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Abstract 

The utility of heat and cold at multi-scale has led to numerous breakthroughs in biomedical 

research. This dissertation focuses on the point-of-care (POC) diagnosis and microscale 

biomaterials cryopreservation applications. Specifically, vitrification, a solidification 

process from liquid to glass phase by rapid cooling, is a promising ice-free 

cryopreservation approach to achieve high post cryopreservation viability for microscale 

biomaterials. However, traditional vitrification methods using the convective heat transfer 

for cooling and warming are limited to process small droplet sizes (i.e., pico- to nano-liter). 

This is due to the intrinsic constraints on the size dependent cooling and warming rate by 

convective heat transfer. Therefore, it remains a major challenge to process large amounts 

of biomaterials using the traditional vitrification approaches.  

 

POC diagnostics are designed to provide fast and simple measurements to facilitate timely 

medical decision making to improve clinical outcomes. Lateral flow assays (LFAs), using 

gold nanoparticles (GNPs) as the contrast label, have dominated POC diagnostics in the 

last three decades due to their low cost, simplicity, and robust operation.  Nonetheless, 

LFAs are approximately 1000-fold lower in sensitivity than laboratory-based techniques 

such as enzyme-linked immunoassay (ELISA), which constrains their impact. In a positive 

test, the GNPs accumulate at the test line of the LFA, leading to a red color. The collective 

nanoscale heating of the GNPs in the LFA by laser irradiation results in a macroscale 

temperature change in the LFA. This temperature change was captured by the IR camera 

in the thermal contrast amplification (TCA) reader, leading to improved sensitivity of 
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commercial LFAs by 8-32 folds compared to the traditional visual detection of the GNPs. 

To further close the gap with ELISA, designing a customized LFA for the TCA reader 

holds great promise. 

   

First, I studied the role of GNP sizes on the analytical performance of LFA. Analysis of 

transport and reaction kinetics revealed that the reaction is the rate limit term that 

determines the number of GNPs captured on the test line. Larger sized GNPs can carry 

more antibodies on the surface to enhance the reaction. In addition, thermal analysis 

showed that larger sized GNPs provide higher temperature increase under the same laser 

irradiation. Altogether, the use of 100 nm GNPs and TCA reader provides 256-fold 

improvement in the sensitivity compared to the traditional 30 nm GNPs and visual 

detection. Further, to optimize other components of the LFA for enhanced signal to noise 

ratio, I developed a figure of merit named binding ratio (BR). The BR represents the ratio 

of specific binding (i.e., signal) to non-specific binding (i.e., noise) in the LFA and can be 

quantitatively compared among various LFA conditions using the TCA reader, which is 

beyond the capabilities of the traditional methods. The BR was used to provide decisive 

and efficient guidance for optimizing the LFA running buffer and membrane blocking 

buffer. The customized TCA LFA for HIV p24 protein detection achieved 8 pg/ml 

detection sensitivity, which is comparable to the standard laboratory ELISA tests.   

 

Then, I applied the GNP-laser heating to improve the droplet vitrification based cell 

cryopreservation. To overcome the droplet size limit (i.e., pico- to nano-liter) in traditional 
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methods that use convective heat transfer, microliter sized cell-encapsulated droplet was 

printed onto a cryogenic copper dish for vitrification. With the enhanced cooling by 

conduction, the minimal concentration of permeable CPA to achieve vitrification is 

reduced by > 20%, compared to the traditional convective cooling method by direct 

printing into LN2. In addition, laser nanowarming provides > 400 folds faster warming rate 

compared to the traditional convective warming method. Altogether, > 90% post 

cryopreservation viability using 2 M permeable CPA in 4 ɛL droplets was demonstrated 

with human umbilical cord blood stem cells (UCBSC). This improves the throughput of 

droplet vitrification approach from µL/min (traditional methods) to mL/min. 

 

Finally, I developed a universal cryopreservation method for Drosophila embryos (500 µm 

* 180 µm * 180 µm ellipsoid). We significantly improve the robustness of the embryo 

permeabilization, cryoprotectant agent loading and rewarming processes. We develop a 

cryomesh approach which allows the scale-up to process large number of embryos (> 

