes modified by both graphene sheets and nanoporous gold was reported [83]. A 

square wave voltammetric method based immunoassay for the detection of 

polychlorinated biphenyls in water samples was reported using horseradish peroxidase 

and o-aminophenol-H2O2 as a substrate [480].  

Alkaline phosphatase (ALP) is a widely used enzyme label for immunoassays 

because of its high activity, relatively low cost, and activity against a range of possible 
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substrates [481]. ALP hydrolyses orthophosphoric esters to alcohols, and substrates are 

available whose products can be monitored using uv-visible spectrophometry [482], 

fluorimetry [483], chemiluminescence measurement [484] and amperometry [485]. 

Cyclic or linear scan voltammetry, pulse and differential pulse voltammetry and square 

wave voltammetry are the most popular voltammetric techniques for electroanalytical 

measurements [486]. The advantage of square wave voltammetry over cyclic 

voltammetry is listed in materials and methods. Briefly the sensitivity of SWV is higher 

compared to that of CV due to the rejection of background current from double layer 

charging in SWV [487, 488]. A competitive electrochemical immunoassay based on 

antibody modified gold coated nylon membrane was reported in which the competition 

was between antigen and glucose oxidase labeled antigen with the extent of binding 

detected by oxidation of the hydrogen peroxide product  [489]. A competitive flow-

injection immunoassay for CEA with the CEA antigen immobilized on a chitosan/gold 

nanoparticle composite on glassy carbon electrode surfaces, and an antibody for CEA 

conjugated to horseradish peroxidase competing for antigen in solution has also been 

reported [479].  

 Here we demonstrate the application of nanoporous gold as a solid electrode 

support for an electrochemical immunoassay for CEA or PSA using square wave 

voltammetry. The assay method makes use of alkaline phosphatase- antibody conjugates 

covalently coupled to lipoic acid SAMs on NPG. Unlike other traditional sandwich type 

immunoassays using multiple antibodies, the direct kinetic assay described uses a single 

antibody present in the conjugate with ALP. The assay was performed in both a direct 

and competitive format. The direct assay is based on the inhibition of the rate of 
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conversion of the ALP substrate p-aminophenylphosphate to product p-aminophenol due 

to antigen binding, which is then detected by its oxidation in a square wave voltammetric 

sweep. The competitive assay is based on competition for the antibody-enzyme conjugate 

in solution between antigen immobilized on NPG and free antigen in solution. PSA and 

CEA were chosen as representative protein biomarkers, readily accessible for 

experimentation. PSA is a biomarker for prostate cancer, in normal healthy person PSA 

level is less than 4 ng mL-1 but depending upon the age, race and family history of 

prostate cancer this value can vary [167]. Estimations of the surface coverage of 

antibody-enzyme conjugate on the NPG based on solution depletion and protein 

concentration assays are also presented. 

5.2 Results and discussions 

5.2.1 Michaelis-Menten analysis of the immobilized MAb-ALP conjugate 

Enzyme immobilization has significant impact on the enzymatic activity. In order 

to test the biocompatibility and activity of enzyme-antibody conjugate immobilized on 

NPG, Michaelis-Menten kinetics studies were performed. As described in materials and 

methods, conjugate immobilization on NPG involved modification of surface with lipoic 

acid SAMs followed by the activation of carboxyl group using the EDS/NHS reaction, 

and finally coupling to the monoclonal antibody-alkaline phosphatase conjugate (MAb-

ALP), where the MAb is either the monoclonal antibody for the PSA antigen or for the 

CEA antigen. Square-wave voltammetric sweeps were conducted using these modified 

NPG covered gold wires as working electrodes. The sweeps were conducted after 

incubation for 30 minutes with different concentrations of p-APP, the substrate for ALP. 

The incubation period allows time for the ALP enzyme to generate the p-aminophenol 
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product which is then oxidized to p-quinoneimine during the SWV sweep. These SWV 

sweeps resulted in a prominent peak for the oxidation of p-aminophenol in this 

concentration range. Due to the high background currents arising from charging of the 

electric double layer of NPG, attempts to measure the current peak due to oxidation of p-

aminophenol by linear sweep voltammetry were much less successful. The 30 minute 

period was found to be the shortest period needed to maximize the current response 

arising from oxidation of the p-aminophenol ALP reaction product to p-quinoneimine, 

which occurs near or  less than 0.1 V (vs. Ag|AgCl). The negative shift in oxidation 

potential of p-AP on NPG surface relative to flat gold occurs because of the better 

electrocatalytic activity of NPG compared to the smooth gold surface [490]. The 

oxidation potential of p-AP was found to be higher on gold wire surfaces compared to 

that on NPG. Concentrations of p-APP of 0.05 mM to 2.0 mM were studied, and a set of 

SWV sweeps are shown in Figure 5.1a for an NPG electrode modified by the MAb-ALP 

conjugate, where the MAb is the anti-PSA MAb. A plot of the maximum p-aminophenol 

oxidation peak current versus initial p-APP concentration is shown in Figure 5.1b. The 

peak current has been reported as proportional to the velocity of the reaction and can be 

used to create a Michaelis Menten plot. The rate of a reaction on the electrode surface can 

be obtained by dividing peak current by the product of nF, where, ‘n’ is the number of 

electron involved in the redox processes and ‘F’ is the Faraday’s constant [488]. From 

this plot, the Km value for the immobilized conjugate was found to be 290 M. A Km 

value of 56 ± 5 M  was reported for free alkaline phosphatase in solution using p-APP 

as the substrate [252]. In an earlier study using the MAb-ALP conjugate where the MAb 

binds free PSA, and the substrate used was p-nitrophenyl phosphate with UV-visible 
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detection of the p-nitrophenolate product at 410 nm, an increase in Km from 210 M to 

300 M was observed upon immobilization using EDC activated lipoic acid monolayers 

on NPG covered gold wires. The conjugation of the MAb to the antibody itself in 

solution was found to increase the measured value of Km from 40 M to 210 M [6]. A 

further analysis of the Michaelis-Menten fit to these data is presented further below.  

   

Figure 5.1. Michaelis Menten Kinetics of the IgG-ALP conjugate immobilized on the 

lipoic acid modified NPG surface. (a) SWV of different concentrations of p-APP 

incubated with anti PSA antibody-ALP conjugate immobilized NPG for 30 mins. (b) p-

APP concentration vs. peak current for the estimation of Km value of immobilized 

conjugate on NPG. 

An increase in Km is anticipated for enzyme immobilization inside a porous 

support, and there are ample literature reports showing such an increase in Km of an 

enzyme after immobilization. A Km value of 410 M was reported by Lorenzo et al. for 

alkaline phosphatase covalently attached to nylon mesh using BSA and glutaraldehyde as 

cross linkers  [491]. An approximately three-fold increase in the Km value for type III 
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adenosine deaminase and a five-fold increase for type V enzyme immobilized by BSA 

glutaraldehyde crosslinking onto the Teflon® membrane of an ammonia sensor was 

reported by  Rechnitz et al. [492]. A drop in Vmax was also reported when the enzyme was 

immobilized onto the surface. A ten-fold increase in Km of alkaline phosphatase to p-

nitrophenyl phosphate and p-aminophenyl phosphate substrates was reported for enzyme 

immobilized on Nylon mesh [491]. An increase in Km for acetylcholinesterase 

physisorbed on nanoporous gold surface was reported by Shulga et al. [79] A similar 

increase in Km for ALP with hydroquinone diphosphate as the substrate was reported by 

Wilson et al. [493] Conjugation of an enzyme with some other molecule also causes 

some loss in enzymatic activity, a decrease in turnover number was reported when the 

enzyme was conjugated to IgG [494]. Enzymatic activity is dependent upon the pore 

sizes of the porous materials, a pore size dependent variation in enzymatic activity and 

Km values were reported for ‘gigaporous’ (314 nm), macroporous (104 nm) and 

mesoporous (14.7 nm) polystyrene microspheres for the lipase from Burkholderia 

cepacia immobilized by strong hydrophobic interactions [495]. Brinker et al. showed that 

the change in enzymatic activity and affinity for the corresponding substrate, on 

immobilization, can be enzyme dependent. Their study on glucose-6-phosphate 

dehydrogenase and horseradish peroxidase (HRP) showed 36 % and 73% retention of 

enzymatic activity of the free enzyme in solution. Significant increase in Km value was 

reported for both of these enzymes [496]. Enzymatic activity of immobilized glutathione-

S-transferase immobilized on the porous silica was 4 times lower than the homogeneous 

enzyme activity of glutathione-S-transferase in solution, Miller et al. [497] Stevenson et 
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al. also reported an increase in Km and decrease in enzymatic activity of HRP 

immobilized on glass coverslips [488]. 

