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Chapter I 

 

INTRODUCTION 

 

Efforts Towards Point-of-Care Testing and Rapid Sensing 

 Within the past few decades, a push towards combating diseases in the developing 

world along with generous donations has afforded innovative research efforts for drug 

therapies and point-of-care (POC) diagnostic devices (1). Often times, expensive 

instruments have the ability to detect diseases, biomarkers, and toxins in an advanced 

laboratory setting, but they are not applicable in the regions where electricity is 

intermittent, running water is scarce, and trained personnel are absent. Therefore, a lot of 

research has focused on developing POC diagnostic techniques and sensors that can 

operate according to the World Health Organization’s (WHO) ASSURED acronym: 

affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and 

deliverable to those in need in low-income regions (2). For many tropical diseases, 

accurate diagnosis is essential not only to control the endemic, but also to curb resistance 

for effective drug therapies. Research efforts to combat these diagnostic issues in the 

third world have developed paper substrates to rapidly identify small molecules and 

proteins (3-7). They cost pennies to manufacture, and can be successfully operated by an 

unskilled user in minutes. Additionally, paper sensors are huge steps for healthcare, 

because their successful implementation for rapid diagnosis of tropical diseases in the 

developing world can ultimately be incorporated into western society for diseases such as 

cancer, stroke, heart disease, etc. However, a movement towards diagnosing disease in 
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western medicine can only be achieved if the issues in the developing world are solved 

first using innovative research platforms (1). As healthcare costs soar in this country, 

rapid and low-cost POC diagnostics and sensors have the potential to more effectively 

streamline governmental regulations on healthcare, alleviating many of the expenses and 

energies of modern technology.  

 The three commonalities in a sensor or a POC device are: a sensing platform or 

substrate, a molecular recognition element to bind the analyte of interest, and a signal 

transduction component to generate a digital readout upon molecular recognition (8). A 

current obstacle in creating sensors and POC devices for the developing world is the lack 

of available resources, so that innovative technologies are required to produce signal 

transduction events without electricity and trained personnel. Keeping in mind the 

intermittent availability of resources of the developing world, this dissertation provides 

fundamental platform technologies for small molecule explosive sensors and malarial 

protein biomarkers, respectively, using a common gold substrate.  

      

An Ancient Material as a Substrate for Sensor and Diagnostic Development 

 The naturally occurring element, gold, has been extensively exploited since 

antiquity as jewelry, decorative art, and units of currency and exchange (9). In ancient 

times, the inherent high density of the material was taken advantage of in order to 

complicate the counterfeiting of gold coins, while its robust integrity persevered over 

years of commerce and trade. Dating back centuries, men and women have been adorned 

with gold rings as lifelong commitments to one another. Gold’s reflective shine emanated 

from incident radiation represents an ostentatious entity of monogamy, while its stability 
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and resistance to tarnishing symbolizes the eternal vows of matrimony. In the production 

of stained glass art, nanometer-sized gold particles were employed to offer richer, 

brighter red colors in comparison to alternative metals and dyes that still remain on 

display today (10-11). Nevertheless, the common denominator associated with gold 

jewelry, art, and currency is the continuous persistence of this noble metal (12). 

 In terms of sensor and diagnostic development, a substrate material that possesses 

the ability to maintain stability in extreme climates over prolonged time periods can 

greatly aid POC diagnostic testing and real-time sensing applications. Although gold has 

been displayed as a decorative and flamboyant entity since ancient times, its chemical, 

physical, and optical properties have only recently been elucidated. As a bulk material, 

gold obtains its shiny gloss from the dense and stable array of electrons comprising the 

material. Because there is a small quantity of atoms exposed to the surface in bulk gold, 

the vast majority of atoms are packed densely within the material’s interior, engaging in 

minimal movement. As incident radiation strikes the bulk material, the dense packing of 

electrons do not allow the photons to penetrate the interior, thus reflecting off of the 

surface and generating a metallic luster. In contrast, at the nanoscale, many of the laws of 

classical physics are broken. When the diameter of a colloidal gold particle (AuNP) is 

less than the wavelength of visible light, it exhibits unique physical, optical, and chemical 

properties while maintaining its robust integrity like its bulk counterpart (10-11). In 

general, nanoparticles (< 100 nm) contain a very high surface area-to-volume ratio, so 

that a more energetic material is obtained when a large percentage of atoms are exposed 

to the surface. With such a high energy of surface electrons, nanoparticles often absorb 
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incident radiation rather than reflect it, opening up doors in optical sensing, catalysis, and 

probe design.  

 Upon exposure to incident radiation, the active surface electrons oscillate in-phase 

with the visible radiation at the particle surface (10,11,13-15). Following fundamental 

quantum mechanics, the electrons oscillate according to one-dimensional particle-in-a-

box theory, where the wave oscillates across the particle diameter. The collective electron 

oscillation, known as the plasmon resonance band, is responsible for the transmission of 

bright red colors in solution. To convey this phenomenon in a translational perspective, 

AuNPs are orders of magnitude brighter than the strongest-emitting organic dyes. 

Additionally, the surface plasmon resonance band is extremely sensitive to changes in the 

surrounding environment, so that analyte binding/recognition to AuNPs can trigger a 

signal by altering the electron oscillation frequency. 

 Although gold is also well known for its inert characteristics and oxidation 

resistance, it serves as a weak Lewis acid both in bulk and at the nanoscale, 

demonstrating high reactivity and affinity for weak Lewis bases such as sulfides and 

primary amines (16). Organic thiols and disulfide compounds have been extensively 

studied over the past few decades in conjunction with gold substrates because of their 

proclivity to spontaneously and rapidly assemble into stable monolayers (17-19). The 

self-assembly characteristics of alkanethiols can be easily tuned to manipulate charge 

and/or hydrophobicity of the gold-air interface. Furthermore, the ability to couple thiol 

groups to molecular recognition agents such antibodies, nucleic acids, peptides, metals, 

and small molecules facilitates molecular recognition sensing platforms. 
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  Scope of dissertation 

 The theme associated with each chapter is the use of gold as a bulk material or as 

a nanoparticle to develop cheap platform technologies for POC diagnostics and rapid 

sensing agents. Although gold is often advertised as an expensive entity with respect to 

jewelry, the femtomole and picomole quantities required for my assays provide material 

costs under a dime. Additionally, the aforementioned physical and chemical 

characteristics propose signal transduction capabilities and resistance to oxidation. 

Finally, the facile, covalent ligand coupling offers manipulation of the surface for rapid 

sensing and/or rapid molecular recognition. The first two research chapters delve into 

bulk gold as a platform for nitroaromatic explosive sensing applications. Although these 

sensors currently require electricity to operate, initial experiments elucidating the 

platform electrode development are described. Chapter II investigates using bulk gold as 

a piezoelectric substrate to assemble molecular recognition peptides for specific detection 

of nitroaromatic explosive small molecules. Chapter III takes advantage of bulk gold as a 

conductive electrode for electrochemical sensing, assembling colloidal AuNPs to 

electrocatalytically enhance the reduction and detection of the explosive molecule, 2,4,6-

trinitrotoluene.  

 The final two chapters stray from using gold as a bulk material and focus on 

investigating the unique properties of AuNPs by developing POC diagnostic platforms to 

detect the malarial biomarker, Plasmodium falciparum Histidine-Rich Protein-2. The 

final two chapters address many of the issues associated with current malarial diagnostics 

and offer solutions to overcome those obstacles. Since biological interactions occur 

mostly at the nanoscale, the modular development of unique nanomaterials to probe these 
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interactions provides a framework for the next generation of specific and sensitive 

diagnostics. Chapter IV focuses on the optical properties of AuNPs and silver 

nanoparticles (AgNPs) to create a proof-of-concept malarial diagnostic platform that 

transduces the protein recognition event into a colorimetric signal within minutes. The 

final chapter explores tailoring a thin gold nanoshell encompassing a polystyrene 

microsphere to synthesize a lightweight bead as another malarial platform diagnostic. The 

custom, modular microsphere overcomes the sensitivity problems encountered in Chapter 

IV using an innovative coffee ring assay to capture and concentrate the malarial 

biomarker. Finally, chapter VI and the appendices offer future directions for malaria 

assay development using particle platforms.    
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Chapter II 

 

SELECTIVE BIOMIMETIC RECOGNITION OF NITROAROMATIC EXPLOSIVE 

MOLECULES USING A QUARTZ CRYSTAL MICROBALANCE SENSOR 

 

Abstract 

 Trace detection and identification of explosives is essential for national security in 

the transportation industry, the neutralization of improvised explosive devices and mines 

in active combat zones, and the elimination of waste sites following the decommissioning 

of munitions factories. Although dogs and honeybees reveal extremely selective and 

sensitive olfactory recognition of explosives in the field, the time and money devoted to 

training such detectors is immense. Because nature continuously shows the ability to 

discriminate against explosives, biomimetic molecular recognition is an ideal foundation 

for sensor development. This chapter describes the selective detection of the 

nitroaromatic explosive, TNT, and its analogs, DNT and TNB, via biomimetic peptide 

recognition with a quartz crystal microbalance (QCM) sensor platform. The real-time 

recognition capabilities of the QCM demonstrate selective nitroaromatic target-receptor 

binding events in minutes without signal amplification. All nitroaromatic targets exhibit 

enhanced selectivity to their specific recognition motif peptides over the negative 

controls, but TNT recognition to its selective biomimetic peptide (TNT-BP) displays 

three-fold selectivity in comparison to DNT and TNB, possessing a KD in the range of 

29-44 µM. 
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Introduction 

 Since World War I, the nitroaromatic organic molecule, 2,4,6-trinitrotoluene 

(TNT), has been one of the most widely utilized explosives due to its stability and facile 

synthetic route (20). Focus on trace explosives detection has attributed to increased 

security levels in the transportation industry, as well as the necessary neutralization of 

bombs and landmines in active battlefields (21,22). In addition, since the 

decommissioning of numerous munitions factories, TNT runoff has polluted the 

environment, suppressing the growth of multiple organisms and causing health problems 

from incessant exposure (23-28). Trace detection of TNT is also complicated by natural 

photodissociation and microbial degradation to yield byproducts such as 1,3,5-

trinitrobenzene (TNB) and 2,4-dinitrotoluene (DNT), respectively (29-31). Even though 

these degradation mechanisms are understood, the development of sensors for rapid 

detection of nitroaromatics in polluted areas and combat zones continues to be a 

challenge (32). Currently, airports and military personnel take advantage of ion-mobility 

spectrometers for the rapid identification of explosives from a complex matrix, but 

discrimination between false positives and negatives during drift time remains a primary 

drawback, and the time required for positive or negative results is often a burden 

(22,33,34). In the field, dogs, bees, rats, and pigs demonstrate olfactory sensing 

capabilities specific for TNT and its derivatives at very low limits of detection (35,36). 

However, training for these animals is expensive and rigorous, but by understanding the 

proteins and enzymes responsible for identifying explosives in these natural organisms, 

molecular biology can be manipulated to provide building blocks for explosives 

recognition.  
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 Biomimetic molecular recognition is an emerging field in sensor development 

because evolutionary selection often results in significantly better discrimination than 

seen in most synthetic materials. For example, the Enterobacter cloacae PB2 bacteria 

strain is not only able to grow and reproduce in the presence of TNT as the sole nitrogen 

source, but its enzyme responsible for binding TNT, PETN reductase, contains a Trp-His-

Tyr-Thr active site (37,38). By mimicking this natural aromatic active site, 12-mer 

peptides were screened via mutational phage display to selectively capture the 

nitroaromatic compounds, TNT and DNT (39). In addition, other biomimetic 12-mer pep-

tides for TNT and TNB recognition were developed, mimicking the Ile-Val-Phe-Trp C-

terminal residues of honeybee’s TNT-binding antennal-specific protein-1 (ASP-1) 

(40,41). Both scaffolds contain aromatic substrates rich in electron density to recognize 

electron-deficient nitroaromatics, suggesting that binding is driven by donor-acceptor 

interactions. Additionally, peptides as molecular recognition agents can be synthesized in 

gram quantities and high yields in comparison to alternative agents such as antibodies 

and aptamers, reducing production costs. Recently, biomimetic peptides as sensor 

platforms have been successfully incorporated with carbon nanotube and polydiacetylene 

substrates, but selectivity was only established for one nitroaromatic analyte (42-44).  

 In this work, the simple, bottom-up sensor design is demonstrated to discriminate 

against the nitroaromatic explosives, TNT, DNT, and TNB, using selective biomimetic 

recognition peptide technology (Figure 1). By utilizing a gold substrate, the peptides can 

be easily assembled onto the substrate by terminating the recognition sequence with a 

thiol-containing cysteine residue. These previously screened biomimetic peptides can 

then be easily assembled onto the gold sensor platform to recognize and quantify small 
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nitroaromatic molecule binding in solution via a piezoelectric detection instrument, the 

quartz crystal microbalance (QCM). The QCM operates on the basis of acoustic wave 

propagation, taking advantage of the piezoelectric properties of quartz. By applying an 

alternating current to the QCM chip, the quartz oscillates at a resonant frequency, so that 

a mass adsorption onto the substrate reduces the frequency of oscillations, resulting in a 

proportional signal transduction (45). My facile experimental design provides a selective 

platform for sensor development with real-time recognition capabilities to identify 

multiple nitroaromatic analytes. 

 

 

Figure 1. Proposed schematic of biomimetic recognition using a QCM sensor. First, 
nitroaromatic recognition peptides are immobilized onto the gold by immersing the gold 
in a peptide solution, and a mass increase is evident by the adsorption of large peptide 
molecules. Next, molecular recognition is assessed by flowing varying concentrations of 
nitroaromatic targets over the peptide-functionalized gold surface. Additionally, another 
mass change is evident via nitroaromatic analyte binding to its respective recognition 
peptide. 
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Materials and Methods 

Reagents  

 Peptide reagents were purchased from AAPTEC Inc. and Advanced ChemTech, 

save for Fmoc-N-amido-dPEG8-acid, which was purchased from Quanta Biodesign Ltd. 

All nitroaromatic target molecules were of analytical grade dissolved in acetonitrile and 

purchased from Cerilliant Corporation. 5 MHz quartz/chrome/Au crystals (1 inch) were 

purchased from Stanford Research Systems, while 9 MHz quartz/Ti/Au crystals (1 inch) 

were purchased from Infinicon. All other reagents were purchased from Sigma-Aldrich or 

Fisher Scientific Inc. and used without modification. All buffers were purified through  

0.22 µM Millex®-GV filters and degassed under N2 before use.  

 

Synthesis of peptides  

 All peptides were synthesized using standard FMOC solid-phase synthesis 

methods using an APEX 396 peptide synthesizer on a Cys(Trt)-Wang resin. Cleavage 

was performed by mixing the functionalized resins with 2 mLs of a 90:5:3:2 ratio of 

trifluoroacetic acid:thioanisole:anisole:1,2-ethanedithiol) for two hours on an orbital 

shaker and precipitating the peptides in cold diethyl ether. Purification was performed 

using a reverse-phase HPLC (Waters Prep LC 4000) with a Waters 2487 dual wavelength 

detector and C18 column. The purified products were lyophilized and identified with 

MALDI-TOF mass spectrometry using a 20 mg/mL α-Cyano-4-hydroxycinnamic acid 

(CHCA) matrix dissolved in a 1:1 v/v solution of acetonitrile and water. 
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QCM sensor assembly and peptide immobilization  

 A Maxtek quartz crystal microbalance was the fundamental basis for peptide 

assembly and analyte recognition where the liquid-phase sensor assembly has been 

previously described (46,47). Verification of peptide immobilization onto gold was 

carried out using a 5 MHz quartz/chrome/Au crystal. First, a 5 MHz QCM electrode was 

soaked in Piranha solution (3:1 v/v ratio of concentrated H2SO4 and 30% H2O2) for two 

minutes and rinsed with deionized water, ethanol, and water before being dried with N2. 

The Piranha-cleaned QCM electrode was then stabilized to its resonant frequency (5 

MHz) under a 40 µL/min flow of 0.1 M (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) (HEPES) buffer (pH 7.5). After stable frequency oscillations were achieved, peptide 

dissolved in HEPES was flowed over the electrode, followed by a final buffer wash in 

order to clear the surface of nonspecifically-bound peptide.  

 

Electrochemistry  

 Cyclic voltammetry was performed on a CH Instruments model 660A 

potentiostat. A Ag/AgCl (saturated KCl) reference electrode was coupled with a platinum 

counter electrode and Au working electrode. Respective voltammograms were taken in 

potassium phosphate buffer (pH 7.0) on a Piranha-cleaned gold surface and a gold 

surface containing immobilized target-binding peptides at a sweep rate of 0.1 V/s and an 

electrode contact area of 0.32 cm2.  
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Nitroaromatic target recognition  

 First, a Piranha-cleaned 9 MHz QCM chip was immersed in a target-binding 

peptide solution overnight to promote monolayer assembly. The ensuing morning, the 9 

MHz QCM chip was then rinsed with water and dried with N2. For nitroaromatic target 

recognition assays, a buffer solution containing 150 mM NaCl in 50 mM Tris-HCl (pH 

7.5) was flowed over the electrode at 40 µL/min until a stable resonant frequency was 

established. In order to eliminate changes in frequency due to differences in solution 

viscosity, the buffer solutions contained the same concentration of acetonitrile as the 

target solution. Next, varying concentrations of nitroaromatic target solutions were 

flowed over the electrode before a final buffer wash to eliminate non-specific binding to 

the immobilized peptide. 

 

Results and Discussion 

Peptide synthesis and immobilization onto Au  

 The design of each recognition peptide provides a selective substrate for the 

detection of TNT, DNT, and TNB, where their sequences are denoted (Table 1). Each 

peptide begins with a cysteine amino acid at the C-terminus to promote Au-thiol bonding 

chemistry to the QCM substrate, followed by an octaethylene glycol spacer to not only 

protect the specific 12-mer recognition sequence from the gold surface, but to also 

provide a tightly-packed peptide monolayer. The 12-mer peptide recognition sequences 

specific for TNT, DNT, and TNB have been previously identified via multiple rounds of 

mutational phage display screening (39,40), but the selective discrimination of these three 

nitroaromatic explosive analytes has yet to be evaluated. Each recognition peptide is 
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terminated with aromatic residues, suggesting that electron donor-acceptor pi-pi stacking 

interactions are the dominant attractive forces. Also synthesized is a negative control 

peptide, which consists of a scrambled TNT-BP 12-mer sequence. The real-time 

adsorption of molecular recognition peptides and nitroaromatic targets can be easily 

detected and quantified with QCM, which dictates that the binding of adsorbed peptide or 

target is the difference between the final washed mass and the baseline mass.  

 

Table 1. Sequences of molecular recognition peptides and their denoted abbreviations. 
Biomimetic 
Recognition 
Peptide 

Sequence (C to N) Selective 
Target 

Negative Control Targets 

2,4,6-
Trinitrotoluene-
Binding Peptide 
(TNT-BP) 

C-Peg8-I-S-V-P-M-
L-P-R-Q-W-H-W 

         

1,3,5-
Trinitrobenzene-
Binding Peptide 
(TNB-BP) 

C-Peg8-I-V-G-W-
L-T-S-P-T-R-H-W 

         

2,4-
Dinitrotoluene-
Binding Peptide 
(DNT-BP) 

C-Peg8-R-Q-H-L-I-
Y-K-S-F-N-P-H 

    

Scrambled TNT-
BP (Scram TNT-
BP) 

C-Peg8-H-I-W-Q-
P-W-V-R-M-S-P-L None  

 
 
 
 In order to respectively quantify peptide immobilization using a liquid-phase 

QCM, 0.1 M HEPES buffer (pH 7.5) is flowed across the 5 MHz QCM gold surface at a 

constant flow in order to demonstrate that buffer does not bind to the gold. Next, a 

peptide solution dissolved in HEPES is flowed over the gold, where binding instantly 
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occurs, followed by a final buffer wash to remove non-specifically bound peptides 

(Figure 2A). Liquid-phase mass loading (Δm) is determined by coupling the Sauerbrey 

equation with solution viscosity considerations from Glassford and Kanazawa, 

∆m=- ∆R+∆f A
Cf

,                               

where Δf is the change in frequency of the crystal’s oscillations in Hz, A is the active 

electrode area (cm2), ΔR is a resistance factor governed by solution viscosity, and the 

sensitivity factor (Cf) for a 9 MHz crystal is 0.181 Hz cm2 ng-1 and 0.566 Hz cm2 ng-1 for 

a 5 MHz crystal (48-51). 

 

 

Figure 2. Quantitative and qualitative analyses of peptide adsorption onto a gold surface. 
(A) Peptide adsorption using 5 MHz QCM chips, where the surface is exposed to 0.1 M 
HEPES buffer (pH 7.5) for the first 10 minutes, followed by a 15 minute peptide 
adsorption flow in HEPES, and terminated by a 35 minute wash with buffer. (B) Cyclic 
voltammograms of Piranha-cleaned gold in comparison to immobilized recognition 
peptides on gold.   
 
 

 In terms of creating an effective sensor, it is important to be able to manipulate the 

immobilization of the recognition element in order to optimize the signal-to-noise ratio. It 

is observed that flowing different initial peptide concentrations over the gold surface 

yields adsorption of varying monolayer surface coverage. At lower immobilization 
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concentrations, individual peptides do not compete for gold binding sites, so that surface 

coverage is low and steric effects are limited. However, at very high concentrations, 

peptides are competitive for surface binding sites, which also leads to low surface 

coverage (Appendix B). Because peptide monolayer surface coverage is influenced by 

size and charge, every peptide forms a different self-assembled monolayer. Peptide 

immobilization is also qualitatively evaluated by adsorbing peptide solutions onto a gold 

electrode overnight and measuring the insulating capabilities of organics via cyclic 

voltammetry electrochemistry (Figure 2B). Since gold is an electrically conductive 

material, it has the ability to store charge, which is exhibited by the large 15 µA total 

current difference for Piranha-cleaned gold. When an electrically insulating material such 

as an organic peptide blocks the surface, the gold loses its capacitance properties, as 

displayed by the narrow 5 µA total current curves (i.e. current thickness) for adsorbed 

peptides (52). In comparison to a Piranha-cleaned gold surface, the total current decreases 

approximately by a factor of three for all immobilized peptides on gold electrodes, 

suggesting the successful adsorption of recognition peptides.  

 

Nitroaromatic target-binding assays  

 For the purpose of quantifying peptide immobilization, a 5 MHz QCM chip is 

employed, while a more sensitive 9 MHz chip is utilized for the small nitroaromatic 

molecule-binding assays (Appendix B). The thinner 9 MHz QCM chip is able to oscillate 

faster, thus providing better sensitivity for the small nitroaromatic molecules. First, a 50 

mM Tris-HCl buffer containing 150 mM NaCl and acetonitrile (pH 7.5) is flowed over 

the gold surface for the first five minutes to demonstrate that buffer molecules do not 
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adsorb to the peptide nor the gold surface. It is essential that the buffer contain the same 

concentration of acetonitrile as the target solutions in order to control for false positives 

attributed to changes in solution viscosity. Next, the nitroaromatic targets, TNT, TNB, 

and DNT, are flowed over a Piranha-cleaned gold surface, and although some non-

specific binding occurs, no positive mass change is evident after buffer washes, 

indicating that none of the target molecules chemisorb to the surface in the absence of 

peptide (Figure 3).  