1,000), and importantly, provides fast warming rate (> 220, 000 °C/min) that favors high 

survival. In addition, we demonstrate that flies retained normal sex ratio, fertility and SNP 

markers after successive generations of cryopreservation and months of storage in liquid 

nitrogen. Importantly, we successfully validated our protocol with 25 wild type and mutant 

strains including Drosophila stocks from the Bloomington stock center, as well as other 

labs. We report that > 50% embryos hatch and > 25% of the resulting larvae develop into 

adults (normalized survival to control embryos) after cryopreservation. We also 

demonstrate that low survival strains can be improved by outcrossing to mitigate the effect 
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of genetic background. Lastly, we show that two non-specialists are able to successfully 

execute our protocol with consistent results, demonstrating the simplicity and robustness 

of the methodologies. 
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Chapter 1.  Introduction  and Background 

1.1 Point-of-care diagnosis 

Point-of-care (POC) diagnosis is defined as medical testing at the time and place of patient 

care.1-4 Compared with the traditional laboratory based diagnostic testing, POC diagnosis 

provides rapid decision-making, reduced operating times and cost, therefore leading to 

improved health and economic outcomes.5,6 For broad applications in both resource-rich 

and resource limited settings, the ideal POC testing should follow the ASSURED 

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

deliverable to end users) criteria outlined by the World Health Organization (WHO).7-10 

One of the most widely used POC testing is lateral flow assay (LFA), with a classical 

example being the pregnancy test.  

 

A standard LFA is performed on a paper-based substrate consisting of a sample pad, a 

conjugation pad, a nitrocellulose membrane, and an absorbent pad on a plastic backing card 

(Figure 1.1). Antibody-labelled gold nanoparticles (GNPs) are used as the contrast agent 

to provide a red color as an indication of positive results on the test line. Specifically, 

antibody-coated GNPs are flow through a nitrocellulose (NC) membrane through capillary 

action after the sample solution is introduced onto the sample pad. When present in the 

sample, the target analyte binds to antibody-labelled GNPs. This bound complex stops 

wicking up the membrane, when capture antibody on the membrane recognizes the antigen-

antibody-GNP complex. This recognition event leads to accumulation of GNPs at the test 
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line of the LFA, thereby creating a visually positive test result. The LFA test is completed 

in ~ 15 minutes. However, LFAs are approximately 1000-fold lower in sensitivity than 

alternative laboratory-based techniques such as polymerase chain reaction (PCR) or 

enzyme-linked immunoassay (ELISA).11,12 The poor sensitivity of LFA (~ng/ml) has led 

to extensive research on various way to improve the performance. For example, silver 

enhancement,5,13 enzyme catalytic amplification,11,14 surface-enhanced Raman scattering 

(SERS)15,16 and electrochemical amplification17 have been explored to provide 1-2 orders 

of magnitude sensitivity improvement by signal amplification. New particles such as larger 

sized GNPs,12 magnetic particles,18,19 and gold nanoshells20 have also been studied to 

enhance the detection signal. Furthermore, sample pretreatment methods including 

dialysis,21 magnetic field22,23 and electric field24 assisted preconcentration have also been 

investigated.  However, most of the methods add extra test steps, significantly increase the 

assay time or change the contrast labels, increasing the difficulties for clinical translation 

of the current commercial LFA products.   
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Figure 1.1 Working principle of lateral flow assay (LFA) and thermal contrast 

amplification (TCA). Adapted with permission from Qin et al25, copyright 2012 John 

Wiley and Sons. 

 

In our previous studies, we developed a thermal contrast amplification (TCA) reader to 

read the thermal signal of commercial LFAs (Figure 1.1).25,26 The resonant oscillation of 

incoming light with the free electrons in the GNPs, known as SPR, greatly enhances the 

absorption of the energy from the light (i.e., laser), and conversion into heat (Qnano in Eq 

1.1).27 With many nanoparticles (N = particles/m3) together in one system, the nanoscale 

heat generation leads to a collective specific absorption rate (SAR, W/m3) at micro- and 

macro- scales as shown below in Equation 1. The laser fluence rate, I (W/m2), varies as the 

laser light attenuates inside the specimen. The Cabs (nm2) term represents the absorption 

cross section of a single nanoparticle. The µabs (cm-1) represents the bulk absorption 

coefficient for the entire absorbing system, ɟ and c represent the density and specific heat 

of the GNP embedded system, respectively: 

              3!2.1 .# ) А ) ʍÃ                                  (Eq. 1) 

The TCA reader collects the macroscale temperature changes of the LFA upon laser 

irradiation in the test site.  and provides improved sensitivity (8-fold) and quantitation of 

the analyte over traditional visual reading of the commercial LFAs built with ~30 nm GNP 

contrast.26 Despite that, it still remains a challenge to match the sensitivity of laboratory 

tests (i.e., 1000 fold lower). The strategy of designing customized LFAs for TCA reader to 

maximize the benefits of thermal signal is explored in this dissertation.  
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1.2 Cryopreservation of microscale biomaterials 