5.2.2 Immunoassay using square-wave voltammetry and immobilized conjugates 

The principle of the direct kinetic immunoassay is based on the inhibition of the 

access of the p-APP substrate to the active site of ALP in the MAb-ALP conjugate upon 

binding of the antigen, in this case either PSA or CEA and hence a drop in reaction rate 

of the enzyme after immunocomplex formation.  

 

Figure 5.2.   Schematic representation of the direct kinetic enzyme linked 

immunoassay on NPG surface. 

A schematic representation of the working concept for the assay is shown in 

Figure 5.2. The binding of the antigen is expected to reduce the rate at which p-APP 

substrate is converted to the oxidizable p-aminophenol product. The enzyme reaction rate 

is assumed to be proportional to the peak current in the square wave voltammogram. The 
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difference in peak current before and after antigen binding is the response for the 

calibration plot of the immunoassay. A 250 M substrate concentration was chosen 

because this is close to the Km value and falls at the pseudolinear range of substrate 

enzyme kinetics. Concentrations of p-APP less than 100 M did not produce sufficient 

current peaks in the SWV scans. The results obtained for the differences in peak current 

as a function of antigen concentration are shown in Figure 5.3a and 5.3b, for PSA and in 

Figure 5.3c and Figure 5.3d for CEA.  

 

Figure 5.3. Calibration plots for the kinetic enzyme immunoassay for PSA and CEA 

on NPG. 
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The response does show a trend towards saturation at higher antigen 

concentration in each case. The linear range for the PSA response plot extends up to 30 

ng mL-1 and that for the CEA response plot extends up to 10 ng mL-1. The detection limit 

for the assay was found to be 0.75 ng mL-1 for PSA and 0.015 ng mL-1 for CEA, taking 

3×SD of the lowest limit of the linear range of determination. A small finite intercept is 

observed in each plot, although it is more evident for the response to PSA than to CEA. 

We attribute this small finite positive intercept to some small loss of enzyme activity that 

may incur while moving the modified NPG wires back and forth between the glycine and 

PBS buffer solutions. 

Effect of the interfering protein matrix was studied using 5.0 mg mL-1 of bovine 

serum albumin into the PBS buffer along with antigen, conjugate immobilized NPG 

electrodes were incubates with it and SWV measurements were performed. This was the 

largest amount that could be successfully dissolved. A calibration plot for the 

immunoassay in presence of BSA is shown in Figure 5.4. The presence of this amount of 

BSA had little effect on the response plot and the performance of the assay for PSA. The 

concentration of human serum albumin in serum is as high as 40 mg mL-1, although we 

could not dissolve this amount in either buffer [498]. There was a slight increase in the  

intercept of the calibration plot, which might be due to the adsorption of BSA to the bare 

NPG surface which ultimately decreasing the redox current. New born calf serum was 

also used as a substitute for the human serum matrix, to study effect of interfering 

proteins in immunoassay. A linear response was observed even in the presence of the 

serum matrix but the slope and intercept both were found to change. An increased 

intercept is because of the adsorption of some of the component proteins or lipids onto 
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the NPG surface whereas the increase in slope of the calibration plot indicates some 

nonspecific interactions or formation of a complex between PSA and some proteins in 

serum. 

 

          

Figure 5.4. Effect on interfering proteins in kinetic immunoassay. a) Effect of 5 mg 

mL-1 BSA spiked into the incubation buffer. b) Effect of new born calf serum in the 

kinetic immunoassay. 

5.2.3 Competitive immunoassay using square-wave voltammetry and immobilized 

antigen 

Electrochemical immunoassay was also performed in the competitive format 

using immobilized antigen on NPG. A schematic representation of the working principle 

for the competitive assay is shown in Figure 5.5. The NPG surface was modified by 

lipoic acid SAMs followed by EDC/NHS activation of the terminal –COOH group, as 

noted. The activated lipoic acid esters were then coupled to either the CEA or PSA 

antigen.  
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Figure 5.5. Schematic representation of the competitive immunoassay on NPG. 

The concentration of MAb-ALP conjugate used in solution was chosen as 100 ng 

mL-1 after a series of experiments with different concentrations of conjugate in solution. 

A very small signal was obtained with conjugate concentrations of 50 ng mL-1 and higher 

concentrations did not enhance the response beyond that obtained using 100 ng mL-1. The 

results for the competitive assay for PSA and CEA are shown in Figure 5.6. The addition 

of 5.0 mg mL-1 BSA to the PBS or glycine buffers did not show any effect in the 

response (Figure 5.7). The competitive assay is sensitive at lower concentrations of 

antigen, below about 4 ng mL-1 and is somewhat complimentary in response to the direct 

assay presented above. The amount of conjugate bound to antigen on the NPG surface, 

measured from the activity of ALP, was proportional to the amount of antigens in 

solution and showed an exponential decay with concentration. At higher antigen 

concentrations, a residual and nearly constant peak current is observed, which we 
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attribute to some non-specific adsorption of the MAb-ALP conjugate onto the gold 

surface. 

 

Figure 5.6. Calibration plots for the competitive immunoassays for PSA (a) and 

CEA (b). 

 

Figure 5.7. Effect of 5 mg mL-1 BSA in competitive assay. Standard CEA solution was 

added to the incubation buffer containing 5 mg mL-1 BSA for a given period of time and 

immunoassay was performed . 
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5.2.4 Estimation of surface coverage of MAb-ALP conjugate on NPG 

Since the NPG surface is modified with LPA before protein immobilization, the 

surface coverage of lipoic acid on the NPG electrodes was estimated by reductive 

desorption of the SAMs in 0.5 M NaOH solution. Two reductive desorption peaks were 

observed for LPA SAM modified NPG. Each peak was integrated independently and the 

sum of the charge under the two peaks was taken for the estimation of surface coverage. 

The average (n =5) surface coverage for lipoic acid SAMs was found to be 2.42 × 10-10 

mol cm-2. The gold surface area was taken as the 12.5 cm2, which was determined from 

the oxide stripping experiments. The surface coverage of thiol atoms of straight chain 

alkanethiols SAMs on flat gold surfaces has been reported to be 7.6 × 10-10 mol cm-2. 

Similarly, the surface coverage of lipoic acid is  reported to be 7.1 × 10-10 mol (of thiols) 

cm-2, which is equivalent to 3.5 × 10-10 mol cm-2 of lipoic acid molecules cm-2, assuming 

two thiol groups per lipoic acid molecule [499, 500]. These results show that the surface 

coverage of lipoic acid on NPG surface was less than monolayer coverage and only 70% 

of the surface was occupied by these molecules. Thus the monolayer of the lipoic acid 

molecules on the NPG surface is disordered. Surface coverage of protein molecules on 

the lipoic acid modified NPG surface was determined by solution depletion studies and 

by BCA protein concentration assay. 10 NPG wires modified with a lipoic acid SAM, 

and terminal –COOH group activated by EDC/NHS chemistry, were added to the 25 µg 

of MAb-ALP conjugate or to 10 µg of the antigen in 100 µL PBS buffer. Wires were 

incubated for 24 hours at 4 ºC. Wires were then removed from the incubation solution 

and rinsed with 100 µL of PBS buffer three times. The PBS buffer used for rinsing was 

collected and the amount of protein in it was determined by the BCA assay. The amount 
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of protein remaining in the incubation solution was determined independently and added 

to the amount of protein leached during washing. The difference between the amount of 

protein initially present in solution and the final amount gave the estimated amount of 

protein attached to the NPG wires. The amount of these biomolecules immobilized on the 

NPG surface, as determined by BCA assay, is given in Table 5.1. Given the surface 

coverage of lipoic acid, equivalent to 2.42 x10-10 mole cm-2 and the surface coverage in 

mole cm-2 of either the MAb-ALP conjugate (1.9 × 10-13) or of the PSA (9.7 × 10-13) or 

CEA (3 × 10-13) antigens, it is evident that a small fraction of the lipoic acid molecules 

are conjugated to protein in either case. 

Due to the range of possible orientations of these molecules on the surface, the 

occupied area per molecule of these antigens or the conjugate is subject to variability. 