 

 

Figure 3. Nitroaromatic target adsorption to a Piranha-cleaned gold surface. For the first 
five minutes, 50 mM Tris-HCl buffer with 150 mM NaCl containing 11.35 v/v% 
acetonitrile is flowed over the gold surface, followed by a 500 µM target flow for the 
next 10 minutes, and ending with a 5 minute buffer wash. 
 
 

 Initial nitroaromatic target recognition assays aimed for immobilizing the 

maximum peptide surface coverage onto the 9 MHz QCM chips. Since the sensor detects 

a mass adsorption, the rationale was that a greater peptide surface coverage would 

generate the highest signal. At immobilization concentrations of 500 µM, 1000 µM, and 

200 µM for TNT-BP, DNT-BP, and TNB-BP, their respective peptide surface coverage 

values: are 200 pmol/cm2, 275 pmol/cm2, and 300 pmol/cm2 (Appendix B). When the 
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peptides are in such close proximity to each other, minimal nitroaromatic target binding 

occurs, most likely due to steric crowding and intermolecular peptide interactions 

(Appendix B). Although each peptide is positively charged at the N-terminus to provide 

repulsions between neighboring species, tightly packed terminal aromatic moieties attract 

each other, which could hinder target-binding regions if the peptides are too densely 

packed. In order to prevent intermolecular intrusion, the surface coverage of each peptide 

is reduced to approximately 125 pmol/cm2 (Appendix B).  

 At the reduced monolayer surface coverage, there are enough peptides to generate 

an ideal signal-to-noise ratio because peptide steric effects are limited, freeing up target 

binding sites. The nitroaromatic targets are first manipulated as positive controls to 

quantify binding to their selective recognition peptides, followed by utilization as 

negative controls against all other recognition peptides (Figure 4). For each selective 

peptide, at a target concentration of 500 µM, its nitroaromatic molecule binding is 

greatest, while all target binding is greatly reduced when exposed to the negative control 

peptide, Scram TNT-BP. TNT, DNT, and TNB all exhibit reduced binding when exposed 

to their respective negative control peptides, confirming that the peptide sequence is 

responsible for selective recognition. Because the target molecules are so similar in 

structure, the selectivity of each peptide is evaluated (Figure 5). In order to quantify assay 

selectivity, nitroaromatic target binding to each biomimetic recognition peptide is 

normalized to the binding to Scram TNT-BP. All immobilized recognition peptides are 

titrated with their respective nitroaromatic targets (Figure 6), in which dissociation 

constants (KD) are calculated using previously described thermodynamic and kinetic 

models (Table 2) (46,47). TNT has the highest affinity to TNT-BP, as indicated by the 
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lowest KD values, ranging from 29-44 µM. TNB adsorption to TNB-BP has the next 

greatest affinity, ranging from 49-71 µM, while DNT adsorption to DNT-BP has the 

lowest affinity, ranging from 81-137 µM. The data suggests that TNT-BP is the most 

selective peptide, displaying the highest affinity to TNT and three-fold selectivity over 

DNT and TNB. Jaworski et al. demonstrate that after five rounds of mutational phage 

screening, the 12-mer sequence of TNT-BP is highly selective for TNT over DNT (39).  

 

 

Figure 4. Nitroaromatic target adsorption to immobilized recognition peptides. 
Adsorption of 500 µM TNT, DNT, and TNB when exposed to (A) 100 µM immobilized 
TNT-BP, (B) 10 µM immobilized DNT-BP, (C) 75 µM immobilized TNB-BP, and (D) 
100 µM immobilized Scram TNT-BP. At these peptide immobilization concentrations, 
surface coverage for each peptide is approximately 125 pmol/cm2. A 50 mM Tris-HCl 
buffer (pH 7.5) containing 150 mM NaCl and 11.35 v/v% of acetonitrile is flowed over 
the electrode for the first five minutes, followed by a target flow, and a final buffer wash. 
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Figure 5. Selectivity of immobilized nitroaromatic recognition peptides. Ratios are 
calculated by normalizing the binding of each target to the negative control peptide, 
Scram TNT-BP. 
 

 

 

Figure 6. Titrations of nitroaromatic target adsorption to their respective recognition 
peptides. 
 
 

 Jaworski and coworkers do not screen for TNB affinity, but these results display 

that the lack of affinity of TNT-BP for TNB is comparable for its lack of affinity for DNT 

as well. The electron-rich N-terminal Trp-His-Trp motif in TNT-BP attracts the electron-
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deficient aromatic TNT molecule, so that binding is dominated by pi-pi stacking 

interactions from the Trp residues, as shown by NMR studies between the aromatic motif 

and the TNT complex (44). It is also evident that hydrogen bonding contributes to the 

multivalent binding because Jaworski and coworkers show that substitution of the His 

residue in the terminal aromatic trimer decreases affinity for TNT (39). DNT-BP 

demonstrates a two-fold affinity for DNT over TNT, but still exhibits only 33 percent 

more selectivity for DNT over TNB. DNT is structurally less similar to its analogs, 

lacking a nitro group at the 6-carbon position relative to TNT. As a result, the aromatic 

ring of DNT contains more electron density than the rings in TNT and TNB. It is not 

surprising that the terminal residues in DNT-BP contain less electron-dense moieties than 

in TNT-BP and TNB-BP, proposing that pi-pi stacking interactions may not be the 

dominant attractive forces. DNT-BP contains a Phe-Asn-Pro-His N-terminal motif, 

suggesting that the Asn and His residues can contribute to hydrogen bonding, while the 

Phe ring contributes to pi-pi stacking interactions. 

 

Table 2. Calculation of dissociation constants (KD) of nitroaromatic target molecules 
adsorbed to selective recognition peptides using Langmuir isotherm and kinetic models. 

Target/Peptide System Langmuir Isotherm 
Model (µM) 

Time Constant Kinetics 
Model (kr/kf) (µM) 

TNT Adsorption to TNT-BP/Au 44 ± 13 29 ± 5 

TNB Adsorption to TNB-BP/Au 49 ± 14 71 ± 19 

DNT Adsorption to DNT-BP/Au 137 ± 48 81 ± 38 
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 TNB-BP indicates selectivity for TNB over DNT by a factor of 2.5, but the 

peptide also has a remarkably high affinity for TNT. TNB-BP only undergoes three 

rounds of phage display screening by Goldman et al. to originally bind TNB, but it is also 

noted that the 12-mer recognition sequence also elicits an affinity for TNT. TNB-BP 

contains a very similar N-terminal trimer sequence (Trp-His-Arg) relative to TNT-BP, 

with the only exception pertaining to an Arg residue substituted for a Trp at the third to 

last amino acid. Although the only structural difference between TNT and TNB is the 

substitution of a methyl group at the 1-position in TNT for a hydrogen atom in TNB, the 

inductive effect dictates that the aromatic ring in TNB is more electron-deficient than in 

TNT. The larger induced dipole in the nitro groups in TNB can undergo ion-induced 

dipole interactions with the positively charged guanidinium group in arginine. TNB-BP 

still contains Trp and His residues to promote respective pi-pi stacking and hydrogen 

bonding interactions with TNT. 

 

Conclusions 

 In this work, the successful biomimetic sensor platform for the selective detection 

of TNT and discrimination between its analogs, DNT and TNB, using a piezoelectric 

sensor platform without the dependence on signal enhancement methods is demonstrated. 

The detection system identifies adsorption through a mass change, and since TNT is the 

heaviest nitroaromatic molecule investigated in this study, TNB and DNT by default 

exhibit 6 percent and 20 percent less signal, respectively. The biomimetic recognition 

sequences specific to each nitroaromatic target suggest that multivalent binding events 

occur, consisting of pi-pi stacking, hydrogen bonding, or ion-induced dipole interactions. 
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The real-time recognition capabilities of the QCM sensor design coupled to biomimetic 

peptide technology provide platforms for future sensors in the transportation industry, 

polluted areas, and combat zones. 
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Chapter III 

 

ELECTROCHEMICAL DETECTION OF 2,4,6-TRINITROTOLUENE AT 

COLLOIDAL GOLD NANOPARTICLE FILM ASSEMBLIES 

 

Abstract 

 This chapter investigates citrate-capped, colloidal gold nanoparticle (AuNP) film 

assemblies of varying particle sizes (5-50 nm) to serve as platform electrochemical 

sensors to simultaneously detect and reduce TNT to 2,4,6-triaminotoluene (TAT) in 

solution (53). The high surface area-to-volume ratio of colloidal AuNPs offers 

applications in electrocatalysis, while the facile immobilization onto a variety of 

substrates provides rapid and reproducible platform technologies. In order to validate 

these AuNP film assemblies as electrocatalytic platform sensors, square wave 

voltammetry is performed to enhance TNT sensitivity and optimize the signal 

transduction of TNT reduction. Upon TNT reduction on 15 nm AuNP films, the highest 

sensitivity is observed with nanomolar limits of detection. The formal reduction potential 

also undergoes a 35 mV shift to more positive potentials in comparison to controls, 

suggesting that 15 nm AuNPs demonstrate catalytic properties in this application. It is 

hypothesized that the 15 nm AuNP film assemblies store charge more efficiently because 

of their large dielectric constant values and capacitance measurements compared to 

AuNP films of alternative sizes.  Additionally, the onset potential shifts nearly 70 mV 

more positive for 5 nm, 15 nm, and 30 nm AuNP film assemblies, indicating that TNT 
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begins its reduction process at a lower energy when these particles are assembled on Au 

substrates compared to controls.  

 

Introduction 

 The previous chapter delved into the selective detection of nitroaromatic small 

molecules at a bulk gold substrate electrode. Although specific detection was achieved 

using the recognition peptide/Au platform, explosives detection was not sensitive enough 

to be applicable for field-testing and further development. Additionally, the QCM sensor 

chips correlate to approximately $5.50/experiment, assuming each chip is used 10 times. 

However, the real-time binding kinetics generated by the quartz crystal microbalance 

(QCM) instrument provides the rapid detection timeframes necessitated for 

environmental and field applications. As described in the previous chapter, a mass-

loading event at a chip surface is responsible for decreasing the frequency of sensor 

oscillations, which subsequently generates an electrochemical response, driving signal 

transduction. Although the QCM platform cannot detect small explosive molecules in a 

sensitive manner, this chapter focuses on using an alternative electrochemical detection 

strategy to not only maintain the rapid sensing element from cheap materials, but to also 

enhance the signal generated by TNT identification.  

 Many biosensors, microfluidics, and lab-on-a-chip devices are developed with 

electrochemical detection readouts because of the rapid response times for analysis and 

the sensitive detection strategies. Most traditional electrochemical schemes employ a 

three-electrode system comprising of a reference, counter, and working electrode (52). 

While the reference electrode standardizes known potentials, the counter electrode acts as 
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a cathode to assist in current flow between the working electrode and the buffer system. 

Its reduction potential also conveniently falls outside of the range of most chemical 

reactions. Most importantly, the working electrode bridges the gap between electricity 

and chemistry in order to probe reaction kinetics and thermodynamics at a conductive 

solid-water interface. Signal transduction is generated as a current output and is measured 

between the working and counter electrodes. However, innovative materials and 

approaches are essential to enhance signal transduction capabilities in biosensors and 

microfluidics, so that detection schemes can be universally applied. 

 As shown in the previous chapter, the conductive nature of gold drives the 

piezoelectric sensing of a QCM, while the facile self-assembly properties contribute to 

manipulation at the molecular level (16-19). Gold retains higher conductivity values  

compared to alternative substrates, contains a large anodic potential range, and can be 

manufactured very easily (54). In terms of platform sensor development, it is essential for 

electrons to be effectively shuttled between the electrode-buffer interfaces for optimum 

signal transduction, but one of the primary drawbacks using gold electrodes is the high 

background signal (55). To alleviate these issues, organothiolates have been utilized as 

insulators on gold electrodes to mask the high currents in order to study the redox activity 

of the metalloproteins, cytochrome c and azurin (56-64). Although adequate signal is 

provided to study the redox properties of these proteins, the insulating properties of 

organic thiols often compromises electron transfer kinetics and the signal is reduced. 

Leopold and coworkers have addressed these issues by adsorbing small monolayer-

protected AuNP clusters onto SAMs in order to facilitate the electron transfer kinetics 

and thermodynamics of cytochrome c and azurin redox proteins (65,66). The high-
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dielectric AuNP film assemblies provide a conductive substrate to perform 

electrochemical reactions, but also minimize background current in comparison to a clean 

gold substrate. It is hypothesized that electrons slowly tunnel through the low-dielectric 

(i.e. insulating) organic SAMs, while electrons rapidly hop from nanoparticle to substrate 

in the AuNP film assemblies, so that the signal is transduced rapidly (66). Leopold 

further investigates the electrochemical properties of AuNP film assemblies by 

employing citrate-capped, colloidal particles as a H2O2 sensing platform (67). The large 

volume AuNP increases the sensitivity of the platform, while the dense monolayer 

reduces background noise. In addition, this simple and rapid film assembly procedure 

takes advantageous of stable, aqueous materials to offer low synthetic costs. 

 This chapter exploits the electrochemical and physical properties of 

electrostatically-bound, colloidal AuNP film assemblies in order to detect TNT using 

voltammetric techniques. The explosive TNT possesses three known electrochemical 

reduction peaks, each of which is representative of the 6e-/6H+ reduction process from a 

nitro to an amine group (68). The energy of surface electrons in AuNPs is significantly 

higher in comparison to bulk gold, so that it is hypothesized that these films can exhibit 

electrocatalytic properties with smaller particles, hereby increasing the reduction 

potentials of TNT and lowering the energy required to reduce the analyte in solution. 

This chapter elucidates the nanoparticle size dependence on autocatalysis and analytical 

sensitivity of electrochemical TNT detection at these films.  
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Materials and Methods 

Reagents  

 2,4,6-trinitrotoluene (TNT) was purchased from Cerilliant Corporation at a stock 

concentration of 1000 ppm dissolved in acetonitrile. Citrate-stabilized AuNPs (15 nm, 30 

nm, 50 nm) were purchased from Ted Pella, Inc. 5 nm citrate-stabilized AuNPs were 

purchased from NANOCS. Poly-L-Lysine (PLL) and 11-Mercaptoundecanoic acid 

(MUA) were purchased from Sigma-Aldrich. All other reagents were purchased from 

either Sigma-Aldrich or Fisher Scientific and used without further modification. All 

deionized water used in this investigation was filtered through a 0.22 µm filter at a 

resistance of 18.2 MΩ�cm. 

 

Instrumentation  

 Electrochemistry was performed on a CH Instruments potentiostat with Chi660A 

analysis software. Surface UV-vis spectra were collected on a Varian Cary 5000 UV-vis-

NIR spectrophotometer. Liquid-phase UV-vis measurements were performed on an 

Agilent 8453 spectrophotometer with a photodiode array detector. In order to probe 

surface topography, a Veeco Dektak 150 profilometer equipped with a diamond-tipped 

stylus was utilized. Images of AuNPs were captured with a Tecnai Osiris transmission 

electron microscope. Images of suspended AuNPs were captured with an iPhone 4S 

camera. 
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AuNP film assembly  

 Unmodified gold substrates evaporated on silica wafers were first Piranha-cleaned 

(3:1 v/v ratio of concentrated H2SO4: 30% H2O2) for 30 minutes and washed thoroughly 

with water. Next, a 5 mM MUA solution in ethanol was assembled overnight on the gold 

substrates. After washing with ethanol and water, the MUA-functionalized gold was 

immersed in a 1 mg/mL poly-L-lysine (PLL) solution for 20 minutes. After washing with 

water, the gold films were immersed in stock solutions of citrate-stabilized AuNPs (15 

nm, 30 nm, 50 nm) for one hour and subsequently washed with water. They were further 

stored in aqueous solutions to preserve their stability. For the assembly of 5 nm AuNPs, 

the particles were spun down for 99 minutes at 16,100 gs one time and resuspended in 10 

mM Tris buffer. The particles were then drop-cast and allowed to dry on the MUA-

PLL/Au substrate overnight. The subsequent morning, they were washed thoroughly with 

water. 

 

Electrochemical cell  

 The AuNP film immobilized on a Au substrate served as the working electrode (A 

= 0.2 cm2), a Pt wire served as the counter electrode, and a Ag/AgCl (sat. KCl) reference 

electrode comprised the electrochemical cell. The buffer was comprised of phosphate 

buffer with 100 mM KCl. 
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Double layer capacitance measurements 

 Using the electrochemical cell described above, capacitance measurements were 

performed using cyclic voltammetry and scanning from +0.1 and +0.4 V vs. Ag/AgCl 

(beginning at +0.1 V) at a scan rate of 0.1 V/s in the aforementioned phosphate buffer.   

   

Detection of 2,4,6-Trinitrotoluene at AuNP film assemblies 

	
   Electrochemical detection of TNT was performed using square wave voltammetry 

between -0.2 and -0.9 V vs. Ag/AgCl at a step potential of 4 mV, an amplitude of 25 mV, 

and a frequency of 15 Hz. TNT was dissolved in phosphate buffer containing 0.1 M KCl 

and 2.2% v/v acetonitrile (pH = 7.0). Background measurements consisted of phosphate 

buffer with 0.1 M KCl containing 2.2% v/v acetonitrile. TNT measurements were 

background-subtracted for optimized sensitivity.  

 

Results and Discussion 

Stability and monodispersity of colloidal AuNPs 

 The incorporation of a AuNP film adsorbed to a layer of poly-L-lysine (PLL) 

provides a facile and rapid electrode assembly process exploiting electrostatic 

interactions from low-cost materials. Leopold et al. have assembled AuNP films on Au 

electrodes for enhanced electron transfer kinetics, but the catalytic activity of these 

assemblies has never been investigated (65-67). In order to optimize the AuNP film for 

both sensing and catalysis, four different AuNP sizes are examined between 5-50 nm. 

There is a direct correlation between nanoparticle diameter and the ability to absorb light, 

as the molar absorptivity is directly proportional to the molecule or particle surface area. 
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However, smaller particles contain a larger percentage of surface electrons, which 

possess a proclivity for catalysis.  

 When suspended in aqueous buffers, the citrate particles demonstrate stability and 

monodispersity, as indicated by the captured TEM images, narrow plasmon resonance 

band in the UV-vis spectra, and bright red colors (Figure 7). These aqueous, 

monodisperse particles serve as ideal building blocks for rapid and reproducible sensor 

development.  

 

 

Figure 7. Characterization of colloidal suspensions of citrate-capped AuNPs. UV-vis 
spectra, TEM images, and photographs of suspended AuNPs of (A) 5 nm, (B) 15 nm, (C) 
30 nm, and (D) 50 nm AuNPs. 
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AuNP film assembly and characterization 

 The synthesis of the film is carried out according to the procedure elucidated by 

Schmidt et al. (67). Each gold substrate is first exposed to a fresh solution of Piranha for 

30 minutes, which essentially oxidizes all of the organic molecules adsorbed on the 

surface, increasing their water solubility and desorbing them from the surface. Next, a 

mercaptoundecanoic acid (MUA) alkanethiol is incubated with the clean gold for two 

days in order to assemble a stable monolayer on the surface (Figure 8). Afterwards, a 

positively charged poly-L-lysine polymer (1 mg/mL) is incubated with the MUA/Au film 

for 20 minutes before incubating a stock solution of negatively charged, citrate-stabilized 

colloidal AuNPs for one hour.  

 

 

Figure 8. Assembly of citrate-capped AuNP films on Au substrates.  
 
 
 
 Film characterization is first carried out electrochemically by treating the AuNP 

assembly like a capacitor. This can be performed using cyclic voltammetry to measure 
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the background current (i.e. non-Faradaic current) at a potential range where little redox 

activity occurs. The potential range is first scanned from +0.1 to +0.4 V vs. Ag/AgCl at 

each electrode system (Figure 9). First, it is interesting to note that a clean gold substrate 

possesses a high background current with significant variability, as indicated by the large 

error bars. Additionally, a reduction peak and an oxidation peak are both evident on bare 

Au, which correlates to water splitting at the electrode surface. With no material to mask 

natural interferents at the electrode surface, analytes such as water and oxygen can easily 

diffuse to the electrode, which contribute to the high background current. When organic 

insulating molecules such as MUA-PLL are adsorbed to gold, the capacitance decreases 

significantly with little variability, as indicated by the small error bars and the small total 

current measurements. Additionally, water splitting redox peaks are not observed because 

the SAM creates a dense molecular blocking layer, shielding background effects of 

interfering analytes. When the AuNPs are adsorbed to the MUA-PLL/Au substrates, the 

total current (i.e. current thickness) increases inversely proportional relative to particle 

diameter. The 50 nm AuNP film assemblies display identical total current values relative 

to the organic MUA-PLL. However, as particle size decreases, the total current increases. 

Assemblies of 15 nm and 5 nm AuNP films, respectively, possess similar background 

currents, which suggests that there may be a threshold maximum non-Faradaic current for 

these colloidal film assemblies. Nonetheless, the AuNP films (5 nm, 15 nm, and 30 nm) 

exhibit an ability to store charge in a larger capacity relative to films of MUA-PLL and 

50 nm AuNPs, while also simultaneously masking the surface from interfering analytes 

such as water and oxygen.    
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Figure 9. Electrochemical capacitance measurements of various AuNP film assemblies. 
(A) Representative cyclic voltammograms of AuNP film assemblies, MUA-PLL film, 
and a bare Au electrode from +0.1-+0.4 V vs. Ag/AgCl at a scan rate of 0.1 V/s and an 
electrode area of 0.2 cm2. (B) Total current of each film or current thickness from the 
cyclic voltammograms obtained for each of the electrode assemblies performed in 
triplicate.  
 
 

 
Figure 10. Surface UV-vis spectra of AuNP film assemblies.  

 
 
 

 In order to further probe the AuNP assembly characteristics of this platform 

sensor, surface UV-vis spectra are generated to understand how the particles behave at 

the gold surface (Figure 10). The 5 nm, 15 nm, and 30 nm AuNP films exhibit a localized 

SPR peak near 500 nm, which correlates to their SPR peak upon suspension in an 

aqueous solution. This indicates that not only are the particles adsorbed to the film, but 

they also maintain their monodisperse, catalytically active nature. In contrast, the 50 nm 

AuNP film assemblies possess two peaks, one at 500 nm and an additional at 625 nm. 
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The presence of the additional peak indicates that the particles undergo some level of 

aggregation at the electrode surface, which most likely is attributed to their small current 

thickness and weak overall capacitance, similar to that of an organic SAM. The 

monodisperse nature of AuNPs drives their fascinating chemical and physical properties, 

so that upon aggregation, the particles veer towards the banal optical and catalytic 

characteristics of the bulk material. Additionally, film thickness measurements of the 

assemblies via profilometry reveal that the exploitation of the non-specific electrostatic 

adsorption of AuNPs does not create a single monolayer of particles at the electrode 

surface. For 5 nm, 15 nm, 30 nm, and 50 nm AuNPs assemblies, the film thicknesses are: 

80 nm, 100 nm, 150 nm, and 150 nm, respectively. These results indicate that during the 

electrostatic adsorption process, the particles are non-specifically stacking on top of each 

other, which creates a thicker film than originally intended and a long-range electron 

transfer material.  