Cryopreservation of microscale biomaterials including cells, cell aggregates (i.e., islets), 

gametes and embryos etc. has serves as an important cornerstone in the supply chain in 

research, clinical and industrial settings.28-33 Two main strategies have been employed for 

cryopreservation of those microscale biomaterials: slow cooling and rapid cooling.34 

Conventional cryopreservation approaches utilize slow cooling (i.e., ~1 °C/min) of 

biological substances. Under these conditions ice formation is allowed but is limited to the 

extracellular spaces. Addition of cryopreservation agents (CPA) (i.e., DMSO, glycerol) can 

help protect and stabilize the cells from lethal ice formation during cryopreservation.35 

Conventional slow cooling method provides suboptimal viability due to the presence of ice 

crystals in the system.30,36  

 

An attractive alternative to slow cooling based cryopreservation is using vitrification ï the 

process of rapid cooling of a liquid substance such that it does not undergo phase transition 

from liquid to crystalline structure.30,32 If cooled fast enough, the liquid will enter into a 

state where the viscosity of the solution is too high to allow the molecular rearrangements 

required for phase transition to occur. Instead, the substance takes on an amorphous glass-

like consistency and behaves as a solid, but without the destructive formation of ice crystals. 

The temperature at which this happens is the glass transition temperature (Tg). Under these 

conditions, biomaterials can be maintained in a stable cryogenic state indefinitely 37. For 

each biological solution there is both a critical cooling rate (CCR) and a critical warming 

rate (CWR). CCR is the rate of temperature change required to cool a liquid to a stable 



5 

 

vitrified state (<Tg, glass transition temperature) without forming ice. CWR is the inverse, 

the rate of temperature rise required to avoid ice crystals during rewarming. Failure to 

rewarm the biomaterials above the CWR will leads to devitrification (i.e., ice formation). 

The CWR is often 100 ï 1000 folds higher than CCR38, and increases with decreasing CPA 

concentration.39 High CPA concentration leads to high toxicity, especially at suprazero 

temperature. In addition, microscale biomaterials such as single cells are more sensitive to 

high CPA concentrations (> 4 M) than macroscale biomaterials such as tissues and organs. 

Therefore, in order to using low CPA concentration to minimize the CPA toxicity, a high 

cooling rate and ever higher warming rate are required.   

 

One promising approach to achieve fast cooling rate is to use droplets owing to the large 

surface area to volume ratio. Droplet vitrification using convective heat transfer has been 

demonstrated for cell cryopreservation using pico- to nano- litter sized droplets to achieve 

the fast cooling and warming rates.36,40 However, those droplets are impractically small to 

process the bulk scale cell suspensions needed for cell therapies (i.e., usually liters).30,41 

Due to the intrinsic constraints of droplet size dependent cooling and warming rates using 

convective heat transfer, achieving high post cryopreservation viability using low 

permeable CPA concentration in a larger sized droplet remains a major challenge.   

 

To achieve even faster warming rates, Mazur et al demonstrated ultra-rapid warming rates 

by adding India-Ink (i.e. carbon black) to the droplet to absorb the laser energy for 

rewarming. This work demonstrated excellent post-warming viability of mouse oocytes (D 
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= 80 ɛm) vitrified by rapid cooling with a Cryotop followed by a laser warming step, with 

the estimated warming rate reaching 10,000,000°C/min.42 Our previous studies replaced 

India-Ink with more biocompatible gold nanorods (GNRs) with a 1064 nm resonance peak. 

This modified laser warming approach was used to successfully rewarm cryopreserved 

zebrafish embryos (~ millimeter scale) by injecting GNR into the embryos to allow a more 

uniform warming. Importantly, the GNRs can be placed intracellularly and/or 

extracellularly without any toxicity to achieve fast and uniform warming depending on the 

size of the biomaterials (Figure 1.2). 

Figure 1.2 Schematics of using laser nanowarming to cryopreserve microscale biomaterials. 

Adopted from Khosla et al43 with permission. Copy right 2018 American Chemical Society. 