Hence, any estimate of surface coverage is approximate in the absence of orientational 

information. However, estimations can be made based on the dimensions of these 

proteins. Maximum and minimum possible surface area estimation was done using the 

structures found in the Protein Data Bank. Individual protein molecules were confined in 

a bound box and the dimension of the bound box is regarded as the possible dimension of 

the protein molecule. For example, the structures of PSA in the Protein Data Bank 

(2PSA), the dimensions of the PSA antigen are 4.1 nm x 4.5 nm x 5.1 nm. The footprint 

on the surface for the PSA antigen is thus estimated as ranging from 18.5 (4.1 x 4.5) nm2 

– 23.0 (5.1 x 4.5) nm2. The corresponding dimensions for the CEA antigen (1E07) are 28 

nm x 3.4 nm x 3.7 nm, those for ALP (1B8J) are 7.8 nm x 8.6 nm x 10 nm, and those for 

a typical IgG (1HZH) are 11.4 nm x 10.5 nm x 16 nm. The information on the 

dimensions of these proteins is summarized in Table 5.1, along with the ranges of their 
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possible surface footprint areas. Approximate dimensions of the MAb-ALP conjugate can 

be estimated assuming that there is one enzyme added per antibody. The labeling process 

is expected to add 1-3 ALP enzymes per IgG [501].  

 

Figure 5.8. Bound box for the estimation of the protein footprint on NPG surface. 

Using these dimensions, the maximum theoretical surface coverage would be in 

the range of (0.355 - 1.16) x 1012 molecules cm-2. The surface coverage that resulted from 

the protein concentration assay solution depletion measurements for the MAb-ALP 

conjugate is 0.115 x 1012 molecules cm-2, which corresponds to the fractional surface 

coverage of 10 – 32%. For the PSA antigen, the range of estimated maximum theoretical 

surface coverage is (4.35 – 5.41) x 1012 molecules cm-2 compared to the coverage 

estimated from solution depletion measurements of 0.588 x 1012 molecules cm-2 

suggesting a fractional coverage of 11-42%. For the CEA antigen, the range of estimated 

maximum theoretical surface coverage is (1.03 – 0.97) x 1012 molecules cm-2 compared to 

the coverage estimated from solution depletion measurements of 0.1 x 1012 molecules 

cm-2, suggesting an approximate fractional coverage of 10 % or less. The estimated 

ranges for surface coverages are summarized in Table 5.2. 
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Table 5.1. Summary of surface coverage for different proteins on NPG, calculated 

by solution depletion studies (BCA assay). 

 

aTheoretically possible maximum surface areas were calculated by confining molecules 

inside a bound box and maximum combination of dimensions were takes to obtain 

maximum surface areas. bMinimum surface area was calculated from minimum values of 

dimensions. 

5.3 Conclusions 

The high surface area of NPG and its ability to be used as an electrode for SWV 

detection of an oxidizable enzyme product, in this case p-aminophenol, was successfully 

Protein Mol wt.  
kDa 

Surface Coverage 

  
Mass 
g cm-2 

mol cm-2 Molecules cm-2 
(mol m-2 × Navo) 

PSA Antigen 34 0.033 9.7x10-13  5.8 x1011 
Conjugate 
(IgG+ALP) 

146+69 0.041 1.9x10-13  1.1 x1011 

CEA Antigen 
 

180 0.054 3x10-13  1.0 x1011  

     
 
 

Table 5.2. Theoretical and experimental surface coverage of proteins on NPG. 

Proteins Maxa Minb Surface 
Coverage 

(calculated) 
(molec/cm2) 

Surface 
area(cm2) 

Surface 
Coverage 

(molec/cm2) 

Surface 
area 
(cm2) 

Surface 
coverage 

(molec/cm2) 
PSA antigen 57.4210-14 1.44×1012 18.5 ×10-14 5.4×1012 5.8×1011 

IgG-ALP 
conjugate 

282 10-14 3.55×1011 86 ×10-14 1.16×1012 1.1×1011 

CEA antigen 103.6 10-14 9.65×1011 12.6 10-14 7.94×1012 1.0×1011 
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applied for the development of electrochemical immunoassays. The use of SWV is 

required to overcome the large double layer charging effect on the NPG electrode. The 

assay approach can be applied to a wide range of protein antigens. In the present study, 

PSA and CEA are used as readily available and widely studied biomarkers for testing the 

strategy of using SWV and a NPG electrode. The use of other enzymes in the MAb-

enyzme conjugate, such as horseradish peroxidase, could also be considered. Even 

though there might be relatively lower specificity of the current assay approach compared 

to the sandwich immunoassays utilizing multiple antibodies, it reduces the cost and 

complexity of the assay. Linear range and the detection limit of PSA immunoassay 

extend across the so called diagnostic gray zone of 4-10 ng mL-1 [476] and the analytical 

characteristics mentioned for some of the commercial kits such as PSA watch TM, BS-

0011 (Mediwatch USA Inc, West Palm Beach, FL,USA) [502] and Human PSA Elisa Kit 

(cat.No. EL10005) (Abazyme LLC, Needham, MA, USA) [503] and literature reports on 

immunoassay for PSA [257, 476, 504]. Our results on the immunoassay for CEA are in 

reasonably good agreement with the other reports in similar studies such as that of Lin et 

al., who reported an immunoassay for CEA with linear range of 1-25 ng mL-1  and 

detection limit of 0.5 ng  mL-1 [505]. In another study, Tang et al. reported an 

impedimetric immunoassay for CEA with detection limit of 0.1 ng mL-1 and a linear 

range of 0.5-20 ng mL-1 [79]. 

 The p-APP substrate is convenient due to its commercial availability; however, 

ALP can act against a number of other reported substrates that can be oxidized at an 

electrode surface. The product p-aminophenol is oxidized near 0.1 V (vs. Ag|AgCl). 

Other possible substrates include p-nitrophenyl phosphatate which is converted to p-
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nitrophenol by alkaline phosphatase and undergoes electrooxidation at +1.0 V, at such a 

high potential substantial background due to electrooxidation of components in biological 

samples will reduce the bioanalytical applicability of the assay also at this high potential 

electrooxidation of gold might weaken Au-S bond and hence desorb SAM from the  

surface, phenyl phosphate is converted to phenol at +0.7 V vs. Ag|AgCl but it has been 

reported to form a passivating polymeric film on the electrode surface.[506] Naphthyl 

phosphate is converted to naphthol and undergoes electrooxidation at 0.4 V vs. Ag|AgCl 

[507], ascorbic acid phosphate is converted to ascorbic acid at 0.32 V vs. Ag|AgCl but no 

redox peak was observed in our study for this substrate, also, the presence of ascorbic 

acid in biological sample makes it a relatively less attractive substrate for biological  

assays [504]. Hydroquinone diphosphate is a relatively new substrate for alkaline 

phosphatase which gives hydroquinone under dephosphorylation by alkaline 

phosphatase. Hydroquinone undergoes electrooxidation at 21 mV on gold surfaces [493]. 

Hydroquinone diphosphate was not commercially available so p-aminophenyl phosphate 

was the substrate of choice, which is one of the most favored substrate for ALP in 

electrochemical assays [480, 507]. The product p-aminophenol is oxidized near 0.2 V (vs. 

Ag|AgCl) on glassy carbon electrode surface. Some of the advantages of p-APP over 

other substrates that make p-APP an attractive substrate include the low oxidation 

potential, less electrode fouling and electrochemical reversibility,  also it is commercially 

available [507]. p-Aminophenyl phosphate was the substrate of choice, which is one of 

the most favored substrate for ALP in electrochemical assays [257, 480]. The product p-

aminophenol is oxidized near 0.2 V (vs. Ag|AgCl). Some of the advantages of p-APP 

over other substrates that make p-aminophenyl phosphate an attractive substrate is 
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because of the low oxidation potential, less electrode fouling and electrochemical 

reversibility; also it is commercially available [505]. Therefore in our experiments, 

sweeps were conducted after incubation for 30 minutes with different concentrations of 

p-APP, a substrate for ALP. The incubation period allowed time for the ALP enzyme to 

generate sufficient p-aminophenol product that is then oxidized to p-quinoneimine during 

the SWV sweep.  

A feature of this assay strategy that should be noted is that access of the p-AP 

product to the gold surface where it is oxidized must be possible, and as such perfect and 

well-packed monolayers with very high coverage of protein may not be conducive to the 

presented assay since they would block the oxidation of p-AP. As such, disordered 

monolayers presenting sites at which p-AP can be oxidized are actually a desired feature 

of  this assay. The p-AP produced by the enzyme action during prior to the SWV sweep 

is likely building up inside the NPG pores and beginning to diffuse out into the bulk 

solution. Additional substrate will be diffusing into the NPG pores as p-APP is depleted 

within NPG by the action of the ALP enzyme. The oxidation current observed should 

arise from oxidation of p-AP within the NPG interior and also from p-AP located around 

the NPG electrode some distance into the bulk solution. 