 

Electrochemical detection of TNT using platform AuNP film assemblies 

 Previous electrochemical strategies have developed complex, expensive 

electrodes for TNT detection, including but not limited to: boron-doped diamond, 

graphene supports, and innovative carbon-based supports (69-72). Since bulk gold 

substrates in addition to nanoparticles have been so heavily investigated since the 1980’s, 

this accessible material provides a sensing platform with commercially available 

materials at low purchasing costs. In order to determine the performance of these films, 

electrochemical TNT reduction is probed at each film assembly. The electrochemical 

technique, square wave voltammetry (SWV), is investigated because it provides better 
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sensitivity than alternative voltammetry and polarography techniques. The ubiquitous 

cyclic voltammetry technique generates constant forward and reverse scans between two 

potentials, generating a single current value for each scanned potential value. As 

described by Bard and Faulkner, SWV contrastingly measures current two times per 

cycle in the forms of a forward and reverse current (52). These values are subtracted from 

one another to yield a difference current, often resulting in better analyte sensitivity due 

to suppressed noise. 

 Varying concentrations of TNT are first titrated in the buffer system using the 

film assemblies as a working electrode and subsequently measured electrochemically 

with SWV (Figure 11). Although bare Au displays a high current output at 100 µM TNT 

concentrations, only one peak is resolved due to the high background noise. Reduced 

species of TNT can easily diffuse to the electrode, because bare Au is completely 

exposed to the buffer medium. On the other hand, molecular oxygen (O2) attributes 

significantly to background noise at high TNT concentrations, as the broad peak shape 

does not follow a Gaussian distribution. Below 10 µM TNT at a bare Au surface, no 

reduction peaks are observed because the TNT signal is masked by high background 

species.     
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Figure 11. Titrations of TNT measured via square wave voltammetry at (A) Bare Au, (B) 
MUA-PLL, (C) 5 nm AuNP film assembly, (D) 15 nm AuNP film assembly, (E) 30 nm 
AuNP film assembly, and (F) 50 nm AuNP film assembly.   

 
 

 Contrastingly, at a MUA-PLL organic film, background current is almost entirely 

suppressed, generating excellent three-peak resolution at high TNT concentrations, each 

one representative of the 6e-/6H+ reduction from a nitro to amine group (Figure 11B). 

However, at the lower concentrations, current output decreases significantly, most likely 
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reduction peak, as the stability of each reduced species becomes increasingly weaker. 

Upon adsorption of colloidal AuNPs, at high TNT concentrations, all three reduction 

peaks are observed (Figures 11C-F). The first reduction peak is especially evident below 

1 µM TNT in the 5 nm and 15 nm AuNP assemblies, while the 30 nm and 50 nm AuNP 

films exhibit visible peak heights down to 1 µM. Additionally, sensitivity also increases 

when the AuNPs are adsorbed to gold substrates (Figure 12). The fact that sensitivity 

increases at the AuNP films refutes the electron tunneling mechanism through these films 

and supports the electron hopping mechanism. The electrons are shuttled on the order of 

100 nm at the AuNP assemblies in comparison to less than a 5 nm distance with bulk Au 

and organic SAM films. It is also observed that the 15 nm AuNP films exhibit the 

greatest sensitivity, which challenges my hypothesis. I originally hypothesized that the 5 

nm AuNP films would display the highest sensitivity because the particles possess the 

largest relative surface area and a higher relative concentration of high-energy surface 

electrons. The high surface energy of the 5 nm AuNP film assemblies would therefore 

shuttle electrons more efficiently. However, the 15 nm AuNP films exhibit the highest 

saturated signal and sensitivity, offering a detection limit of 336 nM, approximately two 

orders of magnitude greater than TNT detection via the QCM instrument. The 5 nm 

AuNP films also demonstrate high nanomolar limits of detection, but with lower 

sensitivity and signal-to-noise. Further investigations are necessitated to identify the 

packing of these particles, as the 15 nm AuNPs may pack more favorably than the 5, 30, 

and 50 nm AuNPs. 
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Figure 12. AuNP film assembly sensor performance. (A) TNT titrations as a function of 
the first reduction peak height and (B) calculation of a theoretical dielectric constant for 
each AuNP film. 
 
 
 
 After further investigations of the TNT titrations, the capacitance data of these 

films was revisited. The 5 and 15 nm AuNP films exhibit high double layer capacitance 

values, meaning they can store charge efficiently. This value can be calculated by 

modeling these films after a double-plate capacitor, so 

𝐶!" =
!!"#
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= !∗∈∗∈!
!

, 

where Cdl is the double-layer capacitance in Farads, ITot is the total current or current 

thickness value (Amps), υ is the cyclic voltammetry scan rate (V/s), A is the electrode 

area (cm2), d is the film thickness (m), ε0 is the vacuum permittivity of free space 

constant, and ε is the dielectric constant of the material (52,65,73,74). The values ITot and 

d, are measured experimentally via cyclic voltammetry and profilometry, respectively. 

After substituting these values into the above equation, the value for dielectric constant 

can be solved. It is interesting to note that the 15 nm AuNP films exhibit the highest 

dielectric constant, which suggests better charge storing capabilities than any other 

particle assembly (Figure 12B). The 5 nm and 30 nm AuNP films exhibit similar 
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dielectric constant values, while the 50 nm AuNP film exhibits the lowest dielectric 

constant. This can be attributed to the large particle’s poor assembly and aggregation 

properties at the electrode surface, as determined by surface UV-vis analysis. However, 

this also could suggest that there is a size-dependent aspect for particle packing efficiency 

using this experimental design. 

 

Catalytic properties of AuNP film assemblies 

 After evaluating the sensing properties of the AuNPs via TNT titrations, it is 

observed that the reduction peaks across each film assembly are not uniform. At MUA-

PLL electrodes, the formal potential of the first reduction peak occurs at -500 mV vs. a 

Ag/AgCl reference electrode, while the reduction peak presents itself at -490 mV at bare 

Au. In conventional electrochemistry, higher free energy corresponds to more negative 

potentials, while a lower free energy corresponds to more positive potentials. If a 

reduction occurs at more positive potentials, a smaller amount of energy is required to 

electrochemically reduce the analyte of interest, which is indicative of catalysis. This is 

not surprising because MUA-PLL films are significantly more insulating compared to 

bare Au, so more energy is required to reduce TNT at the insulating SAMs. However, as 

AuNPs are adsorbed to the film, the formal potential of TNT reduction shifts in a more 

positive direction, requiring a smaller amount of energy to reduce TNT. 

 There are reported studies elucidating size-dependent catalytic applications of 

AuNPs, but TNT catalysis at AuNP films has never been investigated (75-78). Also 

interesting to note is that there are conflicting reports of AuNP size-dependence, 

suggesting that catalysis is application-specific. I hypothesized that the 5 nm AuNP film 
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would generate the largest catalytic activity (i.e. largest positive shift in reduction 

potential) because these particles contain the highest amount of relative surface atoms 

compared to the larger particles. My original hypothesis is supported only in terms of the 

formal potential shift, because at saturated concentrations of TNT, the formal reduction 

potential increases up to 50 mV to more positive potentials relative to MUA-PLL films as 

particle size decreases (Figure 13). To put these values in perspective, the reduction 

potentials of the first TNT peak at 5 nm and 15 nm films are more positive than 

previously mentioned boron-doped diamond and carbon electrodes.  

 

 
Figure 13. Catalytic performance of AuNP film assemblies in the presence of 100 µM 
TNT. (A) Square wave voltammograms of at various assemblies, (B) Formal reduction 
potential of first TNT peak, (C) Visual representation of calculation of onset potential for 
the first reduction peak of TNT. A line is fitted to the peak shape of reduction and the 
value of the x-intercept denotes the onset potential. (D) Plot of onset reduction potential 
of first TNT peak as a function of particle size. (0 diameter particle size corresponds to 
MUA-PLL film). 
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 Although positive peak shifts are evident, the formal reduction potential may not 

be the best indicator of electrocatalysis because the peak intensities are not uniform 

across the AuNP films. The calculation of onset reduction potential is a better indicator of 

catalytic activity because at this potential, the analyte begins its electrochemical reduction 

process. By fitting a line to the peak shape of the reduction peak and subsequently 

solving for the value of the x-intercept, onset reduction potential can be determined for 

each AuNP film assembly (Figures 13C-D). At 5 nm, 15 nm, and 30 nm AuNP film 

assemblies, the onset reduction potentials of TNT are similar, shifting approximately 70 

mV more positive relative to bare Au and MUA-PLL controls. The 50 nm AuNP film 

shows an insignificant shift in onset potential and zero catalytic activity, which suggests 

that particles of that size do not assemble well onto the gold. Between 5 nm and 30 nm, 

colloidal AuNP assemblies act as catalysts for electrochemical TNT reduction because of 

their high surface energy due to their monodisperse nature after assembly.  

 
 

Conclusions 

 Herein, this chapter describes the facile platform sensor development for TNT 

detection using cheap, stable AuNPs with a facile electrostatic adsorption assembly. The 

particles demonstrate two functions: creating a blocking layer similar to a SAM to shield 

non-specific signal effects but to also maintain conductivity like the bulk Au counterpart. 

At 5 nm, 15 nm, and 30 nm AuNP film assemblies, electrocatalysis is evident by the 

shifts in reduction formal potential and onset potential of the first TNT peak.  A ‘sweet 

spot’ also emerges concerning nanoparticle diameter in assembling these films, as the 15 

nm AuNP films exhibit the highest sensitivity, lowest limits of detection, most positive 
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onset reduction potential, and largest calculated dielectric constant. Although further 

investigation is needed, it is hypothesized that the stable 15 nm particles can pack more 

efficiently at the gold surface due to its high dielectric constant. The 5 nm, 15 nm, and 30 

nm AuNP assemblies also require less energy to electrochemically reduce TNT, with 

more positive reduction potentials compared to previously published glassy carbon, 

boron-doped diamond, graphene, and graphite electrodes. Additionally, there may be a 

threshold size related to nanoparticle stability at these films, as the 50 nm AuNPs show 

onsets of aggregation and zero catalytic activity. There may also be a threshold particle 

size that supports the ‘electron hopping’ mechanism. Nonetheless, the innovation inspired 

by utilizing cheap materials has the ability to streamline sensor development for a wide 

variety of analytes, in addition to offering novel catalysts at solid interfaces and in 

synthetic reactions.   

  

Future Directions 

 The QCM chapter investigates a very specific molecular recognition platform 

sensor, while the platform sensor described in this chapter is non-specific. One strategy to 

improve both sensitivity and specificity in the format described in this chapter would be 

to incorporate recognition elements with the AuNPs for improved capture at the 

electrode-liquid interface. The successful capture of nitroaromatics using recognition 

ligands at the electrode interface provides an initial pre-concentration mixing step 

without instrumental bias. To also enhance sensitivity, an electrochemical bias can be 

performed by holding the electrode at constant positive or negative potentials for upwards 



	
   44 

of two minutes. This allows for all of the dissolved analyte to be attracted to the 

electrode, increasing sensitivity but also increasing noise.    

 One of the most important aspects of TNT sensor development is the successful 

transition between detection in the liquid phase and the gas phase. The vast majority of 

references mentioned in these chapters have developed platform sensors for TNT 

detection in solution, because it is significantly easier compared to gas-phase detection. 

While nitroaromatics such as 1,3,5-trinitrobenzene, 1,3-dinitrobenzene, and 2,4-

dinitrotoluene possess relatively high vapor pressures, the vapor pressure of TNT is two 

orders of magnitude lower than its analogues. The low vapor pressure of TNT immensely 

complicates many detection strategies, so that pre-concentration or priming steps are 

necessitated. In order to increase the volatility of this small molecule, TNT must be 

heated significantly to increase its vapor pressure. Fortunately, TNT is stable at high 

temperatures, as its detonation temperature is upwards of 200°C.  

 In the past couple of years, a group developed a gas-phase detection strategy for 

pre-concentrating TNT and identifying it using SWV at solid-state electrodes (79). They 

heat TNT in a confined space and release the gaseous molecules into a modular device 

where the electrode is housed. Afterwards, the solid-state electrode is exposed to 

electrochemical measurements and demonstrates a concentration dependent detection of 

TNT. The attractive feature of this design is that the electrode is housed downstream in 

the instrumental setup, so that it is not exposed to the extreme heat required for increasing 

TNT volatility. Since my electrode design contains organic materials, exposing the 

assembly to temperatures above 100°C will most likely degrade my film. However, it is 
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essential to store the electrode at temperatures where the integrity of the organic 

molecules remains stable and the AuNPs do not aggregate. 
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Chapter IV 

 

NI(II)NTA GOLD AND SILVER NANOPARTICLES AS LOW-RESOURCE 

MALARIAL DIAGNOSTIC PLATFORMS FOR THE RAPID COLORIMETRIC 

DETECTION OF PLASMODIUM FALCIPARUM HISTIDINE-RICH PROTEIN-II 

 

Abstract 

 Devoid of antibodies and thermally sensitive materials, this chapter presents a 

robust, colorimetric diagnostic platform for the detection of a malarial biomarker, 

Plasmodium falciparum Histidine-Rich Protein-II (PfHRP-II) using only pennies worth 

of material. The assay exploits the optical properties of gold and silver nanoparticles, 

covalently coupling them to a Ni(II)NTA recognition element specific for PfHRP-II. This 

chapter builds off of our previously published paper that created colorimetric assays for 

detection of histidine-rich peptides (80,81). In the presence of the recombinant malarial 

biomarker (rcHRP-II), the Ni(II)NTA Au and AgNPs begin to crosslink and aggregate in 

as little as one minute, triggering color changes in solution. For enhanced assay 

sensitivity and platform stability suitable for low-resource regions, the Ni(II)NTA 

particles were assembled with varying spacer ligands in a mixed monolayer presentation. 

When assembled with a negatively charged Peg4-thiol ligand, the Ni(II)NTA AuNPs 

demonstrate low nanomolar limits of rcHRP-II detection in physiological concentrations 

of human serum albumin and maintain excellent stability at 37°C when stored for four 

weeks. Although the Ni(II)NTA AgNPs exhibit high picomolar limits of detection, the 

particles lack stability in high-temperature conditions. To further provide a low-resource 
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element to the Ni(II)NTA AuNP platform, detection of the malaria biomarker was also 

measured by capturing and processing images of aggregated gold nanoparticles with a 

smartphone camera. By utilizing a smartphone camera and image processing application, 

there is also no significant difference in assay sensitivity and rcHRP-II limit of detection 

in comparison to a spectrophotometer. 

 

Introduction 

In the developing world, early, rapid, and accurate diagnosis is essential to control 

epidemics and curb resistance for diseases such as tuberculosis, HIV/AIDS, and malaria. 

Unfortunately, high healthcare costs in these regions compounded with a lack of reliable 

electricity, a lack of skilled technicians, and a minimal infrastructure burdens disease 

diagnosis. For malaria, a parasitic disease that threatens most of the developing world and 

is responsible for approximately one million deaths per year in low-resource regions, 

rapid point-of-care diagnostic devices are necessitated. In order to combat diagnosis 

issues presented in the developing world, immunochromatographic rapid diagnostic strip 

tests (RDTs) have been distributed to detect malarial infection in as little as 15-30 

minutes by capturing Plasmodium falciparum malarial parasitic antigens in patient blood 

samples (82). These RDTs take advantage of antibody-antigen interactions to sandwich 

an antigen in between a paper substrate and AuNPs, providing a chromogenic readout for 

results indicating infectivity. In 2011, the World Health Organization (WHO) 

implemented an assessment of these strip tests and determined that only 20% retained the 

200-2000 parasites/µL threshold range in patient blood samples recommended by the 

WHO (83). It was concluded that discrepancies in manufacturing standards, along with 
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instability from long-term storage in low-resource regions, are possible explanations for 

test failure. Recent discoveries have also revealed that P. falciparum strains in Senegal 

and India have exhibited genetic diversity, and polymorphisms in the PfHRP-II antigen 

have been discovered, which further complicates diagnosis via immunoassay platforms 

(84,85). Based on these recent findings, innovative, sensitive, and robust approaches for 

antigen recognition are necessitated for sensitive and accurate malaria diagnosis.  

 Upon infection, the Plasmodium falciparum parasite secretes ~97% of a 

biomarker protein, Histidine-Rich Protein-2 (PfHRP-II), into the host’s blood, offering an 

attractive biomarker for disease diagnosis (86). Approximately ~85% of the primary 

structure of PfHRP-II is comprised of AHH and AHHAAD repeats, so that targeting 

these histidine subunit repeats offers an alternative approach for molecular recognition 

(87). Ni(II)Nitrilotriacetic acid (NTA) chelation is a well established as a strategy to 

extract and isolate His-tagged proteins, and this octahedral organometallic complex 

retains micromolar affinity to histidine by coordinating two amino acid subunits per 

molecule (88-91). Considering PfHRP-II is a naturally occurring His-tagged protein, 

Ni(II)NTA complexes can coordinate multiple repeats per protein. 

 The coupling of a Ni(II)NTA recognition component to a robust and sensitive 

platform would alleviate many of the aforementioned issues with existing RDTs and offer 

a POC diagnostic platform. Colloidal gold nanoparticles offer a desirable signal 

transduction approach because of their unique optical properties and biologically inert 

surface. In the presence of visible light, the electrons at the AuNP particle surface 

oscillate in-phase with the incident radiation, so that monodisperse colloids exhibit a 

narrow localized surface plasmon resonance (LSPR) band in the visible spectrum, thus 
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transmitting bright red colors in solution. The LSPR signal is sensitive to changes in the 

dielectric environment encompassing the particles, inspiring applications in both sensor 

and diagnostic development. Shifting the LSPR band can be induced by the physical 

aggregation of as little as 2-10 particles, which ultimately triggers a color change in 

solution (13-15). By exploiting these properties, colloidal gold nanoparticles have been 

well established as aggregation-induced colorimetric sensors for detection of nucleic 

acids, proteins, small molecules, and metal ions (92-96). The facile ligand coupling via 

covalent Au-thiol chemistry provides a robust and stable interface capable of enduring 

the extreme climates typically found in South America, sub-Saharan Africa, and southern 

Asia where malaria is endemic.  

 In this chapter, I discuss a robust, low-resource colorimetric platform for malaria 

diagnosis by selectively and rapidly aggregating Ni(II)NTA Au and AgNPs only in the 

presence of a recombinant PfHRP-II (rcHRP-II) biomarker, triggering a 

spectrophotometric redshift and subsequently, a red-to-purple color change (Figure 14). 

A custom, thiolated Ni(II)NTA recognition ligand has been previously synthesized and 

validated in our lab as a proof-of-concept design with Ni(II)NTA Au and AgNPs by 

inducing aggregation in the presence of histidine-rich peptide mimics (80). However, the 

activity of Ni(II)NTA AuNPs has never been assessed against PfHRP-II and the limits of 

detection for the peptide mimics are outside of the clinically relevant range (0.2-1 nM 

PfHRP-II) for malaria diagnosis. I also aspire to optimize the AuNP platform with 

varying spacer ligands for enhanced signal and stability, along with validating the 

diagnostic utility of these particles in a complex physiological matrix, mimicking patient 

samples. Finally, battery-powered smartphones are emerging as rapid detection 
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technologies in the medical industry, especially through the use of high dynamic range 

cameras and image processing applications. The rapid colorimetric detection of 

explosives, pH, and disease biomarkers has been previously detected and analyzed using 

smartphone technology and processing (97-100). The ability to capture a color image of 

aggregated nanoparticles with a smartphone and subsequently analyze the respective 

signal intensity using a downloaded application would reduce user bias and aid in low-

resource diagnosis of infectious diseases. 

 

 

Figure 14. Depiction of Ni(II)NTA AuNP aggregation induced by PfHRP-II, triggering a 
spectrophotometric redshift and a red-to-purple color change. 
 
 
 

Materials and Methods 

Materials and reagents  

 Citrate-stabilized gold nanoparticles (15 nm) and silver nanoparticles (20 nm) 

were purchased from Ted Pella, Inc. Recombinant P. falciparum Histidine-Rich Protein-

II (rcHRP-II) was purchased from CTK Biotech. The thiolated NTA recognition ligand 

was synthesized previously in our lab along with mercaptoundecanoic-triethylene glycol 
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(MUA-Peg3) (80). Thiol-dPeg4-acid (Peg4) and m-dPeg4-thiol (Peg4-methyl) were 

purchased from Quanta Biodesign, Ltd. 11-Mercaptoundecanoic acid (MUA), 6-

mercaptohexanol (MHOL), 11-mercaptoundecanol (MUD), were both purchased from 

Sigma Aldrich. The confounding proteins, human serum albumin (HSA) and glutathione-

S-transferase (GST), were purchased from Sigma Aldrich. All other materials/buffers 

were purchased from either Sigma Aldrich or Fisher Scientific. All deionized water was 

used with a resistivity greater than 18 MΩ�cm. 

 

Instrumentation and equipment 

 UV-vis spectra were taken with an Agilent 8453 spectrophotometer with a 

photodiode array detector. Spectrophotometric assays were performed in Corning 384 

well plates and measured with a Bio-Tek Synergy H4 plate reader. Electron microscopy 

images were taken with a CM 20 transmission electron microscope at 200 kV. A Malvern 

Zetasizer was utilized for in-solution dynamic laser light scattering size distribution 

measurements. An Eppendorf 5415D microcentrifuge was used to centrifuge AuNPs in 

1.5 mL Eppendorf tubes. A Thermo Reciprocal Shaking Bath was utilized to store the 

particles at 37°C. Photographs of suspended Ni(II)NTA AuNPs were taken with an 

iPhone 4S smartphone (Apple, CA). 

 

Synthesis of 15 nm Ni(II)NTA AuNPs 

 A 2 nM aliquot of 15 nm citrate-stabilized AuNPs was incubated with 5 µM 

thiolated NTA ligand and 5 µM spacer ligand and allowed to assemble on the particle 

surface overnight. For synthesis of the 100% Ni(II)NTA AuNPs, 10 µM thiolated NTA 
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ligand was incubated with the particles and assembled overnight. The next morning 1 mL 

aliquots of NTA-functionalized AuNPs were washed by centrifugation at 7200 gs for 45 

minutes. The supernatant was removed and the particles were resuspended in 0.1 M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing 0.025% 

Tween 20 (pH 7.4). This process was repeated three additional times and the particles 

were finally suspended in 0.1 M HEPES containing 0.025% v/v Tween 20 (pH 7.4). 