 

1.3 Thesis overview 

Motivated by these issues, my dissertation research focuses on the utility of heat and cold 

at multiple-scales for POC diagnosis and cryopreservation applications. Specifically, 

nanoscale heating from the GNP-laser interaction was used to provide a macroscale 

temperature rise in the LFAs for improved analytical performance. The design and 
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optimization of the GNPs as well as the LFA architecture were investigated to maximize 

the benefits of the thermal enhancement. Further, this nanoscale GNP-laser heating was 

applied to rewarm the micro-scale cryopreserved biomaterials at ultra-rapid rate, leading 

to improved survival. On the other hand, a cryomesh approach was developed to improve 

the microscale cooling and warming performance for the cryopreservation of  Drosophila 

embryos.  

 

The following paragraph provides an outline for the dissertation work, composed of four 

stand-alone publications as four chapters. Chapters 1 and 2 have been published in well-

known journals after peer-review process. Chapter 3 and 4 have been written with the same 

level of scrutiny and ready for submission.  

 

Chapter 2 focuses on investigating the role of nanoparticle design in determining the 

analytical performance of LFAs. The transport and reaction kinetics of the GNPs and target 

analytes inside the LFAs were thoroughly analyzed via modeling and experiments. The 

TCA reader was used to amplify the thermal signals of GNPs therefore providing enhanced 

sensitivity. The study demonstrated that larger sized GNPs (i.e., 100 nm GNPs) with the 

TCA reader can significantly improve the limit of detection of the LFAs compared to the 

traditionally used 30 nm GNPs with visual detection. 
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Chapter 3 describes a novel figure of merit (i.e., binding ratio) to optimize the customized 

LFAs for the TCA reader. Using larger sized GNPs (i.e., 100 nm), the running buffer and 

blocking buffer in the in the LFAs need to be optimized to achieve high binding ratio (i.e., 

the ratio of specific binding to non-specific binding), therefore high sensitivity. The TCA 

reader was employed to quantitatively measure the binding ratio under various running and 

blocking buffers, which was traditionally conducted via qualitative visual inspection.  We 

developed the optimized TCA LFA for ultrasensitive detection of HIV p24 protein, 

reaching the sensitivity of the ELISA (i.e., 8 pg/ml).  

 

Chapter 4 ill ustrates an advancement in droplet vitrification based cryopreservation by 

overcoming convective heat transfer barriers. To achieve a higher viability, a faster cooling 

and warming rate were required in order to use a lower concentration of cryoprotectant 

agent  (CPA). However, traditional droplet vitrification methods using convective heat 

transfer are limited by the droplet size dependent cooling and warming rate. For example, 

using traditional approaches with minimally toxic permeable CPA (i.e., < 2.5 M) and 

yielding > 90% survival, droplet size needs to be 180 pL, which is impractically small to 

process billions of cells needed for cell therapy. To address this a 3D droplet printing, 

conduction heat transfer and GNR-laser warming approach combined to overcome the 

traditional convective heat transfer barriers.  We demonstrated > 90% post 

cryopreservation viability using 2 M permeable CPA in 4 ɛL droplets (i.e., >20,000 larger 

than the 180 pL droplet). 
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Chapter 5 outlines a universal cryopreservation protocol for the Drosophila embryos. A 

simple, robust and universal cryopreservation method for Drosophila melanogaster 

embryos continues to be a critical bottleneck to the Drosophila community. More than 

160,000 unique strains have been generated over a century of research and this number is 

growing rapidly. The enormous benefits of cryopreservation include: (1) reduction of labor 

and stock maintenance costs by limiting the frequent, manual, transfer of breeding adults 

to fresh food, (2) protection of stable stock genotypes against genetic drift, and (3) 

reduction in the risk of stock loss due to contamination or accidental mixing of stocks. A 

cryomesh approach was developed to allow the scale-up to process large number of 

embryos (> 1,000), and importantly, to provide fast warming rate (> 220, 000 °C/min) that 

favors high survival, therefore outperforming the traditional vitrification tools. We report 

that > 50% embryos hatch and > 25% of the resulting larvae develop into adults 

(normalized survival to control embryos) after cryopreservation. We also demonstrate that 

low survival strains can be improved by outcrossing to mitigate the effect of genetic 

background. 

 

Chapter 6 finally provides a summary of the major conclusions demonstrated through the 

dissertation work.  
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Chapter 2.  The Role of Nanoparticle Design in Determining Analytical 

Performance of Lateral Flow Immunoassays 

The following chapter has been published in the following article and reproduced here with 

the permission of the journal publisher: 

Zhan, L. et al. The role of nanoparticle design in determining analytical performance of 

lateral flow immunoassays. Nano letters 17, 7207-7212 (2017). 