NPG electrodes can be prepared in a range of sizes and formats, with a range of 

pore sizes, and are suitable for miniaturization or use in flow-through electrochemical 

devices. The properties of NPG electrodes present opportunities for the development of 

new electrochemical assay formats. The greatly enhanced surface to volume ratio of NPG 

facilitates strategies such as the one described here which rely upon the enhancement in 
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peak current in a square wave voltammetry sweep following product formation within a 

nanoporous electrode. 
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CHAPTER VI 

DEVELOPMENT OF SQUAREWAVE VOLTAMMETRIC ENZYME 
LINKED LECTIN ASSAYS ON NPG 

6.1 Introduction 

Protein glycosylation is one of the most common post-translational modifications 

and plays crucial roles in protein folding, biological activity and proper functioning of 

proteins [508]. Differential protein glycosylation has been found to be associated with 

different disease conditions and malignancies [509]. Since nearly 50 % of mammalian 

proteins and almost 80 % of membrane proteins are glycosylated, carbohydrate based 

biomarkers are attractive and are actively being researched [298, 510]. Cell surfaces are 

covered with a glycocalyx which performs many important functions, varies with cell 

type, and with different stages of cell growth and differentiation [511]. Cell surface 

carbohydrates are found to change during the course of malignancy and with cancerous 

state [403]. Data on the strength and selectivity of protein-carbohydrate interactions is 

important for improved understanding of carbohydrate associated biological processes.  

Some of the most commonly used analytical techniques in glycoanalysis include 

mass spectrometry [512], nuclear magnetic resonance spectroscopy (NMR) [513], high 

performance liquid chromatography (HPLC) [514], and capillary electrophoresis (CE) 

[515]. Even though these techniques are highly sensitive and can provide detailed 

information about the structure of carbohydrate units, these techniques require high 

expertise, and expensive and complex instrumentations which is not feasible for many 

laboratories or for high throughput glycoprofiling. Also, some of these techniques are 
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destructive and most are not suitable for the cell surface glycan analysis in living cells. 

Thus development of array type analytical methods for the high throughput screening of 

glycoforms is gaining increasing interest among researchers in glycomics [117]. Even 

though array based methods do not provide detailed information about carbohydrate 

structure, often information on only the terminal or functional carbohydrate unit is 

enough for routine analysis and for the identification of active carbohydrate units on 

glycoproteins, on extracellular matrices of biofilms, etc. Several biosensors have been 

developed for the study of glycan-protein interactions based on optical transduction 

(surface plasmon resonance [516], localized surface plasmon resonance [417], 

fluorescence measurements [517]), piezoelectric (quartz crystal microbalance [518]), 

electrochemical[519] (cyclic voltammetry, electrochemical impedance spectroscopy 

[520], differential pulse voltammetry [521], square wave voltammetry, pulse 

amperometric detection), microcantilever deflection[522], flow cytometry [523], amongst 

other methods. Electrochemical methods for the analysis of cell surface glycans have 

been employed for glycan analysis on living cells [425]. As discussed in earlier section, 

the binding affinity of the carbohydrate and lectin is associated with the nature of the 

underlying surface and the density of the carbohydrate on the surface. Traditionally 

carbohydrate-protein interaction studies are predominantly performed on relatively flat 

surfaces such as on substrate supported gold films [425], glass [524] or polystyrene [525] 

with a limited but growing number of studies on nanoparticles [526]. Gold surfaces are 

highly attractive for protein immobilization because of the spontaneous interaction of 

gold and sulfur which makes functionalization of gold surfaces convenient, and the 

surface can then be modified by self-assembled monolayers presenting many different 
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terminal functional groups, which can be used in conjugation reactions for the attachment 

of biomolecules [85].   Of NPG to protein-carbohydrate interaction studies is the prospect 

that the rough and curved nature of the surfaces of NPG may prove to be a better mimic 

of carbohydrate display on cell surfaces. NPG is an excellent surface for signal 

amplification. Additionally NPG is superior to nanoparticle modified electrodes since it 

doesn’t involve steps of nanoparticle purification and immobilization onto the electrode 

surface. Our electrochemical lectin assays on the NPG surface is simple, easy and an 

excellent technique for the high throughput screening of glycoforms of glycoproteins or 

any glycoconjugates.  

Enzyme-linked immunosorbant assays (ELISA) represents a gold standard for 

assays, whereas similar assays based on lectins as the recognition element for glycans, 

enzyme linked lectin sorbent assays, are not as common [527]. Lectins are carbohydrate 

binding proteins of non-immune origin and without enzymatic activity [157]. Lectins are 

used as recognition elements in several glycoanalytical techniques including enzyme 

linked lectin assays, immunohistochemistry, affinity chromatography etc.[528] As a 

consequence of the poor immunogenicity of carbohydrates, antibodies specific for 

carbohydrates are not very common because the resulting antibodies are of low affinity; 

thus, lectins are the preferred recognition element in glycoanalysis [528]. Even though 

enzyme linked lectin assays are important techniques for the analysis of glycoforms, they 

have not been used routinely for glycoanalysis. This is partly because of the weaker 

carbohydrate-lectin affinity, the complexity of the carbohydrate distribution in biological 

systems, absence of a standard and easy to operate technique, and the high background in 

traditional ELLSA because of the nonspecific adsorption of proteins which are often 
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glycosylated and hence bind to the lectin. Studies have been performed to evaluate 

blocking agents and significant progress has been made to identify blocking agents that 

produce the least background in ELLSA [529]. The traditional approach of ELLSA 

involves immobilization of glycoproteins or glycoconjugates on the 96 well plates by 

physisorption followed by washing and then incubation with biotinylated lectins and then 

avidin or extravidin labeled alkaline phosphatase or horseradish peroxidase as an enzyme 

label, for the purpose of detection [530]. Enzyme linked lectin assays are important for 

studying the glycan binding of novel lectins or in the study of different glycosylation and 

identification of glycan biomarkers [531, 532]. The most common approach for the 

immobilization of carbohydrate and glycan conjugate is physisorption but this is not a 

very efficient process as there is always a possibility of loss of protein during washing, 

denaturation etc. The essential requirements for the development of high throughput 

screening of glycoform is efficient loading onto the surface and retention of activity as 

well as proper orientation of the recognition moiety on the surface. Thus, covalent 

coupling onto the surface would be a better approach than physisorption for immobilizing 

glycoproteins onto the surface. SAMs on gold are relatively easy to prepare and 

functionalize for subsequent coupling to lectins. A SAM based ELLSA was developed by 

adsorbing proteins on Ti/Au coated slides with detection performed by assembling 

biotinylated lectin and avidin/alkaline phosphatase (ALP) on the plates [533]. The 

amount of lectin bound to the surface was then correlated with the activity of ALP. 

Another approach involves the use of lectins covalently attached to enzymes. A majority 

of these assays are based on the absorbance measurements and are done by incubating the 

surface bound complexes for a significantly long period of time to produce an adequate 
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signal. The long incubation times can lead to complications as many of the enzymatic 

products are not always stable and errors are introduced due to substrate self-degradation.   

The aim of the present study is to develop an electrochemical enzyme linked 

lectin assay on nanoporous gold. Proof of concept has been successfully applied to some 

of the biologically significant glycoproteins which are being studied as biomarkers for 

various diseases including transferrin, immunoglobulin G, carcinoembryonic antigen, and 

prostate specific antigen. Serum transferrin consists of two biantennary glycan units and 

glycosylation changes in transferrin have been reported for different diseased conditions 

including hepatocellular carcinoma, sepsis etc.[534, 535] Carbohydrate deficient 

transferrins are regarded as biomarkers for alcoholism [191]. Human IgG is the one of the 

most prominent proteins in human serum and different glycosylation is observed during 

diseased states [536]. Fetuin is regarded as a biomarker for vascular calcification and low 

levels of circulating fetuin has been found to be associated with the peripheral arterial 

disease in type 2 diabetes [537, 538]. Carcinoembryonic antigen is a 180 kDa 

glycoprotein which is involved in cell attachment and is a biomarker of colorectal cancer, 

almost 50 % of the total weight of CEA is associated with the glycan part [539]. Prostate 

specific antigen is a biomarker for prostate cancer; it is also heavily glycosylated and its 

different glycosylation patterns have been reported as related to tumorigenic conditions 

[540]. 

Electrochemical assays are attractive because they are not affected by turbidity or 

background absorbances, involve cheaper and relatively simple instrumentation, and 

potentially can be miniaturized and made quicker to operate [252]. We report here the 

application of NPG for development of an electrochemical ELLSA, both as a kinetic 
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assay as well as in the traditional ELLSA format using NPG as a solid substrate and self-

assembled monolayers for the protein immobilization. Our traditional type ELLSA on the 

NPG surface simplifies the assay procedure by using direct electrochemical 

determination of product formed from the enzymatic reaction of alkaline phosphatase on 

the substrate p-aminphenylphosphate. This electrochemical assay is comparatively quick 

as no long incubation with the substrate is required and thus the possibility of degradation 

of the enzyme substrate or the reaction product is reduced. Concanavalin A is one of the 

most commonly used lectins in glycan analysis and pull down assays [541]. 