Next, 10 µM NiCl2 was added to the particles and incubated for 2 hours. After charging 

with Ni2+, the particles were washed three times with 0.1 M HEPES buffer containing 

0.025% Tween 20 (pH 7.4). After decanting the final supernatant, the particles were 

suspended in 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer containing 

0.025% v/v Tween 20 (pH 5.5). The particles were finally filtered through a 0.22 µm 

syringe filter. 

 

Synthesis of 20 nm Ni(II)NTA AgNPs 

 A 120 pM aliquot of 20 nm citrate-stabilized AgNPs was incubated with 5 µM 

thiolated NTA ligand and 5 µM spacer ligand and allowed to assemble on the particle 

surface overnight. The next morning 1 mL aliquots of NTA-functionalized AgNPs were 

washed by centrifugation at 5000 gs for 20 minutes. The supernatant was removed and 

the particles were resuspended in 0.1 M HEPES buffer containing 0.025% Tween 20 (pH 

7.4). This process was repeated three additional times and the particles were finally 

suspended in 0.1 M HEPES containing 0.025% v/v Tween 20 (pH 7.4). Next, 10 µM 

NiCl2 was added to the particles and incubated for 2 hours. After charging with Ni2+, the 

particles were washed three times with 0.1 M HEPES buffer containing 0.025% Tween 
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20 (pH 7.4). After decanting the final supernatant, the particles were suspended in 0.1 M 

2-(N-morpholino) ethanesulfonic acid (MES) buffer containing 0.025% v/v Tween 20 

(pH 5.5). The particles were finally filtered through a 0.22 µm syringe filter. 

 

rcHRP-II-induced aggregation assays with Ni(II)NTA Au and AgNPs 

 A 5 µL volume of rcHRP-II dissolved in deionized water was mixed with a 45 µL 

volume of 1.15 nM AuNPs or 80 pM AgNPs in a Corning 384 well plate. The plate was 

shaken for 15 minutes before taking absorbance measurements 600 nm and 525 nm for 

Ni(II)NTA AuNPs and 407 nm and 520 nm for Ni(II)NTA AgNPs. A background 

measurement consisted of 45 µLs of 0.1 M MES with 0.025% Tween 20 (pH 5.5) plus 5 

µL deionized water. After the background was subtracted, the aggregation signal was 

assessed by taking the ratio of the two selected wavelengths (A600nm/A525nm for AuNPs 

and A520nm/A407nm for AgNPs) and normalizing the samples containing no protein to 1. 

All measurements were performed in triplicate, while 6 replicates of blank measurements 

were recorded. 

 

rcHRP-II-induced aggregation assays with Ni(II)NTA AuNPs in complex matrices 

 A 5 µL volume of rcHRP-II dissolved in 37 mg/mL HSA was mixed with a 45 µL 

volume of 1.15 nM Peg4:Ni(II)NTA AuNPs in a Corning 384 well plate. Particles were 

suspended in 0.1 M MES buffer containing 125 mM imidazole and 150 mM NaCl with 

0.025% Tween 20 (pH 5.5). The plate was shaken for 15 minutes before taking 

absorbance measurements 600 nm and 525 nm for Ni(II)NTA AuNPs. A blank 

measurement consisted of 45 µLs of 0.1 M MES in 125 mM imidazole and 150 mM 
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NaCl with 0.025% Tween 20 (pH 5.5) plus 5 µL 37 mg/mL human serum albumin. After 

the blank was subtracted, the aggregation signal was assessed by taking the ratio of the 

two selected wavelengths (A600/A525) and normalizing the samples containing no rcHRP-

II to 1. All measurements were performed in triplicate, while 6 replicates of blank 

measurements were recorded. 

 

Low-resource Ni(II)NTA AuNP aggregation analysis with iOS application 

 The Peg4:Ni(II)NTA AuNPs were titrated against rcHRP-II in a white Costar 96 

well plates. A 180 µL Peg4:Ni(II)NTA AuNP suspension (1.15 nM) in 0.1 M MES 

containing 125 mM imidazole and 150 mM NaCl with 0.025% Tween 20 (pH 5.5) was 

added to a white Costar 96 well plate. Next, 20 µLs of a rcHRP-II protein solution was 

added to the wells before incubating for 15 minutes. High dynamic range images of the 

AuNPs were captured with an iPhone 4S camera with the iOS 7.0.6 platform. For color 

analysis, the commercially available iPhone application, Color Companion (Digital 

Media Interactive, LLC), was downloaded onto the iOS 7.0.6 platform for analysis of the 

red, blue and green signal intensities of gold nanoparticle suspensions in each well. 

Analysis was calculated by averaging the green and blue signal intensities and dividing it 

by the red signal intensity. Blank measurements (no protein added to wells) were 

normalized to values of one.  
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Results and Discussion 

Ni(II)NTA AuNP characterization  

 The functionalization of gold nanoparticles with a thiolated Ni(II)NTA 

recognition ligand specific for the PfHRP-II malarial biomarker has the potential to create 

a rapid, robust diagnostic, capable of withstanding the extreme climates encountered in 

low-resource regions of the world. Moreover, manipulation of the gold particle surface 

with varying spacer ligands has the ability to improve both assay sensitivity and long-

term stability in the developing world. All of the ligands used in this chapter are shown 

below (Figure 15). The hydrophobic alkanethiols, mercaptoundecanoic acid (MUA), 

mercaptohexanol (MHOL), and mercaptoundecanol (MUD) possess strong self-assembly 

characteristics because the van der Waals interactions between methylene units on 

neighboring ligands promote a strong and stable monolayer adsorbed to the gold surface 

(19). MUA contains a terminal negative charge, enhancing stability of colloidal particles, 

while MHOL and MUD both possess a terminal alcohol, facilitating crosslinking 

interactions and hydrogen bonding between the protein-particle interfaces. Thiol-dPeg4-

Acid (Peg4) and dPeg4-thiol (Peg4-methyl) possess hydrophilic character and are readily 

water-soluble, promoting favorable interactions among aqueous colloidal nanomaterials. 

In addition, polyethylene glycol molecules are well-known for their anti-fouling and 

repellant properties versus protein and cell adsorption, further enhancing stability and 

reducing the risk of non-specific binding in this assay (101-104). Finally, the 

mercaptoundecanoic acid-triethylene glycol (MUA-Peg3) amphiphilic ligand provides 

strong self-assembly characteristics in addition to anti-fouling properties. Many of the 

spacer ligands display similar performances when assembled onto AuNPs, so for the 
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purposes of brevity, the activities of MUA, MHOL, and Peg4 are discussed in this 

chapter, while the data for MUA-Peg3, MUD, and Peg4-methyl is presented in the 

supplemental data in appendix C.   

 

 

 

Figure 15. Structures and abbreviations of spacer ligands and the NTA recognition ligand 
in this chapter. 
 
  

 Upon functionalization with 50:50 ratios of Ni(II)NTA recognition ligand relative 

to varying spacer ligands, the particles are stable, as indicated by the bright red colors in 

solution, the narrow surface plasmon resonance band in the UV-vis spectra, and the 

monodisperse particle size distribution in the electron microscopy images (Figure 16). 

Relative to citrate-stabilized gold nanoparticles, the Ni(II)NTA-functionalized particles 

undergo a 3-5 nm red shift in the UV-vis spectrum, which correlates to the coordination 

of a dielectric monolayer to the particle surface, as indicated by the 3-5 nm 

hydrodynamic diameter increase in laser light scattering experiments (Figure 17). 
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Figure 16. Ni(II)NTA AuNP characterization in 0.1 M MES with 0.025% Tween 20 (pH 
5.5). UV-vis spectra, TEM images and suspended AuNP images of monodisperse (A) 
100% Ni(II)NTA AuNPs, (B) 50:50 MHOL:Ni(II)NTA AuNPs, (C) 50:50 
Peg4:Ni(II)NTA AuNPs, and (D) 50:50 MUA:Ni(II)NTA AuNPs. 
 
 
 

	
  
Figure 17. (A) Spectrophotometric and (B) dynamic laser light scattering spectral shifts 
of Ni(II)NTA AuNPs upon coordination of ligands to metal surface. 1 nM concentrations 
of AuNPs were suspended in 0.1 M MES buffer with 0.025% Tween 20 (pH 5.5). 
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Ni(II)NTA AuNP aggregation induced by rcHRP-II 

 The previous Ni(II)NTA Au and AgNP platform demonstrating the aggregation 

activity of PfHRP-II peptide mimics highlights the importance of pH in the assay (80). 

Below the isoelectric point of histidine (~6), the positively charged free imidazole side 

chains create a hydrogen bond network among neighboring proteins, thus facilitating 

crosslinking interactions between the Ni(II)NTA moieties on neighboring particles and 

the protein. In addition, below pH 7, PfHRP-II primarily adopts a α-helical structure in 

vitro, orienting histidine units on the surface of the protein (105). PfHRP-II also 

coordinates as many as 15-17 Fe(II) heme molecules in vitro via bishistidyl axial ligation, 

ultimately adopting a 310-helical secondary structure in the process (104). The slightly 

acidic pH nature of the assay gives rise to protein orientations for favorable Ni(II)-

histidine coordination and reduced steric effects, while the heme binding studies validate 

M(II) affinity as a recognition component.  

 Upon reacting the Ni(II)NTA AuNPs with 100 nM rcHRP-II at pH 5.5, all 

particles exhibit aggregation. Indicated by the spectrophotometric red shift, the particles 

physically change color from red to purple, due to plasmon band coupling from rcHRP-

II-induced aggregation (Figure 18). Protein-induced aggregation is further confirmed by 

TEM images and the substantial shift in size distribution of particles in dynamic laser 

light scattering experiments. Nearly 50% of the spectrophotometric signal given off by 

particle aggregation occurs after one minute, as indicated by a substantial red shift in the 

UV-vis spectra (Appendix C). Final absorbance measurements are taken after 15 minutes, 

as the spectrophotometric signal begins to level off. The rapid timeframe required to 
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generate a signal induced by particle aggregation compares very well with the 15-30 

minute timeframe for current RDT’s.  

 

 

Figure 18. Aggregation of Ni(II)NTA AuNPs in the presence of 100 nM rcHRP-II at pH 
5.5 for (A) 100% Ni(II)NTA AuNPs, (B) 50:50 MHOL:Ni(II)NTA AuNPs, (C) 50:50 
Peg4:Ni(II)NTA AuNPs, and (D) 50:50 MUA:Ni(II)NTA AuNPs. The top graphs 
represent UV-vis spectra before (solid line) and after (dashed line) adding rcHRP-II. The 
images on the left are the color changes the particles undergo before (left) and after 
(right) aggregation. The middle graphs represent dynamic laser light scattering particle 
size distributions before (solid line) and after (dashed line) rcHRP-II-induced 
aggregation. The bottom row shows TEM images of rcHRP-II-induced aggregated 
Ni(II)NTA AuNPs.   
 
 

 In order to determine the activity of the Ni(II)NTA AuNPs with varying spacer 

ligands, rcHRP-II is titrated against each Ni(II)NTA AuNP platform (Figure 19). After 15 

minutes incubation with rcHRP-II, the spectrophotometric signal is measured by taking a 

ratio of two selected absorbance wavelengths (A600nm/A525nm) and normalizing the blank 

values to 1. With the assembly of all spacer ligands, the assay limit of detection increases 

by an order of magnitude relative to the 100% Ni(II)NTA AuNPs (Appendix C). The 
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MHOL:Ni(II)NTA AuNPs exhibit the highest sensitivity along with the largest signal-to-

noise at the saturated rcHRP-II concentrations. In contrast, the 100% Ni(II)NTA AuNPs 

display the lowest sensitivity, signal-to-noise, and the highest limit of rcHRP-II detection. 

The Peg4:Ni(II)NTA AuNPs and MUA:Ni(II)NTA AuNPs exhibit excellent limits of 

detection, but decreased signal and sensitivity in comparison to MHOL:Ni(II)NTA 

AuNPs. It is hypothesized that steric crowding of the 100% Ni(II)NTA ligand monolayer 

is responsible for the reduced sensitivity and detection limits. When Ni(II)NTA AuNPs 

are assembled with MUA and Peg4 spacer ligands, the terminal negative charge on the 

spacer ligand most likely repels the particles, decreasing their overall signal and 

sensitivity relative to the MHOL:Ni(II)NTA AuNPs. The assembly of Ni(II)NTA AuNPs 

with the small MHOL reduces steric crowding and its terminal alcohol facilitates 

hydrogen-bonding interactions among the protein-particle interface, ultimately favoring 

aggregation in the presence of rcHRP-II. Compared to the high nanomolar limits of 

detection against histidine-rich peptide mimics, the Ni(II)NTA AuNP platform assembled 

with spacer ligands increases the rcHRP-II limits of detection by two orders of magnitude 

into clinically relevant ranges.  
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Figure 19. Titration of rcHRP-II with Ni(II)NTA AuNPs assembled with varying spacer 
ligands in 0.1 M MES with 0.025% Tween 20 (pH 5.5). (A) Spectrophotometric titrations 
and (B) Colorimetric titrations ranging from 0-100 nM rcHRP-II concentrations. From 
top, 100% Ni(II)NTA AuNPs, 50:50 MHOL:Ni(II)NTA AuNPs, 50:50 Peg4:Ni(II)NTA 
AuNPs, and 50:50 MUA:Ni(II)NTA AuNPs. 
 
 
 
Ni(II)NTA AuNP stability 

 In order to determine the viability of the Ni(II)NTA AuNPs as a malarial 

diagnostic, the particles with varying spacer ligands are evaluated in conditions 

mimicking the environments encountered in low-resource settings. All of the particles are 

stored in a water bath (37°C) for a four-week time period, mimicking low-resource 

regions with the most extreme temperatures and humidity. At two-week and four-week 

intervals, the aggregation activity of the particles is assessed upon exposure to 100 nM 

rcHRP-II (Figure 20). Ni(II)NTA AuNPs assembled with the negatively charged MUA 

and Peg4 spacer ligands maintain consistent aggregation activity over the four-week time 

period. It is hypothesized that the stable self-assembled monolayer along with the 

negative terminal charge prevents particle aggregation in solution in order to maintain 

stability. In addition, the 100% Ni(II)NTA AuNPs also preserve stability at the elevated 

temperature because the Ni(II)NTA complex is partially negatively charged. In contrast, 

the MHOL:Ni(II)NTA AuNPs lose approximately two-thirds of their aggregation activity 
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after two weeks and nearly 100% activity after four weeks. It has been recently 

understood that colloidal AuNPs assembled with short-chained alkanethiols lose stability 

due to their overwhelming van der Waal interactions between neighboring ligands, and 

aggregation ultimately occurs (107). This study also affirms that colloidal AuNPs 

assembled with longer MUA and Peg4 ligands retain stability. The AuNP stability is 

further tracked by measuring variances in the UV-vis spectra at the aforementioned time 

intervals. The LSPR peak associated with the MHOL:Ni(II)NTA AuNPs begins to 

redshift after one week at 37°C. After four weeks elapsed time, these particles lose 

significant absorbance in the UV-vis spectrum, and the LSPR redshifts approximately 65 

nm, indicating complete aggregation and a lack of stability in these conditions (Appendix 

C). In contrast, the 100% Ni(II)NTA AuNPs and MUA:Ni(II)NTA AuNPs maintain  

>80% of their LSPR absorbance after four weeks, while the Peg4:Ni(II)NTA AuNPs 

possess >90% of their LSPR absorbance after four weeks.  
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Figure 20. Stability of Ni(II)NTA AuNPs at 37°C. 1 nM Ni(II)NTA AuNP suspensions at 
pH 5.5 are stored in sealed 1.5 mL Eppendorf tubes in a water bath at 37°C for four 
weeks. At two-week intervals, the particles are reacted with 100 nM rcHRP-II for 15 
minutes before taking absorbance measurements at 525 nm and 600 nm. 
 
 
 
Peg4:Ni(II)NTA AuNP assay performance in imidazole 

 Peg4:Ni(II)NTA AuNPs are chosen for further assays in human serum albumin 

(HSA) and plasma complex matrices because of their consistent stability and activity 

when stored at elevated temperatures. The Peg4:Ni(II)NTA AuNPs retain the highest 

relative LSPR peak absorbance after four weeks incubation in addition to their consistent 

aggregation activity at 37°C. Moreover, Peg molecules are well established as anti-

fouling agents, further reducing non-specific binding in our assay. A series of blocking 

conditions is first established for the Peg4:Ni(II)NTA AuNPs. Imidazole is known to have 

millimolar affinity for Ni(II)NTA and serves as a blocking agent to physiological 

confounding proteins such as HSA (108). When incubated in 0.1 M MES buffer 

containing imidazole and NaCl, the Peg4:Ni(II)NTA AuNPs are stable up to 250 mM 

concentrations, whereas above 250 mM imidazole, the Ni(II)NTA sites become 
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overwhelmed by imidazole, and aggregation ultimately occurs (Appendix C). In the 

presence of 100 nM rcHRP-II, imidazole enhances assay performance linearly from 0 

mM to 50 mM imidazole. Between 50 mM and 250 mM imidazole, the maximum assay 

signal plateaus, whereas above 250 mM, assay signal decreases due to imidazole-induced 

aggregation (Appendix C). A blocking condition of 125 mM imidazole is chosen because 

at this concentration, the signal-to-noise ratio is optimized and the particles are 

monodisperse (Figure 21).  

 

 

Figure 21. Effect of 125 mM imidazole on Peg4:Ni(II)NTA AuNP aggregation when 
induced by rcHRP-II. The particles are suspended in 125 mM imidazole and 150 mM 
NaCl in 0.1 M MES buffer with 0.025% Tween 20 (pH 5.5) upon being incubated with 
varying concentrations of rcHRP-II. After 15 minutes, absorbance measurements are 
taken at 525 nm and 600 nm.  
 
  

 The particles are first titrated against rcHRP-II and demonstrate a three-fold 

increase in sensitivity and a two-fold saturated signal-to-noise enhancement (Appendix 

C). The protonated imidazole cations at high concentrations aid in rcHRP-II-induced 

Ni(II)NTA AuNP aggregation by facilitating the cation-hydrogen bond network among 
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neighboring proteins, thus increasing assay sensitivity. To control for non-specific 

interactions, the Ni(II)NTA AuNPs are titrated against the fusion protein tagged onto 

recombinant rcHRP-II, glutathione-S-transferase (GST), and no significant aggregation is 

evident. 

 

Peg4:Ni(II)NTA AuNP colorimetric analysis with smartphone application 

 Although Peg4:Ni(II)NTA AuNP activity can be easily measured with a 

spectrophotometer in a laboratory setting, inconsistent electricity burdens this analytical 

technique in low-resource regions. However, the physical color transitions of 

Peg4:Ni(II)NTA AuNP aggregates upon rcHRP-II incubation can be captured with a 

battery-powered iPhone and subsequently quantified with image processing applications, 

further making this diagnostic platform applicable to low-resource areas. Taking 

advantage of a commercially available iPhone application, Color Companion, 

photographs of suspended nanoparticles are uploaded and processed for analysis of the 

RGB color intensities. To achieve a raw signal intensity value, the blue and green 

intensities are averaged and divided by the red intensity. The rcHRP-II biomarker is 

titrated with the Peg4:Ni(II)NTA AuNPs in a white, opaque 96-well plate for enhanced 

contrast (Appendix C). The wells containing AuNPs with no protein added are 

normalized to values of one. The signal generated by the Color Companion application 

yields a linear response between 0-40 nM rcHRP-II concentrations before saturation, 

similar to the signal generated by a spectrophotometer (Figure 22). There is also no 

significant difference between the sensitivity (0.038 Signal/nM) and limit of detection 

(5.2 nM) in comparison to spectrophotometric detection. The image capturing and 
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processing using this smartphone platform are capable of processing and quantifying 

molecular recognition events in future colorimetric assays.    

 

 

Figure 22. Workflow of low-resource detection of rcHRP-II using the Peg4:Ni(II)NTA 
AuNP platform. (A) The Peg4:Ni(II)NTA AuNPs (1 nM, 0.1 M MES containing 125 mM 
imidazole, 150 mM NaCl, and 0.025% Tween 20) were titrated with rcHRP-II and after 
15 minutes, images of the suspended particles were captured with an iPhone 4S camera 
and uploaded into the Color Companion commercial application. In order to process the 
color change induced by rcHRP-II, the bulls-eye cursor (highlighted with the dashed red 
circle) was moved over a well in a white 96 well-plate and RGB signal intensities were 
conferred (highlighted with the dashed red box). To calculate raw signal, the green and 
blue signal intensities were averaged and divided by the red signal intensity values. (B) 
Plot of signal intensity measured with a spectrophotometer and the Color Companion 
commercial application. There is no significant difference in sensitivity and rcHRP-II 
limit of detection between the spectrophotometer and the commercial application. 
 
  

Peg4:Ni(II)NTA AuNP assay performance in complex matrices  

 In order to mimic a potential patient sample, rcHRP-II is dissolved in the 

physiological concentrations of HSA (37 mg/mL) and human plasma, respectively. When 
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demonstrated by the spectrophotometric linear dynamic range and the similar color 

change upon reactions with rcHRP-II (Figure 23). There is also no significant difference 

in limits of detection when rcHRP-II is dissolved in 37 mg/mL versus 0 mg/mL HSA, 

demonstrating the robust, selective nature of the Peg4:Ni(II)NTA AuNP platform 

(Appendix C). The 125 mM imidazole concentration provides adequate blocking in the 

HSA biological matrix, but does not interfere with rcHRP-II-induced aggregation when 

dissolved in 37 mg/mL HSA. However, the particles show little activity when rcHRP-II 

is dissolved in plasma. The high viscosity of plasma makes particle aggregation difficult 

because Ni(II)NTA only has micromolar affinity to histidine subunits. However, the low 

nanomolar limits of rcHRP-II detection in HSA are competitive with the WHO’s upper 

threshold limit of detection of 2000 parasites/µL, which corresponds to approximately 1 

nM PfHRP-II. In order to make an impact in the developing world, the PfHRP-II 

biomarker limit of detection must be 200 pM and below in order to identify 

asymptomatic carriers of the disease, as per recommendation by the WHO.  

 

 

Figure 23. Titrations of rcHRP-II with Peg4:Ni(II)NTA AuNPs when the biomarker is 
dissolved in a physiological concentration of human serum albumin and plasma. 
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20 nm Peg4:Ni(II)NTA AgNP rationale for enhanced assay signal 

 The WHO recommends a lower operational threshold detection of 200-2000 

parasites/µL for RDT use in the developing world, which correlates to 0.2-1 nM PfHRP-

II in a patient blood sample. In order to be provide utility in low-resource regions, the 

limit of rcHRP-II detection must be enhanced by at least an order of magnitude. Silver 

nanoparticles (AgNPs) offer an attractive solution because not only do they exhibit the 

surface plasmon resonance phenomenon, but also their molar extinction coefficient is 

approximately an order of magnitude greater than AuNPs of the same size, which could 

potentially increase the sensitivity of rcHRP-II detection. AgNPs have demonstrated 

excellent scattering properties and as a result, possess a very strong electromagnetic field 

at the particle surface, which has provided applications in surface-enhanced Raman 

spectroscopy, colorimetric sensing, and near-field fluorescence enhancement (11,80). In 

addition, the noble metal silver also has a strong proclivity for thiols, promoting facile 

ligand coupling onto the particle surface with the well-characterized Ni(II)NTA 

recognition ligand. Since Peg4 demonstrates optimum stability when adsorbed onto 

AuNP surfaces, it is mixed in a 1:1 ratio of Ni(II)NTA recognition ligand and assembled 

onto AgNP surfaces (Figure 24).   
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Figure 24. (A) Spectrophotometric and (B) dynamic laser light scattering spectral shifts 
of 20 nm Ni(II)NTA AgNPs upon coordination of ligands to metal surface. 100 pM 
concentrations of AgNPs were suspended in 0.1 M MES buffer with 0.025% Tween 20 
(pH 5.5).  
 
 

Peg4:Ni(II)NTA AgNPs assays with rcHRP-II 

 The Peg4:Ni(II)NTA AgNPs ligand is easily assembled onto the Ag surface, as 

shown by the spectrophotometric redshift and the hydrodynamic particle increase in DLS 

experiments. The Peg4:Ni(II)NTA AgNPs rapidly aggregate upon rcHRP-II incubation, 

inducing a spectral redshift, and a yellow-to-red color change in solution (Figure 25). 

Characterized similarly to the Ni(II)NTA AuNPs upon reacting with rcHRP-II, the 

aggregated AgNPs demonstrate a large UV-vis spectral shift and a substantial increase in 

hydrodynamic particle diameter. Additionally, a second peak begins to arise in the UV-

vis spectral profile at 500 nm, generating the potential for an enhanced sensitivity. 
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Figure 25. Aggregation of Ni(II)NTA AgNPs upon reactions with 100 nM rcHRP-II. 
Particles (80 pM) are suspended in 0.1 M MES with 0.025% Tween 20 (pH 5.5). (A) 
Spectrophotometric shift before (solid line) and after (dashed line) adding rcHRP-II. The 
picture on the top depicts AgNPs before aggregation while the picture on the bottom is 
indicative of aggregated AgNPs. (B) Dynamic laser light scattering before (solid line) 
and after (dashed line) adding rcHRP-II. (C) TEM images before (top) and after (bottom) 
adding rcHRP-II.    
 
 
 

 
Figure 26. Titration of rcHRP-II and GST with 80 pM Peg4:Ni(II)NTA AgNPs. 
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activity. The 0.79 nM limit of detection and the 0.36 AU/nM sensitivity, respectively, are 

approximately an order of magnitude greater than the Peg4:Ni(II)NTA AuNPs under 

identical reaction conditions, falling within the 0.2-1 nM range recommended by the 

WHO. In addition, they display similar levels of specificity relative to the AuNPs, 

showing zero activity when reacted with GST and validating the specificity of the 

Ni(II)NTA platform. In order to probe for stability, the particles are stored in conditions 

mimicking intense climates in the developing world (Figure 27). After four weeks at 

room temperature, the particles lose approximately one-third of their initial absorbance 

value, while at 37°C, the absorbance diminishes by a factor of two-thirds. Although silver 

exhibits an order of magnitude signal enhancement, the particles are not stable. The 

volatility associated with Peg4:Ni(II)NTA AgNPs reveal higher error bars at saturated 

rcHRP-II conditions. These results suggest two possible explanations for the high levels 

of variability. First, silver does not possess the completely inert characteristics like gold 

and is more prone to oxidation (109). Second, ligands are adsorbed in unfavorable 

assemblies (110). While alkanethiols assemble at a 60° angle relative to the gold surface, 

the efficient ligand packing creates optimized of van der Waal interactions, and as a 

result, a stable monolayer. Silver, on the contrary, packs ligands at 75-85° angles relative 

to the surface, reducing the van der Waal interactions and diminishing the overall 

monolayer strength (110). The subsequent S-C bond on AgNPs is also more strained 

because the ligands assemble in a more perpendicular fashion, further reducing 

monolayer stability. These problems demonstrate that only the AuNP platform 

demonstrates utility in the developing world. These results also indicate that the failure of 
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RDTs is most likely due to antibody degradation, and not particle degradation or 

aggregation. 

 

 

Figure 27. Stability studies of 80 pM Peg4:Ni(II)NTA AgNPs suspended in 0.1 M MES 
with 0.025% Tween 20 (pH 5.5). (A) UV-vis spectra when AgNPs are stored at 22°C and 
(B) 37°C. (C) Aggregation activity when reacted with 100 nM rcHRP-II after two week 
intervals. These particles were stored at 37°C.  
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AuNPs retain excellent stability when stored at 37°C for four weeks, suggesting that this 

diagnostic platform can endure the harsh climates encountered in low-resource regions. 

In the presence of rcHRP-II, the Ni(II)NTA AuNPs aggregate in as little as one minute, 

while the 15-minute timeframe required to level the spectrophotometric signal is very 

competitive with existing malaria RDTs. The Peg4:Ni(II)NTA AuNPs also exhibit low 

nanomolar limits of rcHRP-II detection when dissolved in the physiological 

concentration of the most abundant interfering protein, human serum albumin, 

overlapping the WHO’s upper threshold detection limit of 2000 parasites/µL or 1 nM 

PfHRP-II. Finally, the signal generated by aggregated AuNPs can be digitized with an 

iPhone camera and processed with a commercially available application, demonstrating 

similar sensitivity and limits of detection in comparison to a spectrophotometer. With the 

stable Peg4 platform, signal enhancement is achieved with AgNPs, but the lack of 

stability complicates this platform as a low-resource diagnostic platform. Nonetheless, 

the simple user interface of this diagnostic platform coupled with the rapid response 

times of rcHRP-II-induced NP aggregation may be amenable to low-resource regions if 

sensitivity can be achieved without compromising stability. 
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Chapter V 
 
 
 

COFFEE RINGS AS LOW-RESOURCE DIAGNOSTICS: DETECTION OF THE 

MALARIAL BIOMARKER PLASMODIUM FALCIPARUM HISTIDINE-RICH 

PROTEIN-II USING A SURFACE COUPLED RING OF NI(II)NTA GOLD-PLATED 

POLYSTYRENE MICROPARTICLES 

 

Abstract 

 This chapter elucidates a novel, low-resource malaria diagnostic platform inspired 

by the coffee ring phenomenon, selective for Plasmodium falciparum Histidine-Rich 

Protein 2 (PfHRP-II), a biomarker indicative of the P. falciparum parasite strain. In this 

diagnostic design, a recombinant HRP-II (rcHRP-II) biomarker is sandwiched between 1 

µm Ni(II)Nitrilotriacetic acid (NTA) gold-plated polystyrene microspheres (AuPS) and 

Ni(II)NTA-functionalized glass (111). After reacting rcHRP-II malaria biomarkers with 

Ni(II)NTA-functionalized particles, a 1 µL volume of the particle-protein conjugate 

solution is deposited onto a functionalized glass slide. Drop evaporation produces the 

radial flow characteristic of coffee ring formation and particle-protein conjugates are 

transported toward the drop edge, where, in the presence of rcHRP-II, particles bind to 

the Ni(II)NTA-functionalized glass surface. After evaporation, a wash with deionized 

water removes non-specifically bound materials, while maintaining the integrity of the 

surface-coupled ring produced by the presence of protein biomarker. The dynamic range 

of this design spans three orders of magnitude and rings are visible with the naked eye 

down to 10 pM protein concentrations, an order of magnitude below the 100 pM PfHRP-
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II threshold recommended by the World Health Organization (WHO). This robust, 

antibody-free assay offers a simple user interface and clinically relevant limits of 

biomarker detection, two critical features required for a low-resource malaria detection. 

 

Introduction 

 The previous chapter elucidates the Ni(II)NTA Au and AgNPs as platform sensors 

for malaria diagnostics. One of the biggest shortcomings is that the sensitivity falls 

outside of clinically relevant ranges for rcHRP-II detection. In this chapter, the design of 

an antibody-free format for a malaria test based on the everyday phenomenon that form 

coffee ring stains on a kitchen counter is described. The ability to capture and concentrate 

a biomarker using a ring of particles not only enhances assay sensitivity, but an untrained 

user would be able to diagnose malaria in times comparable to existing rapid diagnostic 

tests.  As originally described by Deegan and coworkers, evaporating colloidal drops 

contain an outwardly-directed radial flow to replenish solvent which evaporates at a 

greater rate from the edge of the drop. These radial flows transport materials in solution 

to the periphery of the drop where they become concentrated and form a characteristic 

ring pattern (112-114). Earlier studies have shown that drying drops containing biological 

material form patterns with possible applications for separations and diagnostics (115-

122). However, none of these publications fully apply their assay to detection of 

biomarkers in a low-resource setting, often requiring the use of a fluorescence 

microscope and other laboratory equipment. 

 In this investigation, a simplified enzyme-linked immunosorbent assay (ELISA) 

format overcomes the sensitivity obstacles established in the previous chapter by 
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coupling particles to a functionalized glass surface at the edge of an evaporating drop 

only in the presence of the PfHRP-II malaria biomarker. The design incorporates a unique 

and robust Ni(II)NTA Au-plated polystyrene microsphere (AuPS) platform and a simple 

water wash step after evaporation to rinse non-specific materials from the glass surface, 

leaving behind a visibly detectable ring indicating a positive test result. Figure 28 outlines 

a proposed strategy for ring formation in the presence of malaria biomarker, where 

recombinant HRP-II (rcHRP-II) is first reacted and sandwiched between Ni(II)NTA 

AuPSs in solution (Figure 28). Next, this biomarker-particle conjugate solution is 

deposited onto a Ni(II)NTA-functionalized glass slide and allowed to evaporate, where 

the natural radial flow transports the particles to the drop edge, elucidating a ring (Figure 

28B). The final water rinse step after evaporation maintains the integrity of the ring in the 

presence of rcHRP-II, whereas non-specific materials are washed away from the surface. 

After rinsing, the protein biomarker remains sandwiched between the Ni(II)NTA-

functionalized particles and glass slide, elucidating a ring of particles (Figure 28C). The 

results presented in this report demonstrate detection of the recombinant malaria 

biomarker at a clinically relevant limit of detection. 
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Figure 28. Proposed strategy of ring formation for rcHRP-II detection using Ni(II)NTA 
AuPSs. (A) A solution of Ni(II)NTA AuPSs is reacted with rcHRP-II, inducing 
crosslinking between particles, and ultimately aggregation. (B) A small volume of this 
particle-protein aggregate solution is deposited onto a Ni(II)NTA-functionalized glass 
slide (left) and allowed to dry. The right animation displays that evaporation occurs the 
most rapidly at the edge of the drop (red arrows), so that fluid from the center of the drop 
migrates to the edge to compensate for the sudden evaporative loss. As a result, a surface 
tension gradient is created, hereby pulling the particle-protein conjugates towards the 
edge and forming a ring. (C) After the drop fully dries, the glass is washed with deionized 
water, and the integrity of the ring is maintained because the rcHRP-II is sandwiched 
between the Ni(II)NTA-functionalized glass and Ni(II)NTA-functionalized AuNPs, 
mimicking an enzyme-linked immunosorbent assay. The left animation is a side view 
upon washing the glass, elucidating the coordination of the histidine residues on rcHRP-
II to Ni(II)NTA on the glass. The animation on the right is a top view, displaying a ring 
elicited by the formation of aggregated Ni(II)NTA AuPSs. 
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Materials and Methods 

Materials and reagents 

 Ni(II)NTA-functionalized glass was purchased from Xenopore. 1.1 µm amine-

terminated polystyrene spheres were purchased from Life Technologies Corporation 

(Invitrogen). Micron-sized beads were also purchased from Spherotech, Polysciences 

Inc., and Bangs Laboratories. Recombinant P. falciparum Histidine-Rich Protein-II 

containing a glutathione-S-transferase (GST) fusion tag was obtained from CTK Biotech. 

Human serum albumin (HSA), GST, and α2-Macroglobulin (A2M) were purchased from 

Sigma-Aldrich. Thiol-dPEG4-acid was purchased from Quanta Biodesign. N-Cyclohexyl-

2-aminoethanesulfonic acid (CHES) and 2-(N-morpholino)ethanesulfonic acid (MES) 

buffers were purchased from Sigma. All other reagents are of analytical grade and used 

as received from either Sigma-Aldrich or Fisher Scientific. Ultrapure water with a 

resistivity greater than 18 MΩ�cm was used for all experiments.  

 

Instrumentation  

 Transmission electron microscopy (TEM) images were captured using a Phillips 

CM20 microscope at 200 kV. Size distributions of suspended particles were determined 

by dynamic laser scattering (DLS) using a Malvern Nano Zetasizer. Spectral 

characterization was performed on either an Agilent 8453 UV-vis spectrophotometer or a 

Bio-Tek Synergy H4 plate reader. Ring images were captured with a 2X objective on a 

Nikon TE2000U inverted microscope with a charge coupled device (CCD) camera 

(Hamamatsu Photonics model C7780-20).  
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Synthesis of THPC-functionalized AuNP seeds 

 2-4 nm tetrakis(hydroxymethyl)phosphonium chloride (THPC) functionalized 

AuNPs were synthesized in a 100 mL round bottom flask by combining 500 µL of 1 M 

NaOH and 1 mL of 0.95% (v/v%) THPC to 45 mLs DI H2O. To the vigorously stirred 

solution, 10 mLs of 5 mM HAuCl4 was added rapidly, changing the color from clear to 

dark brown in seconds. The solution was stirred for an additional minute and the pH was 

decreased to 5.5 with concentrated hydrochloric acid. 

 

Synthesis of Au-plated polystyrene microspheres (AuPSs)  

 The plating of gold nanoshells, first pioneered by Halas et al., has been 

subsequently modified to accommodate 1 µm polystyrene spheres (123-127). A seed 

mediated adsorption onto polystyrene was achieved by combining a 5 mL solution of 

stock THPC-functionalized AuNPs (pH 5.5) to a 25 µL stock solution (45 pM) of amine-

terminated polystyrene microspheres. After stirring vigorously for 24 hours, the solution 

was centrifuged at 1200 gs (3400 RPM) for 10 minutes. The polystyrene spheres were 

washed by decanting the AuNP supernatant and suspending in 5 mL H2O. This process 

was repeated four additional times, in which the final AuNP-seeded polystyrene particle 

suspension was 25 µLs in H2O. To achieve a uniform gold nanoshell encompassing the 

polystyrene microsphere, an electroless plating solution was first prepared separately by 

dissolving 50 mgs of K2CO3 in 185 mLs DI H2O and stirring for 5 minutes. Next, 15 mLs 

of 5 mM HAuCl4 was added to the solution and stirring ceased. Over the course of 30 

minutes, the solution turned from light yellow to clear, indicating the reduction of Au(III) 

to Au(I). This solution was aged overnight in the dark to prevent photocatalytic reduction 
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of Au(I) to Au(0). In a conical tube, 25 µLs of the AuNP-seeded polystyrene spheres 

were suspended in 5 mLs of the aged electroless plating solution before adding 10 µLs of 

37% formaldehyde to promote the reduction of Au(I) onto the AuNPs adsorbed to 

polystyrene. This solution was vortexed for 2 minutes and subsequently turned black, 

indicating the plating of a thin gold nanoshell encompassing the polystyrene. Next, the 5 

mLs of solution was centrifuged for 5 minutes at 1200 gs. The supernatant was then 

decanted and the Au-plated particles were suspended in 3 mLs DI H2O. The 

centrifugation process was repeated three additional times before suspending in 1 mL DI 

H2O to achieve a 1 pM particle concentration. 

 

Synthesis of Ni(II)NTA AuPSs  

 To achieve a Ni(II)NTA recognition platform, a 5 mM concentration of Thiol-

dPEG4-acid was mixed with 5 mM of a modular, thiolated NTA ligand that was 

previously synthesized in our lab (80). To the 1 pM Au-plated polystyrene suspension, 10 

µLs (100 µM total ligand) of the ligand solution was added and incubated overnight. 

Three washes were performed by centrifuging the particles at 1200 gs for 5 minutes and 

resuspending in 3 mLs of water. The NTA-functionalized particles were suspended in 1 

mL 0.1 M CHES buffer (pH 9.0) and 100 µM NiCl2�6H2O was added. The particles were 

incubated overnight and subsequently washed four times at 1200 gs for 5 minutes with 

water. 
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Quantifying Gold Concentrations on AuPSs  

 In order to quantify the average gold concentration on each polystyrene particle, 

100 µL aliquots of 1 pM suspensions of AuNP-seeded polystyrene particles and NH2-

terminated polystyrene spheres were treated with 400 µL of 8 mM KCN and agitated for 

15 minutes. Next the particles were centrifuged at 16,100 gs for 5 minutes and the 

supernatant was decanted. The supernatant was then filtered through a 0.22 µm filter. The 

UV spectrum of the K[Au(CN)2] complex has known extinction coefficients at 204, 211, 

230, and 240 nm (128,129). In order to quantify the average gold concentration on each 

AuPS, a 50 µL aliquot of a 1 pM suspension of AuPSs was treated with 450 µL of 8 mM 

KCN and agitated for 15 minutes. Next the particles were centrifuged at 16,100 gs for 5 

minutes, the supernatant was then decanted, and filtered through a 0.22 µm filter. The UV 

spectrum of the K[Au(CN)2] complex was then measured with an Agilent 8453 

spectrophotometer. 

 

Dynamic Laser Light Scattering Assays with Ni(II)NTA AuPSs  

 A 90 µL aliquot of 1 pM Ni(II)NTA AuPSs suspended in 0.1 M MES buffer 

containing 125 mM imidazole and 0.02% Tween 20 (pH 5.5) was reacted against 10 µL 

of a protein solution for 15 minutes. Afterwards, size distribution profiles of the particles 

were taken where an average hydrodynamic particle diameter was determined.  

 

Ring assays with Ni(II)NTA AuPSs  

A 1 pM concentration of Ni(II)NTA AuPS containing 0.02% Tween 20 was reacted 

against varying concentrations of rcHRP-II and GST for 15 minutes at pH 5.5. 
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Afterwards, 1% glycerol was added to the solution and a 1 µL suspension of the 

microsphere-protein conjugate was pipetted onto a Ni(II)NTA glass slide and allowed to 

evaporate for on hour, yielding a total assay time of 75 minutes. Afterwards, the glass 

slides were rinsed thoroughly with water and the glass was subsequently imaged with 

Image Pro Plus (v. 7).  

 

Ring image analysis for polystyrene spheres and 15 nm AuNPs  

 The distribution of the Ni(II)NTA particle aggregates in evaporated droplets was 

analyzed using Image Pro Plus (v. 7) processing software by representing the AuNPs 

within the image as positive pixel density or signal intensity. Background noise is 

determined by measuring intensity in four predefined areas of interest (AOI) at the corner 

of each image. Signal intensity is measured with two concentric, pre-defined AOIs: an 

outer AOI that includes the entire drop, and an inner AOI centered inside the drop. After 

subtracting background noise, ring annulus intensity is calculated by subtracting the inner 

AOI from the outer AOI. Signal, defined as the presence of a ring, is calculated by 

dividing the ring annulus intensity by the ring annulus intensity of the blanks. Signal 

values are normalized so a value of one corresponds to minimum ring formation.  

 

Results 

Choosing a microparticle platform for the coffee ring assay 

 The coffee ring-inspired assay for biomarker detection is built off of the work 

elucidated in the dissertation by Joshua Swartz (130). Originally, rcHRP-II is titrated 

against 15 nm Ni(II)NTA AuNPs and the protein-particle conjugate solution is deposited 



	
   84 

onto the Ni(II)NTA-functionalized glass (Figure 29). Although this assay possesses a 

narrow dynamic range (48-88 nM) outside of clinically relevant limits of detection for 

PfHRP-II, these results generate significant insight for enhancing future assay 

performance. Below 48 nM rcHRP-II, there is not enough protein to anchor the particles 

to the glass. This limitation is also attributed to the low individual surface area of gold 

nanoparticles. Above 88 nM rcHRP-II concentrations, rings are not evident because the 

dense gold aggregates settle to the center of the drop faster than radially flowing to the 

drop edges.     

 

 

Figure 29. Titration of rcHRP-II against 15 nm Ni(II)NTA AuNP rings. (Reproduced 
from the dissertation of Dr. Joshua Swartz). A 2 nM concentration of Ni(II)NTA AuNPs 
containing 0.020% Tween 20 and 1.75% glycerol was reacted with varying 
concentrations of rcHRP-II for 15 minutes. Afterwards, a 0.5 µL drop was deposited onto 
a Ni(II)NTA AuNP slide and allowed to evaporate. The images presented here are 
representative of rings after washing with deionized water. 
 
 
 
According to Stokes’ equation for the settling rate of a spherical particle suspended in 

solution,  
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where νs is the settling velocity in m/s, ρp is the particle density, ρf is the fluid density, g 

is the gravitational constant, R is the particle radius, and µ is the fluid viscosity. Above 

88 nM protein concentrations, where the vast majority of the beads settle to the center of 

the drop, 270 nm AuNP aggregates (measured via dynamic light scattering) settle at a 

velocity of 7.3 x 10-5 cm/s. It is hypothesized that a larger bead would increase assay 

sensitivity because it contains a greater two-dimensional surface area than a nanoparticle. 

Micron-sized particles are an attractive alternative for this assay because they are 

commercially available, spherical, monodisperse, and can be appended with a variety of 

surface functionalities. However, the particle must be lightweight and cannot exceed a 

density of approximately 2.0 g/mL for the coffee ring-inspired assay to function, as 

hypothesized by substituting the settling velocity value of aggregated 15 nm AuNPs into 

the Stokes equation to solve for particle density of a micron-sized bead. Gold possesses a 

density of 19 g/mL, while iron oxide (8 g/mL), silica (2 g/mL), and proprietary magnetic 

Dynabeads (2.5 g/mL) all possess densities outside of the desired range. Since organic 

microspheres are light, polystyrene is a suitable choice, possessing a density of 1.06 g/mL 

with monodisperse and spherical characteristics. In order to maintain the integrity of our 

well-characterized Au/Ni(II)NTA interface, tailoring a thin gold nanoshell encompassing 

a polystyrene sphere would add an inert element, capable of reducing non-specific 

interactions.  