Concanavalin A is a lectin specific for α-D-mannopyranosides and α-D-glucopyranosides 

[542]. It has also been reported to bind to biantennary mannose units and with less 

affinity to the triantennary units of mannose in glycoproteins [543]. 

Electrochemical methods have been applied in a number of studies for the 

detection of carbohydrates presented on cell surfaces. A SAM based electrochemical 

method was developed by Wang et al. for the determination of cell surface carbohydrates. 

A 5-hydroxy-3-hexanedithiol-1,4-naphthoquinone SAM was used as a reporter and L-

selectin binding to the aptamer or the L-selectin interaction with the cell surface 

carbohydrates was monitored by the change in DPV peaks of the probe molecules based 

on the interaction with the aptamer which is believed to block electron transfer to the 

electrode surface, when it is interacting with the SAM molecules [544]. Another lectin 

based electrochemical sensor was developed by Zhang et al. for the analysis of glycans 

on living cells. Their assay was based on lectin immobilization on a gold nanoparticle 

multi-walled carbon nanotube composite substrate, after cell binding to the lectin on the 

substrate surface another tag was allowed to incubate with it; this tag was prepared by 
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conjugating lectin-Au-thionine, then thionine was detected electrochemically by 

differential pulse voltammetry [545]. Similar study was reported by these authors but this 

time detection was performed based on the enzymatic catalytic reaction of HRP for the 

oxidation of thionine by H2O2 [546]. A cytosensor was developed by immobilizing cells 

on the arginine-glycine-aspartic acid-serine carbon nanotube nanocomposite and the Con 

A conjugated HRP was attached to the surface and electrochemical detection was 

performed [547]. Another electrochemical cytosensor was reported based by Ju et al. 

based on the competitive interaction between cell surface mannose units and the mannan 

units on the gold surface immobilized via self assembled monolayer [425]. 

A nanoparticle based sensor for lectin-carbohydrate interactions was reported by 

Wang et al. who immobilized lectin onto the mixed SAM modified gold surface and then 

a competitive assay was performed using CdS nanoparticle labeled and unlabeled sugars. 

Amount of nanoparticles attached to lectin was then determined by dissolution and then 

by stripping analysis [548]. Gold nanoparticles modified with Con A and immobilized in 

polyvinyl butyral were found to exhibit a response as determined by electrochemical 

impedance spectroscopy, to the sera of patients infected with dengue fever or dengue 

hemorrhagic fever [549]. Serotypes of dengue fever were distinguished using this 

detection scheme with Cratylia morris (CramoLL) lectin immobilized on iron oxide 

nanoparticles within the polymer film on a gold electrode. Immobilization of the 

Bauhinia monandra (BmoLL) lectin onto gold nanoparticles dispersed in polyaniline on a 

gold electrode surface was also able to detect dengue fever glycoproteins via 

electrochemical impedance spectroscopy. The same group also reported applying these 



184 
 

modified electrodes with gold nanoparticles modified with either Con A or CramoLL 

lectin to the detection of ovalbumin [550, 551]. 

Three different approaches in electrochemical glycobiosensing are most common 

i) EIS based methods, ii) immobilization of lectin followed by glycoconjugates and then 

finally labeling with the lectin enzyme conjugate or lectin redox agent conjugate, and iii) 

immobilization of cells onto the surface and then detecting with similar probes as in (ii) 

[425, 519, 546, 552]. Direct electrochemical determination of the enzymatic products on 

the traditional flat gold electrode surfaces is not feasible so, surface amplification which 

results in increased sensitivity is achieved through the use of nanoparticles.  

6.2 Results and discussions 

6.2.1 Direct electrochemical enzyme linked lectinsorbant assay (ELLSA) on NPG 

 A comparative study of NPG covered gold wire with uncoated gold wire for 

potential application as electrodes in enzyme assays was done by preparing a lipoic acid 

SAM on both surfaces followed by immobilization of the Con A-ALP conjugate onto the 

EDC/NHS activated SAMs. SWV studies were performed by incubating these modified 

electrodes with 1 mM p-APP in glycine buffer (pH 9.0) for 2 minutes. Figure 6.1a shows 

the SWVs of both of the modified electrodes; the SWV for the modified gold wire shows 

no discernible current peak after incubation with 1 mM p-APP, whereas a significant 

peak current was observed after incubation with 1 mM p-APP for the modified NPG 

covered Au wire electrode.  
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Figure 6.1. Identification of surfaces for ELLSA. A) SWV of Con A-ALP conjugate 

modified gold wire and NPG and b) different SAMs for conjugate immobilization, and 

for the product detection. 

This observation shows the vastly increased sensitivity of the NPG covered Au 

wire electrode compared to that of the gold wire electrode alone for use in an 

electrochemical assay using the immobilized enzyme-lectin conjugate. A key property of 

lipoic acid is that it forms a relatively disordered SAM on the NPG surface with a 

significant presence of defects and exposed bare gold [553]. These defects provide sites 

for the electrooxidation of the p-aminophenol generated after the enzymatic reaction of 

alkaline phosphatase and p-aminophenyl phosphate. Several different SAMs were studied 

for possible application for protein immobilization and hence assay development. Figure 

6.1b shows SWVs of Con A-ALP conjugate immobilized onto different SAMS on NPG. 

SAMs of mercaptododecanoic acid (MDDA), mercaptododecanoic acid + 

mercaptooctanol, and MDDA + triethylene glycol were studied for possible application in 

the electrochemical ELLSA. Among all of the SAMs studied, those of lipoic acid resulted 

in SWV peak currents that were much larger than those of the other SAMs studied. Since 
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MDDA forms relatively well organized and blocking SAMs, p-aminophenol can’t easily 

access the NPG surface to undergo electrooxidation, and hence the peak current is 

reduced. Thus, LPA was chosen as a suitable molecule for SAM formation in the present 

assay approach.  

Having identified SAMs of lipoic acid as attractive for NPG modification, lectin-

carbohydrate interactions were studied both in the traditional ELLSA format, competitive 

format, and by using a kinetic assay approach based on the rate of enzymatic reaction 

before and after lectin- glycoprotein interaction. ELLSA are traditionally performed by 

immobilizing the glycoproteins of interest onto the surface and then allowing either 

lectins labeled with enzymes or fluorophores, or biotinylated lectins to bind. If a 

biotinylated lectin is allowed to bind, then it is subsequently reacted with a streptavidin or 

avidin labeled enzyme. The amount of lectin bound to the surface bound glycoprotein is 

then detected by enzymatic reaction with the product formation followed 

spectrophotometrically [527, 554, 555]. 

 

Figure 6.2. Schematic diagram of the traditional type ELLSA on NPG surface. 
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Electrochemical ELLSA was performed on NPG in the traditional format by 

immobilizing the glycoproteins onto the SAM modified NPG surfaces. Immobilization of 

glycoproteins via covalent tethering into SAMs has several advantages including 

increased stability and limited protein loss due to leaching during washing and handling, 

as compared to the more common physisorption approach. Additionally, this approach 

protects the protein from denaturing after adsorption onto the metal surface and hence 

increases its retention of binding specificity.  

 

Figure 6.3.  Bar plots for the traditional type ELLSA. Different glycoproteins were 

immobilized on the NPG surface and incubated with 50 g mL-1 Con A-ALP conjugate 

for 2 hours (a) and 24 hours (b). SWV measurements were done with 1 mM p-APP. 

(TSF-Transferrin, IgG-Immunoglobulin G, FET-Fetuin, ASF-Asialofetuin, CEA-

Carcinoembryonic antigen, PSA prostate Specific antigen, BSA-Bovine serum albumin, 

LPA-lipoic acid, Man = Man-C8-SH, TEG = HO-PEG2-SH and Man-TEG is the 1:1 

molar ratio of these two molecules). 
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Figure 6.2 shows a schematic diagram of the traditional ELLSA on NPG. 

Different glycoproteins (transferrin, IgG, fetuin, asialofetuin, PSA and CEA) were 

covalently immobilized onto the lipoic acid SAM on the gold surface by EDC/NHS 

coupling. Bovine serum albumin (BSA) and LPA modified NPG were used as a negative 

control. These protein modified wires after incubation with the Con A - ALP conjugate 

were then incubated with the ALP substrate p-APP and then SWV was performed.  

 

Figure 6.4. 3D bar plots for the traditional type ELLSA. ELLSA was performed as 

in figure 6.3 with different concentrations of Con A-ALP conjugate. Glycoprotein 

immobilized wires were incubated with conjugate for 2 hours (a) and 24 hours (b); SWV 

was performed with 1 mM p-APP. 

Figure 6.3a and Figure 6.3b shows the bar plot for traditional ELLSA, plotting 

peak currents of the SWVs for the different glycoproteins. The glycoproteins 

immobilized on NPG covered Au wires were incubated with 50 µg mL-1 Con A-ALP 

conjugate in PBS (pH 7.4, 10 mM containing 1 mM each of Ca2+ and Mn2+) for 2 hours 
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and then SWV scans were performed in the presence of 1 mM p-APP in pH 9.0 glycine 

buffer for 2 min. Different peak currents were observed depending on the amount of 

conjugate immobilized onto the NPG surface. The maximum peak current was obtained 

for CEA immobilized on NPG, intermediate peak currents were observed for PSA, TSF 

and IgG and the least peak current was observed with FET and ASF. BSA immobilized 

on NPG and the LPA SAM on NPG alone both showed only very small peak currents. 

Significantly larger peak currents were observed with the bare NPG incubated with the 

Con A-ALP conjugate due to the non-specific adsorption of protein on the NPG surface. 

This indicates that even though protein adsorbed onto the bare NPG surface there was 

significantly reduced adsorption of protein onto the LPA SAM modified surface. A 

Man-C8-SH modified NPG was also used for the study but no signal was obtained with 

either pure mannose SAM or the 1:5 mixed SAM of mannose and thiolated triethylene 

glycol. This could be because either the conjugate did not bind to the SAM or the p-

aminophenol product could not diffuse through the SAM on the surface. It is possible that 

the ALP-Con A conjugate encounters some steric interference in its interaction with the 

surface that is not found for Con A alone. Con A is reported to bind to the mannose units 

of glycoproteins and its binding affinity is higher with biantennary glycoproteins as 

compared to triantennary glycan units [543]. TSF and IgG have biantennary mannose 

units in the majority of their glycan structure and have been reported to bind to Con A 

[556, 557]. CEA has also been shown to bind to Con A [558].  Comparable frequency 

changes for binding of fetuin, asialofetuin and transferrin were reported in a quartz 

crystal microbalance based study [559]. Safina et al. reported strong binding and 

relatively large SPR signals for Con A binding to TSF compared to its interaction with 
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fetuin and asialofetuin, thus the relative signal intensity and observed binding affinity and 

hence relative differentiation between two glycoproteins is also affected by the method of 

study [560].  We have also seen higher binding affinity and hence higher peak current for 

CEA and TSF. Incubation of wires with conjugate in PBS buffer at 4ºC for 24 hours did 

not significantly increase the signal, thus the SAM was stable enough for the duration of 

study. Different conjugate concentrations were used to study the binding of conjugate to 

the surface immobilized glycoproteins (Figure 6.4a and Figure 6.4b). Improved 

differentiation of the glycoproteins is seen for use of 50 g mL-1 of conjugate in the 

incubation step. In the ELLSA developed here, based on covalent linkage of the 

glycoprotein to lipoic acid SAMs, differentiation of different glycoproteins was achieved. 

However, the present study has not pursued the goal of studying response as a function of 

glycoprotein concentration, a goal reserved for future studies. The immobilization of the 

glycoproteins to the SAMs provides a basis for the competitive assay presented here in 

this chapter. 

6.2.2 Characterization of NPG surface after modification using electrochemical 

impedance spectroscopy 

After each modification step, the NPG covered Au wire electrodes were 

characterized by electrochemical impedance spectroscopy (EIS). EIS is a sensitive 

technique for the characterization of the capacitive and resistive properties of 

electrochemical interfaces. A small sinusoidal ac perturbation potential applied to the 

system at equilibrium and the current response is monitored over a selected range of 

frequencies. Figure 6.5a and Figure 6.5b show the Nyquist plots of gold wire and NPG 

coated gold wires at different stages of modification. Quantitative determination of the 
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EIS parameters for the constant phase element (CPE) and charge transfer resistance (Rct) 

are shown in Figure 6.6, these data were obtained by fitting EIS data to the equivalent 

circuit shown in Figure 2.1b. The charge transfer resistance for bare NPG was not 

determined because relative standard error of the parameter fitted to above equivalent 

circuit is more than 20 %, which is taken as the maximum acceptable standard error in 

fitting, all other parameters have less than 1 % standard error in fitting except charge 

transfer resistance for modified NPGs, which is less than 5 %. Formation of the SAM on 

the surface and protein immobilization is characterized by an increase in charge transfer 

resistance and a decrease in double layer capacitance. Changes in impedance behavior on 

the gold wire are obvious and with each modification there is a prominent increase in 

charge transfer resistance except for the formation of the activated esters after the 

EDC/NHS activation step. After the EDC/NHS activation step, there is a drop in charge 

transfer resistance and this is attributed to the formation of neutral ester with the bulkier 

head group, in place of the negatively charged carboxylate groups at the interface which 

are able to electrostatically hinder the charge transfer from the ferricyanide probe which 

is also negatively charged in both of its oxidation states. Similarly, the CPE value 

decreased as expected after formation of the LPA SAM and increased slightly after NHS 

ester formation and again decreased after protein immobilization and binding of IgG. The 

EIS data for the SAMs on NPG show a very small semicircle and a dominant slightly 

curved line in the Nyquist plot. After each modification step there is only a slight change 

in the Nyquist plot. Similarly, the charge transfer resistance increased after conjugate 

immobilization but after IgG binding it didn’t increase, this might be because of the 

significantly exposed surface for electron transfer on NPG. The overall magnitudes of Rct 
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are smaller on NPG due to the increase in surface area. The CPE, which is related to the 

double layer capacitance, has been used instead of double layer capacitance because of 

the rough nature of the electrode. 

 

Figure 6.5. EIS studies of the modified NPG and gold wire for ELLSA. Gold wire (a) 

and NPG (b) electrodes were modified as indicated and EIS measurement was done with 

5 mM each of K3[Fe(CN)6] and K4[Fe(CN)6]. 

The magnitude of CPE decreased significantly after SAM formation but increased 

after the formation of NHS activated ester head groups from the negatively charged 

carboxylate terminal groups. The CPE decreased after conjugate immobilization but only 

a very small drop in CPE value was then observed after IgG binding to the Con A-ALP 

conjugate on the surface.  
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Figure 6.6. Data summary of the EIS analysis of modified electrodes. EIS data were 

fitted to the equivalent circuit mentioned above and several parameters were extracted. 

6.2.3 Michaelis-Menten kinetics of Con A-ALP conjugate on NPG 

 The activity of the alkaline phosphatase conjugate immobilized on the SAM 

modified NPG was measured to further study the suitability of surface and conjugate 

immobilization for assay development. Michaelis-Menten kinetics on the NPG surface 

was studied by varying the concentration of substrate and recording peak current signals. 

p-APP concentrations of 0.01 mM to 1.0 mM were studied, and a set of SWV sweeps are 
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shown in Figure 6.7 for an NPG electrode modified by the Con A-ALP conjugate 

exposed to these substrate concentrations for a period of 2 minutes each. There was an 

increase and trend towards saturation in the peak current with the increase in substrate 

concentration which finally reached plateau, characteristic of a Michaelis-Menten 

kinetics behavior. The peak current of the SWV measurement is related to the rate of a 

reaction and hence to the reaction kinetics [488]. The Km value was determined by fitting 

the data to the Michaelis-Menten equation and it was found to be 200 μM (Figure 6.8). 

This was also important because most enzyme electrodes are operated near Km values. 

Thus, we chose 200 μM for our kinetic assays, a concentration which falls in the pseudo-

linear range. The SWV sweeps resulted in a prominent peak for the oxidation of p-

aminophenol in this concentration range. In contrast, attempts to measure the current 

peak due to oxidation of p-aminophenol using linear sweep voltammetry were much less 

successful due to the high background currents arising from charging of the electric 

double layer of NPG. The oxidation of the p-aminophenol ALP reaction product to p-

quinoneimine occurs near a potential close to 0 V (vs. Ag|AgCl). The surfaces of NPG 

are more electroactive than relatively smooth gold surfaces. Catalytic activity depends on 

nanostructure which leads to the oxidation potential depending upon the defects, 

curvature and roughness of the surface.  The slightly lower oxidation potential observed 

for p-aminophenol in this study compared to the oxidation potential of p-aminophenol on 

relatively flat gold surfaces reported elsewhere might be related to the nanostructure of 

NPG [561]. A negative shift in oxidation potential of methanol on NPG has been reported 

by Zhang et al. [37] The peak current of the SWV has been reported as be proportional to 

the velocity of the reaction and can be used to create a Michaelis-Menten plot [488, 562]. 
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The rate of a reaction on the electrode surface can be obtained by dividing the peak 

current by the product of nF, where, n is the number of electron involved in the redox 

process and F is Faraday’s constant [488]. From this plot, the Km value for the 

immobilized conjugate was found to be 200 M. A Km value of 56 ± 5 M was reported 

for free alkaline phosphatase in solution using p-APP as the substrate [252]. In another 

similar study with the MAb-ALP conjugate on NPG we have found the Km value to be 

290 μM. In our prior study using the MAb-ALP conjugate where the MAb binds free 

PSA, and the substrate used was p-nitrophenyl phosphate with UV-visible detection of 

the p-nitrophenolate product at 410 nm, an increase in Km from 210 M to 300 M was 

observed upon immobilization using EDC activated lipoic acid monolayers.  The 

conjugation of the MAb to the antibody itself in solution was found to increase the 

measured value of Km from 40 M to 210 M [6]. A further analysis of the Michaelis-

Menten fit to these data is presented further below. This analogy can be applied for the 

Con A-ALP conjugate on NPG surface. 