 

Synthesis of AuPSs  

 The microparticle synthesis begins with a seed-mediated approach by first 

electrostatically adsorbing 2-4 nm THPC-functionalized AuNPs onto amine-terminated 
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polystyrene microspheres purchased from Invitrogen, followed by reducing Au(I) onto 

the adsorbed AuNPs with the reducing agent, formaldehyde (Figure 30). The subsequent 

oxidation and dehydrogenation of formaldehyde is facilitated in the presence of a 

catalytic metal such as gold (131), so that the product is a tailored, thin gold nanoshell 

encompassing the polystyrene. Upon reacting the amine-terminated polystyrene spheres 

with THPC-functionalized AuNPs, the color of the solution changes slightly from bright 

to dark yellow, and TEM images display the THPC-functionalized AuNP seeds adsorbed 

to the surface of the amine-terminated microspheres (Figure 31). AuNP-seeded 

polystyrene spheres then undergo an electroless plating deposition in the presence of 

AuOH, where TEM images reveal a thin gold nanoshell encompassing the polystyrene 

(Figure 31C). There are an average of 8.3×108 total Au atoms/particle, as determined by 

UV-vis spectroscopy, equating to an average density of 1.49 g/mL and an average 

particle settling velocity of 3.2×10-5 cm/s (Appendix D). 

 

 

Figure 30. Proposed synthesis of Ni(II)NTA AuPSs. 
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Figure 31. Characterization of AuPSs upon addition of AuNP seeds and Au plating. TEM 
images of (A) an amine-terminated polystyrene sphere, (B) the surface of a polystyrene 
sphere with adsorbed 2-4 nm AuNPs, and (C) Au-plated polystyrene spheres (AuPSs). 
The pictures inset on the bottom left of each image show the color of a 1 pM suspension 
of each type of microsphere. 
 
 

Aggregation assays with Ni(II)NTA AuPSs  

 The modular alkanethiol-peg-Ni(II)NTA ligand provides an ideal, validated 

recognition element to create the particle/biomarker capture interface. The Ni(II)NTA 

recognition ligand is incubated in a 50:50 ratio with the Peg4-thiol spacer ligand, as this 

spacer ligand has demonstrated the highest stability, elucidated in Chapter IV. Upon 

functionalization with this Ni(II)NTA recognition element, the particles are stable and 

monodisperse, as shown by TEM images (Figure 32). When the Ni(II)NTA AuPSs are 

reacted with rcHRP-II at pH 5.5, significant aggregation is first observed at high rcHRP-

II concentrations via Ni(II)-histidine crosslinking between rcHRP-II and the particles, as 

shown by TEM images and dynamic laser light scattering experiments (Figures 32B-D). 

Dynamic laser light scattering also validates the specificity of the Ni(II)NTA ligand 
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appended to the gold nanoshell towards the biomarker, as a shift in size distribution of the 

Ni(II)NTA AuPSs is insignificant when reacted at the physiological concentrations of 

HSA (37 mg/mL) and α2-Macroglobulin (A2M, 2 mg/mL) (Figures 32C-D). Controls 

against the fusion protein, Glutathione-S-Transferase (GST), show no aggregation, 

highlighting the specificity of the Ni(II)NTA/Au interface towards the biomarker.  

 

 

Figure 32. Aggregation activity and specificity of Ni(II)NTA AuPSs. TEM images of 
Ni(II)NTA AuPSs (A) before and (B) after addition of 1 µM rcHRP-II. (C) Dynamic 
laser light scattering size distribution profiles of Ni(II)NTA AuPSs in the presence of 
various confounding proteins at their respective physiological concentrations. (D) 
Titrations of rcHRP-II in addition to confounding proteins as measured by dynamic laser 
light scattering.  
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Ring assays with a 1.1 µm Ni(II)NTA AuPS platform  

 After plating a thin nanoshell onto a polystyrene microsphere, the density of the 

bead jumps to approximately 1.5 g/mL, still below the 2.0 g/mL density threshold. 

Validation of this density model is demonstrated for micron-sized magnetic Dynabeads 

(2.5 g/mL density) and the gold-plated polystyrene spheres (1.5 g/mL density) under 

identical drop conditions (Figure 33).  

 
 

 
 
 
Figure 33. Microparticle flow patterns at different densities. One µL drops deposited onto 
a Ni(II)NTA slide containing 0.020% Tween 20 and 1% glycerol, where the drop on the 
left is a 1 pM concentration of 1 µm Ni(II)NTA Au-plated polystyrene (1.5 g/mL 
density), while the image on the right is a 1 pM concentration of a 1 µm Co(II)NTA 
magnetic Dynabead (2.5 g/mL density). The black bar on the left scales to 1 mm. 
 
 
 
 It is clearly evident that nearly all of the Dynabeads settle to the center of the drop 

rather than radially flow to the drop edges. The denser Dynabeads settle three times faster 

at a rate of 8.2 x 10-5 cm/s compared to the Au-plated polystyrene spheres (2.7 x 10-5 

cm/s). Considering the lightweight nature of polystyrene and its density is barely above 

that of water, organic beads are a suitable option for this coffee ring-inspired assay. 
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Figure 34. Ni(II)NTA AuPS ring assay for detection of rcHRP-II. (A) A 1 pM solution of 
Ni(II)NTA AuPSs containing 0.02% Tween and 1% glycerol is reacted with 10 nM 
rcHRP-II and a 1 μL drop is deposited on a Ni(II)NTA-functionalized glass slide. After 
one hour, the slide is rinsed thoroughly with deionized water. The top image shows the 
drop before washing while the bottom image shows the drop after washing in the 
presence of rcHRP-II biomarker. The black bar scales to 1 mm. (B) Logarithmic titration 
of rcHRP-II using the above conditions. The images show an example of the rings after 
washing. 

  

 After demonstrating that the Ni(II)NTA AuPSs form rings, they are evaluated in 

the coffee ring assay. After 15 minutes of incubation of the Ni(II)NTA AuPSs with 

rcHRP-II, the particle-protein conjugate solution is deposited onto a Ni(II)NTA-

functionalized glass slide, and the drop edge is pinned to the glass surface via 

topographical and chemical heterogeneities. As evaporation is greatest at the drop edge, 

solution from the middle of the drop migrates toward the contact line to compensate for 

the rapid fluid loss. Suspended Ni(II)NTA AuPS-protein conjugates flow radially 

towards the drop edge and accumulate at the contact line, as shown by images of a drop 

of particles at different time points during evaporation (Appendix D). When rcHRP-II is 

present, the particles are captured by the functionalized glass surface. Rinsing the glass 

slide with deionized water after depositing and evaporating 1 µL of a AuPS-protein 

conjugate solution washes away non-specific binding on the surface (Figure 34). At 10 

nM rcHRP-II concentrations, the integrity of the ring is maintained via conjugate 

100 nM 10 nM 1 nM 100 pM 10 pM 0 pM 
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coupling to the Ni(II)NTA glass surface (Figure 34A). In the presence of rcHRP-II, the 

polystyrene spheres exhibit ring formation spanning over three orders of magnitude of 

target biomarker after washing (Figure 34B). The titration of rcHRP-II with Ni(II)NTA 

AuPSs exhibits an optical detection limit of 10 pM rcHRP-II concentrations. The assay 

signal intensity increases linearly after 10 pM rcHRP-II before saturating between 100 

pM and 10 nM concentrations. At the high concentration regime of the assay, 100 nM 

rcHRP-II concentrations aggregate the particles, so that the protein-particle conjugates 

settle vertically (6.0×10-5cm/s) to the center of the drop rather than radially flowing 

towards the edge upon drop deposition. Upon washing, the large aggregates are 

displaced, as there is not enough particle surface area contact with the Ni(II)NTA glass to 

coordinate the particle-protein conjugates to the surface, resulting in faint rings. Image 

processing further allows for quantitation and validation of the assay, as indicated by a 

titration curve between 10 pM and 10 nM rcHRP-II concentrations (Figure 35). Non-

specific interactions are evaluated with the fusion protein, GST. Particle aggregation does 

not occur in the presence of GST and ring signal generated upon reactions with GST does 

not exceed the background noise. Finally, overlaid is the signal generated from the 15 nm 

Ni(II)NTA AuNP ring assay, where the dynamic range is clearly limited to the mid 

nanomolar concentration regime.  
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Figure 35. Analysis of ring formation upon titrating rcHRP-II with Ni(II)NTA AuPSs. 
(A) Ring signal generated by subtracting the intensity of the inner circularly dotted 
annulus from the outer dashed annulus with respect to the minimum mean background 
(four dashed corner circles). The solid ring in the image is an example of concentrated 
Ni(II)NTA AuPSs in a ring in the presence of rcHRP-II after washing. (B) Compiled 
signal intensity generated from the difference between the dotted annulus inside of the 
ring with from the dashed outer annulus with respect to the minimum mean background 
signal. Also overlaid is the signal analysis from the 15 nm Ni(II)NTA AuNP ring assay in 
Figure 29, showcasing its small dynamic range. 
 
 
 

Discussion 

Rationale behind Ni(II)NTA AuPS ring assay performance 

 This simple antibody-free design originally inspired by the coffee ring 

phenomenon overcomes many of the obstacles associated with existing RDTs by 

manipulating the molecular recognition interface for optimum specificity and improved 

sensitivity. The ring assay simplifies an ELISA by eliciting a chromogenic response from 

concentrated polystyrene microspheres. In our low-resource design, a ring of Ni(II)NTA 

AuPSs sandwich a rcHRP-II malarial biomarker to Ni(II)NTA-functionalized glass via 

Ni(II)-histidine coordination. Most importantly, the integration of a water wash step after 

drop evaporation significantly reduces non-specific binding to the glass surface, but 

maintains the integrity of the strong Ni(II)-histidine coordination in the presence of 

biomarker. This assay not only detects biomarker concentrations at the operational range 
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of malaria diagnostics (0.2-1 nM rcHRP-II) recommended by the WHO, but rings are 

even visible with the naked eye at 10 pM rcHRP-II concentrations. This 10 pM viewable 

limit of detection is one order of magnitude below the WHO’s lower recommended 

threshold concentration, so that our format possesses utility diagnosing malaria in 

asymptomatic patients. At the high concentration regime, the assay’s ring signal 

decreases due to particle aggregation and gravitational vertical settling to the center of the 

drop. However, it has been determined that for adults and children infected with 

uncomplicated and severe malaria, the median concentration of PfHRP-II found in blood 

is between 1-20 nM protein concentrations (132-134), which is the most sensitive regime 

of our assay.  

 To achieve a detection limit below 0.1 nM PfHRP-II concentrations using a 

microfluidic ring assay, an aqueous polystyrene microsphere is a desirable particle 

platform because of the high degree of uniformity, low density, and large particle surface 

area. The low density of the spherical, monodisperse particle favors ring formation, while 

the large surface area creates a viewable two-dimensional ring that provides the assay’s 

signal. A spherical, monodisperse bead also provides reproducible and predictable 

particle flow in evaporating drops, so the assay can be easily tuned and manipulated. In 

addition, coating the polystyrene particle in a gold nanoshell to promote facile thiol-based 

ligand functionalization offers a robust interface that can withstand the extreme 

conditions encountered in low-resource areas. Finally, this inert gold nanoshell minimizes 

non-specific interactions and validates the integrity of our previously explored Ni(II)NTA 

AuNP molecular recognition interface (80).  
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 The introduction of the additives, tween and glycerol, enhances particle stability, 

reproducible particle flow, and signal-to-noise. It has been previously demonstrated that 

the incorporation of surfactants and polymers into particle droplet suspensions can 

promote and prevent ring formation during drop evaporation (135-137). Manipulating 

such factors lead to improved ring reproducibility and robustness by controlling the rate 

of evaporation and blocking non-specific substrate binding. In the current format, 

incorporating 0.02% Tween 20 to the particle suspension maintains particle stability, 

while aiding in contact line pinning during drop evaporation for reproducible ring sizes. 

Additionally, the incorporation of 1% glycerol promotes specific Ni(II)-histidine 

coordination to the glass, but also provides adequate blocking on the functionalized glass 

surface to limit non-specific binding. In contrast to an ELISA in which proteins are often 

used to block non-specific sites, our assay takes advantage of the robust hydrogen-

bonding network of glycerol/water as a blocking agent, further modifying this assay for 

use in low-resource areas. Finally, the viscous nature of glycerol reduces the rate of 

evaporation to optimize kinetics of particle transport to the drop edge for increased 

signal. 

 

Applying the Ni(II)NTA AuPSs to a low-resource setting 

 Thus far, the coffee ring-inspired assay using Ni(II)NTA AuPSs has only 

functioned with a purified protein sample dissolved in water. However, the likelihood of 

receiving a patient sample devoid of interfering proteins, small molecules, and buffers is 

infinitesimal. In order to take the next step, rcHRP-II is dissolved in the most common 

interfering protein found in blood, HSA. When rcHRP-II is dissolved in physiological 
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concentrations of HSA (37 mg/mL) and subsequently reacted with Ni(II)NTA AuPSs, the 

particles do not elicit a characteristic ring upon drop deposition. The solution is too 

viscous for the particles to produce their natural radial flow patterns for ring formation. 

Therefore, rcHRP-II needs to be dissolved in 4 mg/mL HSA so that upon reactions with 

the Ni(II)NTA AuPSs and subsequent drop deposition onto glass, the particles can elicit 

their natural flow patterns. The titration of rcHRP-II dissolved in 3.7 mg/mL HSA using 

the Ni(II)NTA AuPS ring assay is able to detect mid-picomolar concentrations of rcHRP-

II (Figure 36). Although the assay can detect mid-picomolar quantities of rcHRP-II using 

the image analysis described in Figure 35, the ring images do contain large amounts of 

HSA inside the annulus and do not contain the aesthetic appeal as the rings with zero 

background interferents. The maximum ring signal is only two-thirds of the maximum 

signal obtained in Figures 34-35. At 3.7 mg/mL HSA, the interfering protein binds non-

specifically to the glass, demonstrating that a simple water wash is not able to fully 

remove all contaminants from the Ni(II)NTA-functionalized glass slide. In addition, the 

assay conditions are altered significantly in order to yield the highest signal. Even with 

my “optimized” conditions, the error bars are larger as a result of the large concentrations 

of background interference on the slide.  

 However, these results are a step in the right direction towards creating an 

antibody-free, POC diagnostic because not only are clinically relevant concentrations of 

rcHRP-II are detectable, the 2 mm diameter rings on the slide can be easily imaged with 

an iPhone 4S camera (Figure 36C). As portable camera technology improves with every 

generation of smartphone, the image processing applications also improve. Moving 
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forward, innovative strategies and multiple perspectives are required, opening up avenues 

in sample preparation and new particle applications. 

 

 

Figure 36. Ni(II)NTA AuPS ring assay upon dissolving rcHRP-II in 4 mg/mL HSA, an 
order of magnitude below physiological protein concentration. (A) Images of Ni(II)NTA 
AuPS rings after washing with water upon titration of rcHRP-II dissolved in 4 mg/mL 
HSA. Ni(II)NTA AuPSs are dissolved in 0.020% Tween 20 and 0.025% glycerol. After 
reacting the rcHRP-II with the Ni(II)NTA AuPSs for 15 minutes, a 1 µL drop is 
deposited onto a Ni(II)NTA-functionalized glass slide and allowed to dry. The drying 
time for this assay consists of 16 hours (overnight). (B) Ring analysis using the 
aforementioned methods in Figure 35. (C) Image of a Ni(II)NTA AuPS ring on 
Ni(II)NTA-functionalized glass using a cell phone camera (iPhone 4S).  

 
 

 

 

0 10-12 10-11 10-10 10-9 10-8 10-7

1.0

1.5

2.0

2.5

3.0

[rcHRP-II] (M)

N
or

m
al

iz
ed

 R
in

g 
S

ig
na

l I
nt

en
si

ty

100#nM#333#pM# 1#nM# 3.3#nM# 10#nM# 33.3#nM#

100#pM#0#pM# 1#pM# 3.3#pM# 10#pM# 33.3#pM#

1#mm#

A#

B# C#



	
   97 

Conclusion 

 The coffee ring inspired diagnostic strategy described in this work delivers a 

unique approach for overcoming challenges associated with existing rapid diagnostic 

tests, particularly in low-resource settings. Enabled by the stable Au-thiol interface and 

the monodisperse, spherical distribution of colloidal gold nanoparticles, rings of 1 µm 

Ni(II)NTA AuPSs detect as little as 10 pM concentrations of the rcHRP-II malarial 

biomarker, an order of magnitude lower than current diagnostic standards. The inert gold 

surface provides a stable and selective Ni(II)NTA molecular recognition element towards 

rcHRP-II that resists the extreme conditions in low-resource regions. The assay offers a 

simple user interface through complementary Ni(II)-histidine coordination on the glass 

surface, where the signal is enhanced significantly by reducing background noise with a 

final water wash. Overall assay performance is additionally enhanced through the 

judicious use of additives. Furthermore, applying the image processing algorithms upon 

ring identification to cell phone technology has the potential to further enhance the 

simple user interface and reduce user bias in low-resource settings. However, when a 

complex matrix is introduced to the ring assay, the Ni(II)NTA AuPSs display high 

picomolar limits of rcHRP-II detection and still contain a high background signal. 

Nevertheless, the assay time required to generate positive or negative results is 

comparable to currently available RDTs, so that coupling this format to a self-contained 

extraction device specific for PfHRP-II from a whole blood matrix would greatly 

improve the ability of the technique to operate as a malarial diagnostic.  
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Chapter VI 

 

PROOF-OF-CONCEPT OF THE CAPTURE-AND-RELEASE OF THE MALARIAL 

BIOMARKER PLASMODIUM FALCIPARUM LACTATE DEHYDROGENASE  

 

Introduction - Future Directions to Enhance Malarial RDTs 

 Chapters IV and V have described the development of innovative particle 

platform technologies for the detection of the malaria biomarker, P. falciparum HRP-II. 

Devoid of antibodies and thermally sensitive reagents, the 15 nm Ni(II)NTA AuNP 

platform demonstrates specificity at the cost of sensitivity. To increase sensitivity, 

micron-sized Ni(II)NTA Au-plated polystyrene spheres capture the malaria biomarker, 

and upon drop deposition, the particles concentrate and sandwich the biomarker to the 

glass substrate. Although this assay exhibits excellent sensitivity with a pure protein 

sample, the assay loses sensitivity in a complex matrix because interfering proteins stick 

non-specifically to the glass. While I have investigated new methods for rapid detection 

of PfHRP-II, true innovation is often achieved by improving upon existing technologies. 

The previous two chapters have highlighted many of the drawbacks of RDTs, specifically 

their low sensitivities in the developing world. Nonetheless, RDTs continue the persistent 

technology of sandwiching a biomarker in-between two antibodies and eliciting a 

chromogenic response, a technique practiced regularly by nearly every molecular biology 

laboratory for protein identification and quantification.  

 In this dissertation, I have aimed to create new platform technologies, while my 

lab members have achieved success in increasing the sensitivity of currently existing 
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assays. Davis and Gibson have recently shown that by concentrating and purifying 

PfHRP-II from a whole blood matrix, the limit of detection of many brands of PfHRP-II 

malarial RDTs are enhanced by an order of magnitude (138). Approximately 20% of the 

RDTs available on the market meet the 200 parasite/µL threshold recommended by the 

WHO, while the vast majority fall outside of the necessary detection range. By 

employing the concentration and purification extraction technology developed by our lab 

and depositing that sample onto a RDT, six different brands of RDTs were discovered to 

detect parasites below 50/µL from a whole blood matrix, which is over four times more 

sensitive than the WHO’s recommendation. Currently, the extraction workflow takes 

approximately 30 minutes of time, followed by another 15-30 minutes to receive results 

from the RDT. A one-hour timeframe to gain a discernible signal is longer than the 15-30 

minute slot recommended by the WHO. However, the ultralow detection limits generated 

from this technology overcome the sensitivity issues in a low-resource setting, allowing 

for the tracking of asymptomatic disease carriers and providing a framework for a 

universal enhancement strategy for RDTs of various diseases. 

 The preliminary work presented in this chapter provides a one-step platform assay 

to capture and subsequently release a malarial biomarker. For a downstream malarial 

diagnostic, the biomarker will be captured, concentrated, and subsequently released onto 

an RDT for rapid enhancement. In order to provide a proof-of-concept platform to 

capture a biomarker from a blood sample and release it onto a RDT, I decided to target 

the malarial biomarker P. falciparum Lactate Dehydrogenase (PfLDH). This ubiquitous 

parasitic protein is secreted into patient’s blood samples upon infection like PfHRP-II, 

but is only present when the parasite is viable in the body (139). PfHRP-II, on the other 
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hand, can linger in the blood for up to two weeks even after antimalarial drugs eliminate 

the parasite. Because LDH is essential for glycolysis and aids in the conversion of 

pyruvate to lactate, successful elimination of the parasite clears this protein immediately, 

which has advantageous implications in diagnosis before and after drug therapies. The 

proof-of-concept platform involves a Hexa-Histidine-tagged monoclonal antibody that 

can specifically capture PfLDH from a whole blood matrix. The histidines appended to 

the antibody bind Co(II)NTA-functionalized magnetic microbeads for concentrating and 

purifying the biomarker. A magnet can concentrate and separate the antibody-antigen-

functionalized beads so that the biomarker-antibody complex can be released by high 

concentrations of imidazole (Figure 37). The side chain of histidine, imidazole, possesses 

micromolar affinity to M(II)NTA, so that at high enough concentrations, imidazole can 

replace the bound histidine subunits on the beads (M=Co, Ni). Although these 

preliminary studies are new and do not show enhancement to RDTs just yet, the platform 

provides a proof-of-concept to capture and release an LDH biomarker from whole blood. 

Theoretically, this platform can be applied to capture and release a wide variety of 

biomarkers using catch-and-release microparticle technology. 
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Figure 37. Schematic of capture-and-release of PfLDH. The top depiction shows the 
capabilities of a His-tagged antibody binding the Co(II)NTA magnetic beads and 
extracting the LDH biomarker from a whole blood matrix. The bottom depiction shows 
that after washing, the antibody-LDH complex can be eluted using high concentrations of 
imidazole. The imidazole replaces the histidine units and the antibody-LDH complex is 
partitioned into the pure buffer/imidazole solution.  
 
 
 

Materials and Methods 
 

Materials and reagents 
 
 Co(II)NTA-functionalized Dynabeads were purchased from Invitrogen. FMOC-

protected polyethylene glycol (PEG) was purchased from Quanta Biodesign. FMOC-

protected amino acids were purchased from AAPPTec. A cysteine-functionalized Rink 

Amide resin was purchased from Advanced ChemTech. PfLDH antigen was purchased 

from CTK Biotech. PfLDH monoclonal antibody was purchased from MyBioSource, Inc. 
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All other reagents were purchased from either Sigma-Aldrich or Fisher Scientific and 

used without further modification. All deionized water used in this investigation was 

purified through a 0.22 µm filter at a resistance of 18 MΩ�cm. 