 

Figure 6.7. SWV for the Michaelis Menten kinetics studies on NPG. 
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Figure 6.8. Michaelis-Menten plot for Con A-ALP conjugate immobilized on NPG. 
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conjugated to IgG. A pore size dependent change in enzymatic activity and Km values 

were reported for ‘gigaporous’ (314 nm), macroporous (104 nm) and mesoporous (14.7 

nm) polystyrene microspheres for the lipase from Burkholderia cepacia immobilized by 

strong hydrophobic interactions [495]. Brinker et al. showed that the change in enzymatic 

activity and affinity for the corresponding substrate can be enzyme dependent; their study 

on glucose-6-phosphate dehydrogenase and horseradish peroxidase showed that 

enzymatic activity of immobilized glucose 6-phosphate was 36 % and the enzymatic 

activity of HRP was 73% of that of the free enzyme in solution. Miller et al. reported that 

the enzymatic activity of free glutathione-S-transferase was 4 times higher than the 

activity of glutathione-S-transferase immobilized in porous silica [497]. Stevenson et al. 

also reported an increase in Km and decrease in enzymatic activity of HRP immobilized 

on glass coverslips [488]. 

6.2.4 Optimization of the kinetic ELLSA protocol 

Optimal conditions for the activity of alkaline phosphatase enzyme on the NPG 

surface as well as for assay development were determined by varying buffer conditions, 

incubation time with substrate, and the glycoprotein. Figure 6.9 shows the profile of 

enzymatic activity versus pH for the conjugate on the NPG surface, measured as peak 

current versus pH. As reported in the literature, the activity of alkaline phosphatase is 

maximum around pH 9.0 [563]. There was almost no activity observed in pH 7.4 PBS 

buffer. So glycine buffer at pH 9.0 was chosen as the optimal buffer for this study. Since 

alkanethiol SAMs are reported to be less stable at basic pH, PBS buffer at pH 7.4 was 

chosen for the incubation of electrodes with the conjugates and for longer storage.  
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Figure 6.9. Optimal pH for the activity of conjugate on NPG. a) SWV data recorded 

in different pH buffers, b) peak current vs. pH for the plots in Figure 6.8a. 

For the kinetic assay, the incubation time for conjugate and glycoproteins is 

important so a similar study was performed by varying incubation time with the 

glycoprotein and the conjugate immobilized NPG (Figure 6.10a). There was an almost 

constant peak current after 2 min of incubation (Figure 6.10b) with the substrate so 2 

min was chosen as incubation time with the substrate. Saturation was reached within 2 

hours and this was chosen for the incubation time. The same information was used for the 

incubation time for the competitive assay studies.  

The use of other enzymes in the Con A-enzyme conjugate, such as horseradish 

peroxidase, could also be considered. Alkaline phosphatase was chosen as it is one of the 

most widely used enzymes which is robust and has lower substrate specificity as almost 

any phosphate group containing compound can act as a substrate for this enzyme.  
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Figure 6.10.  Optimal incubation times for the ELLSA. (a) Con A-ALP conjugate 

immobilized wires were incubated with glycoprotein for a different period of time and 

SWV measurements were done with 200 M p-APP. (b) Con A-ALP conjugate 

immobilized wires were incubated with the substrate for different period of time and the 

SWV measurements were done. 

6.2.5 Kinetic enzyme linked lectinsorbant assay on NPG 

The kinetic lectinsorbant assay is based on the difference in the rate of enzymatic 

reaction of ALP conjugated to the Con A, before and after glycoprotein binding to the 

Con A. The presence of a large glycoprotein molecule bound to the lectin close to the 

ALP causes steric hindrance of the access of the p-APP substrate to the active site of 

ALP. A scheme depicting the working concept for the assay is shown in Figure 6.11. The 

binding of the glycoprotein will reduce the initial rate of enzymatic conversion of p-APP 

to the oxidizable p-aminophenol product.  

Time/min

0 100 200


(P

ea
k

 C
ur

re
n

t)
/ 

A

-4

0

4

Time/min

0 10 20 30

P
ea

k
 C

u
rr

en
t/
A

6

8

10

12

14

16a b 



200 
 

 

Figure 6.11. Schematic representation of the kinetic ELLSA on NPG. 

The enzyme reaction rate is assumed to be proportional to the peak current in the 

square wave voltammogram. The difference in peak current before and after incubation is 

the response variable for the immunoassay. It was not possible to monitor product 

formation continuously using chronoamperometry, so instead we measure the peak 

current after a fixed incubation time which is assumed to be proportional to the relative 

rates of the enzymatic reaction of ALP before and after glycoprotein binding to the Con 

A. The concentration of p-APP used is 200 M, this concentration was chosen because 

this is close to the Km value and hence close to the pseudo linear range of substrate 

enzyme kinetics, and p-APP concentrations less than 100 M did not produce sufficient 

current peaks in the SWV scans.  

Enzyme kinetics and hence the rate of conversion of substrate to product depends 

on the access of the substrate to the active site of the enzyme. When relatively large and 

bulky molecules bind to the lectin conjugated to the enzyme access of the substrate to the 

active site is hindered and results in a decrease in activity and hence a decrease in initial 
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velocity of the reaction. Kinetic assays are not very common in the literature. As a proof 

of concept of this assay on NPG, we chose four different glycoproteins, transferrin (80 

kDa), IgG (160 kDa), ASF (40 kDa) and FET (40 kDa), based on the binding of these 

proteins to Con A determined from traditional type ELLSA and literature reports. When 

these proteins bind to Con A conjugated to alkaline phosphatase, access of the p-APP is 

hindered and hence results in a decrease in the reaction velocity. Figure 6.12a and 

Figure 6.12b shows the binding isotherm determined for the binding of CEA and TSF to 

the immobilized Con A–ALP conjugate. Similar binding isotherm for IgG is shown in 

Figure 6.13a. As expected, there was a decrease in enzymatic activity with the increase 

in concentration of glycoprotein which is observed in terms of the increased difference in 

peak current. The binding affinity of Con A to CEA determined by this method was Kd = 

17 nM, for TSF Kd= 650 nM and for the Con A to IgG was found to be Kd= 105 nM. The 

binding affinity of Con A to TSF in solution was reported to be 1-2 μM [564]. The 

literature reported studies and our measurements are in agreement. Similar binding 

studies of IgG and Con A was not found but it has been reported to bind to Con A  [565]. 

Two other proteins ASF and FET were also studied for the kinetic assay but these 

proteins did not produce any significant change in the peak current, this we believe is 

because of the relatively lower binding affinity and especially the smaller sizes of these 

proteins.  

The effect of an interfering protein was studied using bovine serum albumin 

(BSA) as a model major serum protein and 5 mg mL-1 BSA was added to the incubating 

solution along with 2µM IgG.  The addition of BSA had no effect on the difference in 

peak current (Figure 6.13b). As a control experiment, 5 mg mL-1 BSA was used alone, 
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instead of glycoprotein, in the kinetic assay and no change in signal was observed; 

therefore, the drops seen in peak current are due to the binding of glycoprotein to Con A 

and then consequently reduced enzymatic reaction rate. A competitive type enzyme 

multiplied immunoassay (EMIT) for digoxin was reported by Chang et al. based on the 

difference in enzymatic activity of glucose-6-phosphate dehydrogenase (G6PDH) 

covalently attached to the digoxin. The enzymatic activity of G6PDH was reported to 

decrease when digoxin specific antibody bound to the digoxin and as more unlabeled 

digoxin were added more enzyme bound digoxin was released from the antibody and 

hence enzymatic activity increased [566]. Rosenthal et al. evaluated EMIT and compared 

with the standard radioimmunoassay for digoxin and has found excellent agreement 

between the two methods [217]. 

 

Figure 6.12. Calibration plot of kinetic ELLSA for carcinoembryonic antigen (a) 

and transferrin (b). 

[Transferrin]/M

0 2 4 6


 (

P
ea

k
 C

ur
re

nt
)/
A

0

2

4

[CEA]/nM

0 100 200

D
if

fe
re

nc
e 

in
 P

ea
k 

H
ei

gh
t/
A

0

1

2


(P

ea
k

 C
u

rr
en

t)
/

A

a b 



203 
 

 

Figure 6.13. (a) Calibration plot for the kinetic ELLSA on NPG for IgG and (b) 

study of the effect of BSA on kinetic ELLSA. 5 mg mL-1 BSA was added to the 

incubation buffer along with the glycoprotein in solution, SWV measurements were done 

as before. (BSA-Bovine serum albumin, TSF-Transferrin, and IgG-Immunoglobulin G) 

6.2.6 Competitive assay on NPG 

Competitive ELLSA was also performed on the NPG surface using the two 

glycoproteins TSF and IgG. In principle, this assay should work for any sets of binding 

partners i.e. lectin- glycoprotein, antibody-antigen, or protein-protein pairs but as a proof 

of concept on NPG we chose these proteins for our study. Figure 6.14 shows the 

schematic principle of the competitive ELLSA on the NPG surface. Glycoproteins were 

covalently immobilized on the NPG surface and allowed to compete for binding to Con A 

–ALP conjugate in solution with free glycoprotein in solution. There was a decrease in 
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proteins and hence number of conjugates immobilized on the NPG surface was observed 

for the two different glycoproteins used in this study.  

 

Figure 6.14. Schematic representation of the competitive ELLSA on NPG. 

 

 

Figure 6.15. Calibration plots for competitive ELLSA. NPG wires were modified with 

IgG (a) and TSF (b) followed by the incubation with 50 mg L-1 Con A-ALP conjugate, 

SWV measurements were done with 1 mM p-APP. 
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Figure 6.15 shows calibration plots for the competitive assays of TSF and IgG on 

NPG. Binding of conjugate to TSF and hence a significant signal was observed with 12 

μg mL-1 of conjugate whereas, at this conjugate concentration, a relatively small signal 

was obtained for IgG on the NPG surface. Competitive response for TSF on NPG and in 

solution was obtained for 25 μg mL-1 conjugate and with 200 μM p-APP solution. 

Significant signal and competitive response was observed with 50 μg mL-1 conjugate 

with 1 mM p-APP for IgG immobilized on the NPG surface.  

 

 

Figure 6.16. Effect of BSA on competitive ELLSA. 5 mg mL-1 BSA was spiked to the 

incubation buffer along with the Con A-ALP conjugate. SWV measurements were done 

as mentioned above. 
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depend on the relative size of the protein, orientation on the surface and extent of 

glycosylation. Incubation time was also varied for the competitive assay between 2 hours 

and 17 hours incubation time showed highly increased signal at 17 hours incubation. 

Similarly effect of BSA was also studied in the competitive assay as well and 

added BSA was found to have no real effect. The effect of BSA in the competitive assay 

was studied for both proteins TSF and IgG (Figure 6.16b). 

 

Figure 6.17. Inhibition studies with Me-D-man. IgG (a) and TSF (b) were immobilized 

on the NPG surface and incubated with 50 mg mL-1 Con A-ALP conjugate and different 

concentrations of Me-D-Man. Difference in peak current was calculated from the 

difference in peak current without Me-D-Man and with the different concentration of the 

inhibitor. 

6.2.7 Inhibition studies by methyl D-mannose (Me-D-man) 

Methyl D-mannose is a ligand for Con A, binding of Con A to other glycoproteins 

and glycoconjugates has been reported to be inhibited by Methyl D-man. So in order to 

test the binding specificity, inhibition studies were performed in the competitive format 
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assay. With the increase in amount of the Methyl D-man there was less conjugate bound 

to the surface and less enzymatic activity resulted into smaller peak current (Figure 

6.17). Inhibition constants (IC50) obtained by these methods for TSF and IgG  are around 

100 µM, inhibition constant of Methyl D-man to Con A has been reported to be 92±6 µM 

hence our result is in close agreement with the literature reports [567]. 

 

6.2.8 BCA assay and amount of protein immobilized on the NPG surface 

The amount of protein immobilized on the NPG surface was determined by the 

BCA assay and solution depletion. Table 6.1 summarizes the surface coverages of 

different proteins immobilized on NPG surface in moles cm-2.  A calibration plot was 

obtained using known concentrations of Con A and the amount of protein immobilized 

on NPG surface was determined from the difference in amount of protein initially present 

in solution and remaining in solution after immobilization onto the NPG surface. The 

surface coverage of lipoic acid on the NPG electrodes was estimated by reductive 

desorption of the SAMs in 0.5 M NaOH solution. Surface coverage of lipoic acid on 

NPG surface is approximately 70% and is thus less than a monolayer and is likely 

disordered. Estimation of the surface coverage of the conjugate on the lipoic acid 

modified SAMs was sought by solution depletion measurements. The amount of either 

Con A-ALP conjugate or glycoprotein (TSF or IgG) immobilized onto the surface was 

estimated by using a solution depletion measurement of protein concentration and the 

BCA protein concentration assay. 
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Table 6.1. Surface coverage of proteins on NPG 

Proteins *Wt. in 
(g) 

Mol Wt. 
(kDa) 

Mol cm-2 Molecules cm-2 

Con A-ALP 
(Conjugate) 

10.04 104 + 69** 4.6 × 10-13

 
2.8 × 1011 

TSF 7.1 80 7.1 × 10-13 4.3 × 1011 
IgG 9.4 160 4.7 × 10-13 2.6 × 1011 

*Surface coverage was determined by BCA assay based on the solution depletion 

studies. Amount of protein left in the incubation solution was subtracted from the amount 

initially present in the solution to obtain amount immobilized on the NPG surface, wt. 

represent protein immobilized in 10 NPG wires. ** Calculation is based on the 

assumption of one ALP per Con A molecule. 

Ten NPG wires modified with a lipoic acid SAM, and a terminal –COOH group 

activated by EDC/NHS chemistry, were added to the 50 µg of Con A-ALP conjugate or 

to 50 µg of the glycoproteins dissolved in 100 µL PBS buffer. The wires were incubated 

for 24 hours at 4 ºC. The amount of protein remaining in the incubation solution was then 

determined. The difference between the amount of protein initially present in solution 

and the final amount left in solution gave the estimated amount of protein immobilized 

onto the NPG wires. Table 6.1 presents the amounts of these biomolecules found on 

average immobilized on an NPG wire as determined from the BCA assay. Given the 

surface coverage of lipoic acid, equivalent to 2.42 × 10-10 mole cm-2 and the surface 

coverage in mole cm-2 of either the Con A-ALP conjugate (4.6 × 10-13) or of the  TSF 

(7.1 × 10-13) or IgG (4.7 × 10-13), one protein is estimated to be attached for 

approximately every 340-500 lipoic acid molecules. This shows that the conjugation of 

the amount of protein to the surface is dependent upon the type of protein, although 

association is most probably to the easily accessible lysine residues. TSF and IgG 
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conjugated to ALP are immobilized in larger amounts compared to IgG by itself. This is 

also consistent with the lower signal observed for IgG in the competitive assay. It is 

evident from these data that a small fraction of the lipoic acid molecules are conjugated 

to protein in either case. The area occupied by these glycoproteins or by the conjugate is 

subject to variability considering that they can occupy a range of orientations. Hence, any 

estimate of surface coverage is approximate in the absence of orientational information.  

6.3 Conclusions 

The assay strategy presented makes use of the high surface area of NPG and of its 

ability to be used as an electrode for SWV detection of an oxidizable enzyme product, in 

this case p-aminophenol. The use of SWV is required to overcome the large double layer 

charging effect in the NPG electrode. The assay approach can be applied to a wide range 

of proteins. In the present study, IgG, FET, ASF and TSF are used as readily available 

biologically significant glycoproteins and potential biomarkers. Enzyme linked lectin 

assays are important for the high throughput screening of glycoproteins.  NPG electrodes 

can be prepared in a range of sizes and formats, and are suitable for miniaturization or 

use in flow-through electrochemical devices. The properties of NPG electrodes present 

opportunities for the development of new electrochemical assay formats. The greatly 

enhanced surface to volume ratio of NPG facilitates strategies such as the one described 

here which relies upon the enhancement in peak current in a square wave voltammetry 

sweep following production formation within a nanoporous electrode. The assay is 

potentially convenient to perform given its one-step electrochemical determination of 

glycoprotein, and if applied using arrays of NPG electrodes could be miniaturized and 

applied for use in high-throughput glycan analysis.  
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