 
 
Design, synthesis, and characterization of hexa-histidine peptide 

 The peptide was designed to possess the following sequence from N-terminus to 

C-terminus: acetyl-His-His-His-His-His-His-Peg6-Cys-amide. Both termini are capped 

with neutral groups to reduce non-specific interactions and only the free thiol group on 

the cysteine residue will couple to the antibody. The polyethylene glycol spacer reduces 

the steric interactions between the antibody and the His tag. Using standard FMOC solid-

phase peptide synthesis, a Rink Amide resin appended with FMOC-protected cysteine 

was used as the anchoring substrate. For coupling conditions, a 10X molar excess of 

reagents (hydroxybenzotriazole, amino acid, and diisopropylcarbodiimide dissolved in 

dimethyl formamide) was added relative to the resin substitution for one hour. For 

deprotection conditions, 10 mLs of 20% v/v piperidine dissolved in dimethyl formamide 

(DMF) was exposed to the resin for 20 minutes. For final N-terminal acetylation, a 10% 

v/v acetic anhydride, 10% v/v N,N-diisopropylethylamine dissolved in DMF was 

exposed to the resin for 30 minutes. In-between coupling and deprotection steps, the resin 

was washed thoroughly with DMF and methanol. Peptide cleavage was performed by 

exposing the resin to a 90:5:3:2 volume ratio of trifluoroacetic 

acid:anisole:ethanedithiol:thioanisole for two hours. For every 100 mgs of resin used in 

the synthesis, 2 mLs of this solution was reacted with the resin. After cleavage, the 

peptide was filtered using glass wool and precipitated in cold diethyl ether. The pellet 
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was spun down at 1000 gs for 5 minutes before resuspending in cold ether. This washing 

process was repeated 4 additional times. After removing the final ether supernatant, the 

peptide pellet was dried with N2. The peptide was then purified with reverse-phase 

HPLC, and eluted off of a C18 column using a water-acetonitrile gradient. The peptide 

was lyophilized and characterized via MALDI-MS. 

 For MALDI-MS analysis, a small millimolar peptide concentration was dissolved 

in a 50:50 ratio of water and acetonitrile. A 0.5 µL drop of this solution was deposited 

onto a 100-well MALDI plate. After drying, a 0.5 µL drop of matrix solution (20 mg/mL 

α-cyano-4-hydroxycinnamic acid) was deposited onto the well with dried peptide and 

scratched thoroughly to incorporate the peptide into the MALDI matrix. The MALDI-MS 

operated at an accelerating voltage of 20 kV, a laser intensity of 2000 units, a delay time 

of 120 ns, grid voltage of 64%, and a shot count of 250. The spectrum shows the 

protonated peptide along with the peptide-sodium adduct (Figure 38).  

 

 

Figure 38. MALDI-MS spectrum of Hexa-His peptide. 
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Coupling hexa-his to PfLDH monoclonal antibody 

 A 1 mg quantity of 4.2 mg/mL mouse monoclonal antibody (IgG2b isotype) 

specific for PfLDH was purchased from MyBioSource, Inc. Aliquots of this protein are 

stored in a -40°C freezer at volumes of 50 µL and 2 mg/mL concentrations dissolved in 

phosphate buffered saline (PBS). The peptide coupling was performed using a well-

known, water-soluble Sulfo-SMCC coupling reagent (purchased from Thermo 

Scientific). One end of the Sulfo-SMCC reagent contains a Sulfo-NHS molecule that is 

reactive for primary amines, while the other end contains a maleimide functional group 

reactive towards thiol groups. A 40X molar excess of Sulfo-SMCC (20 µL, 534 µM) was 

reacted with 20 µL of 2 mg/mL PfLDH antibody for 30 minutes at room temperature. For 

purification, the activated antibody was purified in a 100k molecular weight cutoff 

(MWCO) filter and spun down three times at 16,100 gs in a microcentrifuge. The 

activated antibody (20 µL, 2 mg/mL) containing the surface maleimide group was then 

reacted with 20 µL of 534 µM Hexa-His peptide overnight. The Hexa-His antibody was 

purified using 100 MWCO filters as described previously and dissolved in PBS.  

 

Malstat assay conditions 

 In a 50 mL conical tube, 4.00 g of sodium L-lactate, 1.32 g Tris buffer, and 0.022 

g APAD were dissolved in 50 mL deionized water. The pH was adjusted to 9 with 

concentrated HCl and this solution is referred to as the Malstat reagent. Separately, 0.080 

g of the yellow tetrazole (NBT) and 0.004 g PES were dissolved in 50 mLs of Tris 

buffered saline with 0.050% v/v Tween 20. This is referred to as the NBT/PES solution. 

In order to perform the assay, 125 µL of the Malstat reagent was added to a 96-well plate 
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with 25 µL of the NBT/PES solution. Finally, 25 µL of a PfLDH solution (purchased in a 

recombinant form from CTK Biotech containing a GST tag) was added to the plate and 

shaken for 30 minutes in the dark. It is important to cover the plate in parafilm and 

aluminum foil, as the tetrazole dye is sensitive to light. After 30 minutes, the absorbance 

measurements were immediately read in a Bio-Tek Synergy H4 plate reader at 650 nm to 

indicate dye turnover catalyzed by PfLDH quantification. 

 

Catch-and-release assay 

 In a 1.5 mL Eppendorf tube, 20 µL of 33 µM His-tagged PfLDH antibody was 

added to a solution of 160 µL of Co(II)NTA Dynabeads (1 mg/mL, purchased from Life 

Sciences Corporation) and incubated for 10 minutes. Using a magnet, the beads were 

pulled down and washed three times with PBS containing 0.025% v/v Tween 20. To 50 

µL of antibody-functionalized beads (1 mg/mL), 50 µL of lysed whole blood containing 

varying concentrations of PfLDH was added to the beads. The blood was lysed with 100 

mM phosphate, 600 mM NaCl, and 2% Triton X-100, and the protein biomarker 

dissolved in blood was reacted with the beads for 15 minutes. Afterwards, 4 washes were 

performed with Tris buffered saline with 0.025% v/v Tween 20. Finally, the PfLDH-

antibody complex was eluted from the beads with 100 µL of 450 mM imidazole for 10 

minutes. This solution can be quantified via the Malstat assay described previously. 
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Results and Discussion 

Characterization of hexa-his PfLDH antibody   

 In order to characterize the Hexa-His coupling to the antibody, bio-layer 

interferometry is utilized to determine the real-time binding kinetics (Figure 39). 

Compared to the negative control untagged antibody, significantly more His-tagged 

antibody loads onto the Ni(II)NTA sensor tips. Histidine units have a high affinity to 

Ni(II)NTA, so it is hypothesized that more His-tagged antibody would bind to the 

Ni(II)NTA tips while the untagged antibody binds non-specifically to the tips. More His-

tagged antibody is able to immobilize onto the sensor tips, so that a higher quantity of 

PfLDH associates to these His-tagged antibody sensor tips. This experiment reveals that 

not only is the Hexa-His coupling to the antibody accomplished, but the integrity of the 

paratope (i.e. molecular recognition region of antibody) is not compromised because 

more PfLDH is able to associate compared to the negative control. Finally, binding 

occurs instantaneously, which is advantageous in accommodating the WHO’s rapid 

timeframe for disease diagnosis. 
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Figure 39. Real-time binding kinetics of Hexa-His antibody to Ni(II)NTA sensor tips. 
Buffer (PBS containing 0.025% Tween 20) stabilizes the signal for the first five minutes, 
followed by loading the Hexa-His antibody (25 µg/mL) onto four Ni(II)NTA tips for 20 
minutes. As a negative control, untagged antibody (25 µg/mL) is immersed in four 
Ni(II)NTA tips for 20 minutes as well. Next, another wash with buffer stabilizes the 
signal on all eight tips for the next three minutes, so that varying concentrations of 
PfLDH can associate to the antibody for 10 minutes. A final buffer dissociates any non-
specifically bound material.  
 
 

Quantifying PfLDH – Malstat assay 

 In chemistry and molecular biology, protein levels can be quantified in picomolar 

quantities using enzyme-linked immunosorbent assays (ELISA). It is the gold standard of 

protein quantification and recognition because an antigen is sandwiched between two 

antibodies, resulting in maximum specificity. The secondary antibody is appended with 

an enzyme, which catalyzes a redox reaction of a small molecule substrate, changing the 

small molecule’s color in solution and generating a concentration-dependent, 

chromogenic response of an antigen with high sensitivity and ultimate specificity. 

However, ELISAs are often time-consuming and require skilled expertise to operate them 

effectively. For quantification of PfLDH, the Malstat assay takes advantage of the 

protein’s enzymatic activity (140). Human LDH converts L-lactate to pyruvate in the 

PfLDH coupling Buffer Hexa-His Antibody Buffer Buffer Wash 

Untagged Antibody 

0 nM PfLDH 
0.500 nM PfLDH 

5nM PfLDH 
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presence of the coenzyme, NAD+/NADH, which is found in all human cells. For the 

malaria parasite to participate in glycolysis, it operates using the coenzyme system, 

APAD/APADH (141). APAD reduction to APADH can catalyze the formation of a 

yellow tetrazole to a blue formazan dye in the presence of phenylethyl sulfate, eliciting a 

concentration-dependent response of LDH (Figure 39). Since human erythrocytes do not 

contain APAD/APADH, this assay is extremely specific towards detection of PfLDH in 

human blood. For the purpose of this platform design, the 30-minute Malstat assay time 

is significantly less in comparison to a four-hour ELISA, and also provides a reproducible 

and consistent signal.  

 

 

Figure 40. Malstat assay exhibits a colorimetric response as a function of increasing 
concentrations of PfLDH. PfLDH converts L-lactate to pyruvate in the presence of the 
cofactor APAD. APAD is then reduced to APADH, which catalyzes the formation of a 
yellow tetrazole to a blue formazan dye in the presence of phenylethyl sulfate (PES). 
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Catch-and-Release of PfLDH with Co(II)NTA Dynabeads 

 Between 0-100 nM PfLDH, the His-tagged antibody appended to the magnetic 

Dynabeads captures the biomarker out of whole blood and subsequently elutes the 

antibody-PfLDH complex using imidazole. This solution is then deposited onto a 96-well 

plate to probe for Malstat assay activity. As a negative control, Co(II)NTA beads 

containing no His-tagged antibody are also titrated against the PfLDH in lysed whole 

blood (Figure 41). PfLDH does not bind specifically to untagged Co(II)NTA magnetic 

Dynabeads in lysed blood, nor do the beads carry over contaminants that yield false 

positives in the assay. The incorporation of a Hexa-His tag not only maintains the 

integrity of the paratope region of the antibody, but the enzymatic active site is also 

uncompromised. Although the limit of detection (14 nM) is outside the clinically relevant 

range of detection (160 pM for asymptomatic patients), concentrating the biomarker can 

increase the limit of detection by an order of magnitude. In addition, the protein recovery 

is approximately 40% in whole blood, which can also be increased by optimizing the 

PfLDH incubation time and the bead concentration to the antibody. Nonetheless, these 

initial catch-and-release experiments from a whole blood matrix demonstrate the 

potential to enhance future RDTs and show utility in creating His-tagged antibodies 

specific for a wide variety of antigens. Finally, the 15-minute timeframe required to 

capture and release the LDH biomarker is faster than the timeframe allotted by our lab’s 

current extraction technology and shows utility in enhancing RDTs for a various diseases. 
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Figure 41. Titration of PfLDH upon capture-and-release assay in lysed whole blood. 
 
 

Outlook for POC Diagnostics and Rapid Sensing 

 The development of novel diagnostic devices and therapeutic strategies do not 

emerge from a single publication or grant proposal. Often times, years of interdisciplinary 

science and collaborative efforts bring forth various perspectives, strategies, and 

techniques in order to create a polished platform device. However, innovative 

technologies are still necessitated as resistant parasitic strains thwart drug therapies and 

protein biomarkers begin to undergo genetic variations, limiting the efficacy of well-

investigated drugs and molecular recognition elements, respectively. With a limited 

availability of resources in the developing world, the task toward developing simple, 

innovative strategies grows increasingly difficult. For a disease such as malaria that has 

thrived since the earliest recordings of mankind thousands of years ago, we still have not 

been able to eradicate it. Even with advanced techniques and instrumentation available in 

western society, they remain impractical for utilization in the developing world.  
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 With the lack of affordable healthcare and resources in the developing world, 

materials and reagents must be on the orders of pennies. When one considers gold as a 

material, it is often thought of in an ostentatious manner, carrying expensive weight. On 

the contrary, gold costs approximately $40 USD/gram on the international market. 

Considering proteins, enzymes, and even small molecules fetch for hundreds of dollars 

from chemical vendors, gold persists when the assay operates at the nanoscale, requiring 

only femtomoles of material. Gold also endures as a robust material, capable of enduring 

the extreme climates encountered in sub-Saharan Africa, Asia, and South America. Gold 

may not be the miracle material employed globally for the progression of public health, 

but similar materials are required for platform sensor and diagnostic development. 

 Nonetheless, innovative technologies and multiple perspectives are essential to 

constantly attack diagnosis and sensing issues from various angles. The greatest example 

I can offer for why innovative technologies are necessitated is the development and 

application of the pesticide, DDT. After WWII, this pesticide used to be considered the 

ultimate cure for malaria, by eliminating parasitic mosquitoes entirely (142). Initially, 

many first-world countries like the US participated in WHO-sponsored programs to 

spread nearly every square foot of their landscape with DDT during the 1950’s and 

1960’s. The exorbitant costs and efforts provided by these programs essentially 

eradicated the disease in first-world regions. However, in regions where government and 

funds were not so ubiquitous like in the US, DDT coverage was sparser and less frequent, 

eliminating a high percentage of mosquitoes initially, only to see them return and thrive 

later. Once these mosquitoes began to develop resistance, people living in the developing 

world lost faith in the miracle pesticide, and DDT application became less and less 
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frequent. As a result,  the malarial statistics in the developing world pre-WWII were just 

as severe as post-WWII.  

 The terrible consequence of DDT did not just pertain to undesirable human and 

ecological side effects, but during the 50’s and 60’s when DDT was widely applied, 

malarial funding ceased and research came to a standstill. Decades had already elapsed 

before government agencies and researchers were convinced that DDT was not the 

miracle chemical as originally advertised. Although this is an extreme case, the dystopian 

effects are exemplified when “eggs are put in one basket,” especially on a global scale. 

Research in science has given me the opportunity to understand that there are multiple 

solutions to each problem, and fundamental platforms for chemical sensing, disease 

diagnosis, and probe development pave the way for the next generation of techniques. It 

took years, numerous publications, and a large interdisciplinary team to optimize our 

lab’s self-contained extraction platform for biomarker detection, and subsequently the 

wheels are beginning to turn for manufacturing purposes. All of those man-hours our lab 

has spent may prove to be futile for disease diagnosis in the long run, but the technology 

still offers one of many solutions to persistent problems. DDT raises an interesting 

argument because a single solution was offered for a global issue. Once the first-world 

countries could fund and eradicate the disease, it was too late for the developing world to 

combat malaria with a lack of available funding and resources. As gold materials begin to 

emerge in commercial applications, these fundamental platforms must be amenable to the 

developing world, not just for their social and economic development, but also to more 

effectively streamline our own healthcare, biomedical and governmental regulations. I 

have no doubt that research and innovation exploiting gold’s unique properties will 
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continue to provide building blocks for biomedical purposes not just in the developing 

world, but in western culture as well. 
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Appendix A 

 

Alternative Microbead Platform Technologies for Detection of the P. falciparum HRP-II 

Malarial Biomarker 

 

Single bead platform sandwich assays exploiting magnetic microparticles  

 Although the coffee ring-inspired assay using Ni(II)NTA AuPSs addresses many 

of the shortcomings of low-resource diagnostics for the developing world, one of the 

inherent problems associated with this platform design is the lack of radial particle flow 

when a complex matrix is introduced into the sample. In the presence of a complex 

matrix with the current design of this technology, a pre-assay sample purification step 

must be performed so that the particles maintain their natural radial flow patterns. Often 

times, the incorporation of a purification step or a pre-concentration step prolongs the 

overall assay time, so that alternative platform technologies are sought.  

 Functionalized magnetic microparticles are an attractive alternative to polystyrene 

particles in the coffee ring assay because once a biomarker of interest is captured in a 

complex matrix, a well-positioned magnet underneath the substrate (functionalized glass 

in this design) can pull the suspended biomarker-particle conjugates towards the surface 

to sandwich the biomarker in between the substrate and the beads. It is also hypothesized 

that the stronger magnetic force pulling the biomarker-particle conjugates towards the 

glass substrate will adsorb the assay materials faster, requiring less time for the platform 

diagnostic. Mimicking an ELISA, the beads elicit the chromogenic signal instead of an 

enzyme linked to an antibody after a water wash. The following figures are proof-of-
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concept experiments with Co(II)NTA-functionalized magnetic Dynabeads for rcHRP-II 

capture and detection. 

 The divalent metal, Co(II), when coordinated to NTA, has the weakest affinity to 

histidine in comparison to Ni(II)NTA, Zn(II)NTA, and Cu(II)NTA. However, 

Co(II)NTA demonstrates the highest specificity to histidine repeats, which would be 

especially useful in recognizing rcHRP-II when dissolved in a complex matrix. 

Supplemental Figures 1 and 2 are proof-of-concepts experiments showing that the 

biomarker can be sandwiched in-between the magnetic beads and the glass substrate. In 

the first experiment, the signal can be enhanced by increasing the duration of magnet 

exposure to the beads (Supplemental Figure 1). With this format, a thin refrigerator 

magnet is placed directly underneath the glass in order to attract the beads. Once the 

beads are reacted with a solution of HRP-II, the protein-particle conjugates are pipetted 

directly onto a Ni(II)NTA-functionalized glass slide and allowed to dry. Although the 

magnetic moment of the material is low, the beads need to be exposed to the magnet for 

approximately 60 minutes and subsequently washed for optimized signal. It is 

hypothesized that the refrigerator magnet has a weak effect on overall assay signal 

because a 60-minute drying time is the same time required for the ring assay described in 

Chapter V. Additionally, the dense Dynabead particles (2.5 g/mL) do not maintain the 

radial coffee ring flow patterns like their lighter polystyrene counterparts and settle to the 

middle of the drop during evaporation. The lack of a natural biomarker concentration due 

to the coffee ring phenomenon complicates this assay format because a longer time is 

required for the particle-biomarker conjugates to adsorb to the glass. 
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Supplemental Figure 1. Co(II)NTA Dynabead sandwich assays detecting rcHRP-II. (A) 
Schematic of the assay showing that after the Dynabeads (30X diluted from stock 
containing 0.005% v/v Tween 20 and 1% glycerol) are reacted with 1 µM rcHRP-II for 
30 seconds, the protein-particle conjugates are deposited (1 µL) onto a Ni(II)NTA-
functionalized glass slide. A thin refrigerator magnet is placed directly underneath the 
glass slide to magnetically attract the Dynabead-biomarker conjugates. After one hour, 
the slide is placed in a 50 mL conical tube filled with deionized water, and shaken for 10 
seconds to wash away non-specific binding. (B) Images captured with a Nikon camera 
show that the particles are sandwiched to the glass in the presence of protein. “HRP-II+” 
denotes 1 µM rcHRP-II while “HRP-II-” denotes 0 rcHRP-II. The white bar scales to 1 
mm. (All data collected with Mark Baglia in the Haselton lab).   
 
 
 
 Successful POC diagnostics for the developing world using a microparticle 

platform will have to be carefully optimized for selective and sensitive detection of 

biomarkers. The assay described in Supplemental Figure 1 requires approximately one 

hour in order to generate results conveying positive or negative infection. However, the 

WHO recommends overall assay time not to exceed 15-30 minutes. Because the low-

magnetic moment refrigerator magnet has a negligible effect on assay signal, it is 

hypothesized that a stronger magnet can ultimately increase signal-to-noise. Using a 

neodymium (Nd) ring magnet, which has one of the largest naturally occurring magnetic 

moments, assay noise can be reduced by decreasing the duration of exposure to the 
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magnet (20 min). Additionally, the ring design of the magnet can attract the protein-

particle conjugates in a radial configuration, thus creating a biomarker concentration step 

(Supplemental Figure 2). After exposing the protein-particle conjugates to the magnet for 

20 minutes, the slide is washed with water and the noise is significantly reduced. In the 

absence of protein, there is negligible non-specific binding. Additionally, in the presence 

of protein, a ring-like pattern is observed after washing, demonstrating that the biomarker 

is sandwiched in between the glass and the microbeads. While the 20-minute time falls 

within the WHO’s recommended low-resource assay diagnosis time, the strong magnetic 

moment of Nd requires that the drop be positioned directly in the center of the ring. 

Nonetheless, the high signal-to-noise and a short assay time for results demonstrate 

beneficial properties for low-resource diagnostics.  

 

 
 
Supplemental Figure 2. Co(II)NTA Dynabead sandwich assays detecting rcHRP-II. (A) 
Schematic of the assay showing that after the Dynabeads (30X diluted from stock 
containing 0.005% v/v Tween 20 and 1% glycerol) are reacted with 1 µM rcHRP-II for 
30 seconds, the protein-particle conjugates are deposited (1 µL) onto a Ni(II)NTA-
functionalized glass slide. A neodymium ring magnet is placed directly underneath the 
glass slide to attract the Dynabead-biomarker conjugates in a radial configuration. After 
20 minutes, the slide is placed in a 50 mL conical tube filled with deionized water, and 
shaken for 10 seconds to wash away non-specific binding. (B) Images captured with a 
Nikon camera show that the particles are sandwiched to the glass in the presence of 
protein. “HRP-II+” denotes 1 µM rcHRP-II while “HRP-II-” denotes 0 rcHRP-II. The 
white bar scales to 1 mm. (All data collected with Mark Baglia in the Haselton lab). 
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Two-bead assays to detect PfHRP-II by manipulating flow patterns 

 The initial bead experiments provide a framework for low-resource diagnostic 

design exploiting a single magnetic bead component. However, when creating these 

initial diagnostic technologies, it is advantageous to minimize the number of steps in 

order to reduce user bias. Current RDT’s only necessitate a single step by spotting a 

patient blood sample onto a nitrocellulose strip and waiting 15-30 minutes for the strip to 

develop. With the previous two designs in this appendix along with the ring assay 

elucidated in Chapter V, there are three steps in each assay format: first mixing the 

protein with the beads, then depositing the biomarker-particle conjugate sample onto the 

functionalized glass, and finally washing the slide with water. Reducing the number of 

steps can further reduce user bias and increase assay reproducibility in the developing 

world. In the next assay format, I reduce the number of steps to two instead of three by 

eliminating the final water wash.  

 In this format, I introduce a second bead into the assay and manipulate 

microparticle flow patterns in order to demonstrate a specific bead configuration 

indicating positive or negative test results. Herein, a 50 µm Ni(II)NTA sepharose bead is 

introduced in conjunction with the 1 µm Dynabeads to sandwich the HRP-II biomarker. 

(Supplemental Figure 3). A protein sample is first mixed with a suspension containing 50 

µm Ni(II)NTA sepharose beads and 1 µm Co(II)NTA magnetic Dynabeads. In the 

presence of a Nd ring magnet, a small volume is next deposited onto a clean glass slide 

and the flow patterns of the beads indicate infectivity. In the absence of protein, the 

magnetic beads do not interact with the larger sepharose beads and are separated in a 

thick, ring-like pattern caused by the magnet. The sepharose beads on the other hand, 
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settle to the center of the drop because of their large size. In the presence of biomarker, 

the HRP-II is sandwiched in between the sepharose and magnetic Dynabeads, so that 

fewer Dynabeads are attracted towards the ring magnet. The sepharose beads are bound 

to the biomarker-Dynabead conjugates and they settle to the middle of the drop rather 

than being radially attracted to the edge. The result is a thin ring at the drop edge because 

there is a greater concentration of magnetic Dynabeads in the middle of the drop. This 

assay format only involves two steps: first mixing the sample with the suspended 

particles and subsequently depositing the conjugate solution onto a clean glass slide with 

a ring magnet directly underneath it. In comparison to previous assays, this assay does 

not necessitate functionalized Ni(II)NTA glass because there is no sandwich component, 

thus eliminating an additional water wash step. 

 

 

Supplemental Figure 3. Schematic of two-bead assay design for detection of PfHRP-II. 
(A) A mixture of 50 µm sepharose beads and 1 µm Dynabeads are deposited onto a clean 
glass slide with a Nd ring magnet placed directly underneath the slide and the drop is 
allowed to dry. (B) Depiction of assay results for positively and negatively infected 
malarial patients, respectively.  
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Synthesis of 50 µm Ni(II)NTA sepharose beads 

 NHS-activated Sepharose 4 Fast Flow beads were purchased from Sigma-Aldrich 

suspended in isopropanol. Store beads in a refrigerator so that the surface groups do not 

hydrolyze. Nα,Nα-Bis(carboxymethyl)-L-lysine hydrate (i.e. NTA ligand) was also 

purchased from Sigma-Aldrich and contains a free primary amine that is reactive towards 

NHS moieties.  

 These particles were first spun down for 2 minutes at 1000 gs in a microcentrifuge 

and washed with 1 mM cold HCl five times. The final suspension buffer consisted of 0.2 

M NaHCO3 containing 0.5 M NaCl (pH 8.3). Particles were then reacted with 16 mM of 

the NTA ligand for fours and washed in 0.1 M Tris-HCl (pH 8.5) five times. In order to 

coordinate Ni(II) to the NTA ligand, particles were charged with 0.1 M NiCl2 overnight 

in 0.1 M Tris-HCl (pH 8.5). Particles were then washed five times and finally 

resuspended in 0.1 M Tris-HCl. 

 

50 µm sepharose/1 µm Dynabead two-bead assay 

 Upon reacting the HRP-II biomarker with a suspension of sepharose beads and 

magnetic Dynabeads for 15 minutes, the conjugate suspension was deposited onto a clean 

glass slide containing a Nd ring magnet directly above the glass. As soon as the 

suspension is deposited in the middle of the ring magnet, the magnetic Dynabeads are 

attracted towards the drop edge, closest to the magnet. It is clearly evident that in this 

assay design, in the presence of biomarker, images show that the protein is sandwiched in 

between the larger sepharose beads and the smaller Dynabeads (Supplemental Figure 4). 

Because the images are taken during evaporation, the total time required for results is 20 
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minutes: 15 minutes for protein incubation time with the particles and images are 

captured 5 minutes into drying. Images of the sepharose beads have to be captured while 

wet because after drying, the beads shrivel up, hence complicating the assay. Therefore 

an alternative large microbead system is essential for this assay that can maintain its 

spherical integrity upon drop drying.  

 

 

Supplemental Figure 4. Two-bead assay consisting of 50 µm Ni(II)NTA sepharose and 1 
µm Co(II)NTA Dynabeads. A suspension of both types of microparticle are mixed with 
HRP-II biomarker for 15 minutes before depositing 1 µL in the middle of a ring magnet 
on a clean glass slide. The left image shows that in the absence of biomarker, Dynabeads 
do not adhere to the larger sepharose beads (blue spheres). The image on the right shows 
that in the presence of 1 µM biomarker, the Dynabeads (small gold dots) stick to the 
larger sepharose beads because the biomarker is sandwiched in between them. These 
images are taken on a Nikon camera on an inverted microscope and are captured during 
evaporation. The white bar scales to 100 µm and assay conditions are as follows: 0.1% 
Tween 20, sepharose beads diluted 10X from stock, Co(II)NTA beads diluted 40X from 
stock. 
 

 
50 µm agarose/1 µm Dynabead two-bead assay 

 In order to build upon the current two-bead assay design, I decided to investigate 

50 µm Ni(II)NTA agarose beads mixed with the current configuration of 1 µm Dynabead 

Co(II)NTA Dynabeads. Reactions are carried out as described in the previous 
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sepharose/Dynabead design, but in this format, a magnet is not utilized. After a 15 minute 

protein incubation time with the particles, the suspension is deposited onto an amine-

functionalized glass slide and allowed to dry. After 15 minutes, images are captured in 

the absence and presence of HRP-II biomarker (Supplemental Figure 5). The Dynabeads 

adhere to the radial flow patterns in the absence of biomarker, causing thick ring-like 

patterns. In contrast, the large agarose beads settle to the center of the drop. In the 

presence of biomarker, rcHRP-II is sandwiched in between the Dynabeads and agarose 

beads, forming large Dynabead-agarose aggregates in the center of the drop. As a result, 

a smaller percentage of Dynabeads flow radially to the drop edge and the ring appears 

thinner relative to the negative controls.  

 

 
 
Supplemental Figure 5. Two-bead assay consisting of 50 µm Ni(II)NTA agarose and 1 
µm Co(II)NTA Dynabeads. A suspension of both types of microparticle are mixed with 
HRP-II biomarker for 15 minutes before depositing 1 µL on an amine-functionalized 
glass slide. These images are taken on a Nikon camera on an inverted microscope and are 
captured after drop evaporation (15 minutes after initial deposition). The assay conditions 
are as follows: PBS with 0.1% Tween 20, agarose beads diluted 2X from stock, 
Co(II)NTA beads diluted 40X from stock.  
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 This assay also takes advantage of high concentrations of salt (1X PBS) and 

surfactant (0.1% Tween 20) so that the low contact angle increases the drop diameter, 

favoring coffee ring-like radial flow patterns for the dense Dynabeads. Even though the 

assay conditions in this format are different in comparison to the sepharose/Dynabead 

design, the incorporation of a strong Nd magnet may complicate the natural flow patterns 

of the microbeads. Nonetheless, I have demonstrated that two-bead designs can 

potentially reduce the assay to two steps and fall within the WHO’s recommended 

threshold of 15-30 minutes for total assay time. Although I did not investigate complex 

matrix effects, preliminary data shows that these initial designs address some of the 

issues of low-resource diagnostics. 
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Appendix B 

 

Supplementary Data: Chapter II 

 

Supplemental Figure 6. MALDI-MS analysis of nitroaromatic-binding peptides, TNT-
BP, SCRAM TNT-BP, DNT-BP, and TNB-BP. 
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Supplemental Figure 7.	
   Effect of peptide surface coverage versus immobilization 
concentration. The maximum surface coverage of recognition peptides were achieved at 
500 µM, 1000 µM, and 200 µM for TNT-BP, DNT-BP, and TNB-BP, respectively.  
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Supplemental Figure 8. Representation of 500 µM TNT binding to immobilized TNT-BP 
using commercially available 5 and 9 MHz QCM chips. The frequency drop is denoted 
by a reduction in the crystal’s oscillations, which correspond to positive mass binding. 
The 9 MHz QCM chip generates significantly higher sensitivity in comparison to 5 MHz 
chips, so that small nitroaromatic molecules could be easily detected. However, 
quantifying large peptide binding to Au could be more easily quantified using 5 MHz 
QCM chips. 
 
 

 

 

Supplemental Figure 9. Calculation of the resistance factor (ΔR) to account for changes 
in solution viscosity. The change in frequency and resistance is denoted for a Piranha-
cleaned 9 MHz QCM chip exposed to 0, 5, 10, 20, and 40 wt% sucrose, respectively, 
dissolved in deionized water. The slope of the frequency versus resistance curve is -14.0, 
which is the value of the constant resistance factor for a 9 MHz QCM chip.    
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Appendix C 
 
 
 

Supplementary Data: Chapter IV 
 
 
 

 
Supplemental Figure 10. Kinetic spectrophotometric shifts of (A) 100% Ni(II)NTA 
AuNPs, (B) MHOL:Ni(II)NTA AuNPs, (C) Peg4:Ni(II)NTA AuNPs, and (D) 
MUA:Ni(II)NTA AuNPs upon aggregation with 100 nM rcHRP-II (0.1 M MES with 
0.025% Tween 20 at pH 5.5). The arrows indicate that the UV-vis spectra are redshifting 
as time increases. (E) Aggregation signal as a function of time. Aggregation occurs in as 
little as one minute, and slows down after 15 minutes. 
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Supplemental Figure 11. UV-vis spectra of 1 nM (A) 100% Ni(II)NTA AuNPs, (B) 
MHOL:Ni(II)NTA AuNPs, (C) Peg4:Ni(II)NTA AuNPs, and (D) MUA:Ni(II)NTA 
AuNPs stored in sealed Eppendorf tubes at room temperature for four weeks (0.1 M MES 
buffer with 0.025% Tween 20, pH 5.5).	
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Supplemental Figure 12. UV-vis spectra of 1 nM (A) 100% Ni(II)NTA AuNPs, (B) 
MHOL:Ni(II)NTA AuNPs, (C) Peg4:Ni(II)NTA AuNPs, and (D) MUA:Ni(II)NTA 
AuNPs stored in sealed Eppendorf tubes at 37°C for four weeks (0.1 M MES buffer with 
0.025% Tween 20, pH 5.5).	
  	
  
	
  
	
  

	
  

	
  
Supplemental Figure 13. Titration of rcHRP-II with1 nM Ni(II)NTA AuNPs assembled 
with alternative spacer ligands in a 50:50 ratio to the Ni(II)NTA recognition ligand. 
Particles are reacted with rcHRP-II for 15 minutes in 0.1 M MES containing 0.025% 
Tween 20 (pH 5.5). 
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Supplemental Table 1. Limits of detection, confidence intervals, and sensitivities of 
rcHRP-II when Ni(II)NTA AuNP platforms are assembled with varying spacer ligands. 

Ni(II)NTA AuNP Platform LOD 
(nM) 

95% Confidence 
Interval (nM) 

Sensitivity 
(Signal/nM) 

100% Ni(II)NTA AuNPs 51 39-60 0.0066 

50:50 MHOL:Ni(II)NTA AuNPs 6.6 2.4-10 0.040 

50:50 Peg4:Ni(II)NTA AuNPs 7.4 2.8-11 0.015 

50:50 MUA:Ni(II)NTA AuNPs 6.7 5.2-8.0 0.021 

50:50 MUD:Ni(II)NTA AuNPs 15.7 8.2-21.5 0.014 

50:50 Peg4-Methyl:Ni(II)NTA AuNPs 13.4 0.75-22.0 0.004 

50:50 MUA-Peg3:Ni(II)NTA AuNPs 18.3 8.5-24.7 0.031 
	
  
	
  
	
  
Supplemental Table 2. Limits of detection, sensitivity, and confidence intervals of 
rcHRP-II upon reactions with Peg4:Ni(II)NTA AuNPs when the biomarker is dissolved in 
a complex matrix  

[HSA] 
(mg/mL) 

LOD 
(nM) 

95% LOD CI 
(nM) 

Sensitivity 
(Signal/nM) 

95% Sensitivity 
CI (Signal/nM) 

37 2.9 1.47-4.14 0.0743 0.0670-0.0817 

0 4.2 0.243-7.01 0.0533 0.0395-0.0672 
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Supplemental Figure 14. Effect of imidazole on Peg4:Ni(II)NTA AuNP assay 
performance in 0.1 M MES buffer with 0.025% Tween 20 and 150 mM NaCl (pH 5.5). 
The particles suspended in buffer and varying concentrations of imidazole are reacted 
with 0 nM or 100 nM rcHRP-II, respectively. After 15 minutes incubation time, 
absorbance measurements are taken at 525 nm and 600 nm. In the absence of rcHRP-II, 
the Ni(II)NTA AuNPs are stable when exposed to 250 mM imidazole concentrations. 
Above 250 mM, the protonated imidazole cations begin to aggregate the Peg4:Ni(II)NTA 
AuNPs. In the presence of rcHRP-II, imidazole enhances assay performance linearly 
from 0 mM to 50 mM imidazole. Between 50 mM and 250 mM imidazole, the assay 
signal plateaus, whereas above 250 mM, assay signal decreases due to the lack of 
stability of the Ni(II)NTA AuNPs.  
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Supplemental Figure 15. Kinetics of Peg4:Ni(II)NTA AuNP aggregation induced by 100 
nM rcHRP-II. Particles are suspended in 125 mM imidazole and 150 mM NaCl in 0.1 M 
MES buffer with 0.025% Tween 20 (pH 5.5). There is a spectrophotometric redshift upon 
100 nM rcHRP-II addition when dissolved in (A) 0 mg/mL HSA and (B) 37 mg/mL 
HSA. The arrows show that the Peg4:Ni(II)NTA AuNP spectrum redshifts as a function 
of time. (C) Spectrophotometric kinetics demonstrating that aggregation and a color 
change occurs in as little as one minute. After five minutes, signal begins to plateau until 
the 15-minute mark. (D) Dynamic laser light scattering of Peg4:Ni(II)NTA AuNP 
aggregation, demonstrating that significant aggregation occurs in as little as one minute 
as the change in particle diameter difference is approximately 200 nm. In correspondence 
to the UV-vis spectra, aggregation slows significantly after five minutes.   
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Supplemental Figure 16. Stability of Peg4:Ni(II)NTA AuNPs in the presence of plasma. 
A 90 µL Peg4:Ni(II)NTA AuNP suspension in 0.1 M MES containing 125 mM imidazole 
and 150 mM NaCl with 0.025% Tween 20 (pH 5.5) is incubated with 10 µL whole 
plasma for 15 minutes before taking an absorbance spectrum. The lack of a significant 
spectral shift demonstrates that plasma does not induce non-specific aggregation of the 
particles, but the slight redshift does suggest that plasma non-specifically coats the 
surface of the particles. 
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Supplemental Figure 17. Analysis of Peg4:Ni(II)NTA AuNP aggregation induced by 
rcHRP-II using an iPhone 4S equipped with the Color Companion (Digital Media 
Interactive, LLC) application. The Ni(II)NTA AuNPs are titrated with rcHRP-II (n=4). In 
the first and third rows, 0, 10, 20, 30, 40, 60, and 80 nM rcHRP-II concentrations 
increase from left to right. The second and fourth rows show a decrease in rcHRP-II 
concentrations from left to right to control for varying signal intensities due to light 
dimming effects. After capturing the image, it is uploaded into the Color Companion 
application and the circular bulls-eye is moved over a well, where signal intensity values 
are conferred for red, green, and blue colors. The dashed red box displays the raw red, 
green, and blue signal intensity values as the bulls-eye cursor is focused over one of the 
wells. To calculate final intensity, the green and blue intensities are averaged and divided 
by the red intensity.   
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Supplemental Figure 18. Kinetics of Peg4:Ni(II)NTA AgNP aggregation induced by 
rcHRP-II. An 80 pM concentration of particles suspended in 0.1 M MES with 0.025% 
v/v Tween 20 (pH 5.5) is reacted with 100 nM rcHRP-II for over the course of 15 
minutes. (A) UV-vis spectral profiles show a redshift over time, while (B) the 
aggregation signal plotted as a function of time shows that nearly half of the signal is 
generated in the first minute while it begins to plateau after 15 minutes. 
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Appendix D 
 
 
 

Supplementary Data: Chapter V 
 
 

 
Supplemental Figure 19. Characterization of tetrakis(hydroxymethyl) phosphonium 
chloride-functionalized (THPC) AuNP seeds. The dark brown-colored AuNPs do not 
display a localized surface plasmon resonance peak in the UV-vis spectrum, indicating 
that the AuNPs are smaller than 5 nm in diameter. Inset is a TEM image of the AuNPs, 
where the average particle diameter was determined to be (3.4 ± 1.1) nm.	
  
 
 
 
 
 
 
 



	
   150 

 
Supplemental Figure 20. Quantifying Au adsorption onto the varying polystyrene 
spheres. The different polystyrene spheres at 1.1 pM concentrations are first treated with 
8 mM KCN for 15 minutes. Afterwards the aliquots are centrifuged at 16,100 gs for 5 
minutes. Next the supernatant is decanted and filtered through a 0.22 um filter. A UV-vis 
spectrum of the supernatant is measured and peaks at 204, 211, 230 and 240 nm are 
representative of the water-soluble, K+[Au(CN)2] complex that is formed when Au0 is 
reacted with KCN. It can be determined that for an aliquot of 1.1 pM AuNP-seeded PS, 
the average number of Au atoms encompassing the polystyrene sphere is 9.03×107, 
increasing the density of the sphere from 1.06 g/mL to 1.16 g/mL. After plating, the 
average number of gold atoms per particle increases to 8.28×108, increasing the average 
density of each particle to 1.49 g/mL. 
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Supplemental Figure 21. Dynamic laser light scattering size distributions of Ni(II)NTA 
AuPSs in the presence of varying concentrations of positive and negative control 
proteins. A 1 pM suspension of Ni(II)NTA AuPS in 0.1 M MES buffer containing 125 
mM imidazole and 0.020 v/v% Tween 20 (pH 5.5) is reacted against varying 
concentrations of proteins for 15 minutes before taking size distribution measurements. 
The shifts in size distribution profiles are evident due to particle aggregation when the 
particles are exposed to (A) rcHRP-II, whereas no significant aggregation occurs when 
the particles are exposed to (B) GST, (C) HSA, and (D) α2-macroglobulin. Aggregation is 
not evident at the physiological concentrations of HSA (600 µM, 40 mg/mL) and α2-
macroglobulin (3 µM, 2 mg/mL), highlighting the specificity of the particle platform. 
Although measurements are performed in triplicate, this data demonstrates a single size 
distribution profile of particles. 
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Supplemental Figure 22. Top-view progression of ring formation of Ni(II)NTA AuPSs 
during drop evaporation on a Ni(II)NTA-functionalized glass slide. (A) A 1 µL 
suspension of 1 pM Ni(II)NTA AuPSs containing 0.020% Tween 20 and 1% glycerol is 
deposited onto a Ni(II)NTA-functionalized slide and evaporated. Top-view images 
showing the drop when the particle suspension is first deposited onto glass (0t) and the 
progression of radially directed particle motion until a full ring is observed after drying 
(1.0t). (B) High magnification image of the drop edge at 1.0t, displaying that the ring is 
comprised of Ni(II)NTA AuPSs.  
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Supplemental Figure 23. Effects of glycerol as a blocking agent in the Ni(II)NTA AuPS 
ring assay for signal-to-noise optimization. A 1 pM concentration of particles containing 
0.020% Tween 20 and glycerol was reacted with varying concentrations of rcHRP-II. 
After deposition of 1 µL of a protein-particle conjugate solution onto the glass, slides are 
rinsed with water after one hour. In the absence of glycerol, no significant signal is 
observed and at 2% v/v glycerol concentrations, there is too much glycerol blocking the 
Ni(II)NTA sites on the glass surface, yielding a minimal signal. Therefore, a 1% (v/v) 
glycerol blocking concentration is optimal for this ring assay.  
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Supplemental Figure 24. Optimization of drying time with the Ni(II)NTA AuPS ring 
assay. A 1 pM concentration of Ni(II)NTA AuPS containing 1% glycerol and 0.020% 
Tween 20 is reacted with 10 nM rcHRP-II, and a 1 µL solution is deposited onto a 
Ni(II)NTA-functionalized glass slide. The slide is rinsed with water at time intervals of 
20, 40 and 60 minutes. At a rinse time of 20 minutes, there is not sufficient time for the 
rcHRP-II-Ni(II)NTA AuPS-conjugates to coordinate to the Ni(II)NTA glass. At 40 
minutes, ring formation is more evident, but also incomplete. At 60 minutes, the 
maximum signal begins to plateau and complete ring formation is evident. The black bar 
scales to 1 mm. 
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Supplemental Figure 25. (A) Pre-wash and post-wash images of Ni(II)NTA AuPS rings 
in the presence of rcHRP-II. The black bar scales to 1 mm. (B) Ring signal is analyzed 
for the pre-wash images using the aforementioned methods in Figure 35. In the presence 
of 100 nM rcHRP-II, large AuPS aggregates settle vertically to the center of the drop, and 
the washed ring signal intensity decreases. When exposed to 100 nM rcHRP-II, the 
particles form large aggregates, and vertically settle (6.0×10-5cm/s) to the middle of the 
drop faster than migrating to the drop edge. Analysis of the pre-wash images at 100 nM 
rcHRP-II indicates that approximately twice as many particles at this concentration 
regime settle inside of the drop in comparison to the lower concentration regimes, thus 
decreasing ring signal. 
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Supplemental Figure 26. Choosing the Invitrogen polystyrene microsphere: Analysis of 
microbeads procured from various vendors. (A) Zeta potential measurements of different 
types of microbeads suspended in 10 mM NaCl at different pH values. The data in (A) 
was collected by Dr. Joshua Trantum. TEM images of microspheres (1 µm) purchased 
from (B) Invitrogen, (C) Spherotech, (D) Spherotech, and (E) Bangs Laboratories after 
electrostatically adsorbing 2-4 nm AuNP seeds. Although gold can be plated onto 
polystyrene in a uniform, tailored nanoshell using beads procured from Invitrogen, beads 
purchased from other vendors do not display the same levels of consistency. Since the 
gold-plating process begins with amine-terminated polystyrene, each supplier provides 
beads with different concentrations of primary amines on the surface. This can be probed 
by taking zeta potential measurements of amine-terminated polystyrene spheres and TEM 
images of AuNP-seeded spheres. The purpose of zeta potential is to measure the relative 
surface charge of a bead or particle surface. In order to validate the surface 
concentrations of amine groups on the particle surface, zeta potential measurements 
indicate that only the Invitrogen beads demonstrate positively charged zeta potential 
values below pH 5. All of the other particles exhibit negative zeta potentials at all of the 
pH values, meaning Invitrogen beads have the highest relative surface coverage of 
amines on the particle surface. To probe this further, each type of particle underwent the 
AuNP seeding step to determine if the negative surface charge impacts the seeding 
process. The Invitrogen microparticles exhibit a uniform monolayer of AuNP seeds as 
shown by the TEM images. However, all of the other particles display sparse coverage of 
THPC-functionalized AuNPs. It is hypothesized that the overall negative charge of the 
surfaces of the Spherotech, Polysciences, and Bangs particles repels the negatively 
charged AuNPs, yielding poor AuNP coverage. In contrast, the positively charged 
Invitrogen particles demonstrate high AuNP coverage, which is favorable for adsorbing 
AuNP seeds to act as catalytic sites for subsequent gold plating. 
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