 

2.1 Abstract  

Rapid, simple, and cost-e ective diagnostics are needed to improve healthcare at the point 

of care (POC). However, the most widely used POC diagnostic,  the  lateral þow 

immunoassay (LFA), is Ḑ1000-times  less  sensitive  and has a smaller analytical range 

than laboratory tests, requiring a conýrmatory test to establish truly negative results. Here, 

a rational  and  systematic  strategy  is  used  to  design  the  LFA contrast label (i.e., gold 

nanoparticles) to improve the analytical sensitivity, analytical detection range, and antigen 

quantiýcation of LFAs. Speciýcally, we discovered that the size (30, 60, or 100 nm) of the 

gold nanoparticles is a main contributor to the LFA analytical performance through both 

the degree of receptor interaction and the ultimate visual or thermal contrast signals. Using 

the optimal LFA design, we demonstrated the ability to improve the analytical sensitivity 

by 256-fold and expand the analytical detection range from 3 log10 to 6 log10 for diagnosing 

patients with inþammatory conditions by measuring C-reactive protein. This work 

demonstrates that, with appropriate design of the contrast label, a simple and commonly 
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used diagnostic technology can compete with more expensive state-of-the-art laboratory 

tests. 

 

2.2 Introduction  

Point-of-care (POC) diagnostics are designed to provide fast and simple measurements to 

facilitate timely medical decision making to improve clinical outcomes.44-46 Although 

numerous POC tests have been introduced, none are currently able to provide sensitivity 

and quantitation comparable to laboratory-based diagnostics, such as polymerase chain 

reaction (PCR) or enzyme-linked immunoassay (ELISA), which constrains their impact.47-

49 For instance, lateral flow assays (LFAs) have dominated POC diagnostics in the last 

three decades due to their low cost, simplicity, portability, and robust operation. However, 

LFAs are approximately 1000-fold lower in sensitivity than alternative laboratory-based 

techniques.10,50 This gap has driven the development of other diagnostic technologies, 

including paper51,52- and chip-based microfluidics,3,53 surface plasmon resonance,54-56 and 

biobarcodes.57,58 Although some of these techniques have achieved comparable sensitivity 

as PCR or ELISA, they remain in developmental stages rather than commercial stages for 

POC applications.59,60 An alternative approach, explored here and in other work,4,14,15,24,60-

62 focuses on the redesign of LFAs in an attempt to achieve comparable performance to 

laboratory-based approaches. 

 

During sandwich LFA testing, the analyte flows through the LFA by capillary force and is 

first captured by detection antibody-labeled spherical gold nanoparticles (GNPs) to form a 
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complex (Figure 2.1 a). This complex is then captured by antibodies on the membrane, 

leading to accumulation of GNPs at the test site. The test site visually turns red ï indicating 

a positive test, when there are sufficient GNPs present. Traditionally, 30-40 nm diameter 

GNPs are used as visual labels in LFAs; however, LFAs suffer from low GNP capture rate 

(<5%)24,63 and low GNP visual contrast detection, leading to suboptimal sensitivity.27 

Approaches to improve label capture and/or label detection have been developed. For 

instance, new contrast labels including quantum dots,60 upconverting phosphor reporters,61 

magnetic particles,14,64 and surface-enhanced Raman scattering GNPs15 have all been 

applied. Isotachophoresis24- and dialysis4-based sample treatments can preconcentrate 

analyte and improve label capture. Signal amplification methods such as silver 

enhancement62 and enzyme catalytic amplification65 have also been explored. These 

improvements in LFA performance lead to additional cost, labor, complexity, or loss of 

portability that may hinder point-of-care deployment. 

 

In our previous studies, we developed a thermal contrast amplification (TCA) reader to 

read the thermal signal of commercial LFAs.16,27 The TCA reader collects the temperature 

changes of GNPs upon laser irradiation in the test site and provides improved sensitivity 

(8-fold) and quantitation of the analyte over traditional visual reading of the commercial 

LFAs built with ~30 nm GNP contrast.16 Here, we shift focus to redesign of the LFA for 

improved analytical performance using the thermal contrast reader. Our goal is to assess 

whether redesign of the LFAs for thermal contrast can achieve competitive analytical 

performance with laboratory techniques. To achieve this, we first modeled the entire 

process and identified important parameters such as GNP size and concentration, reaction 
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rate constant (antibody binding), and flow speed (reaction time) that determine the limit of 

detection of the thermal signal from the LFAs. We then tested the findings from the model 

with experiments to achieve a 256-fold higher analytical sensitivity with thermal contrast 

than traditional 30 nm GNP LFA visual contrast, thereby achieving a range of C-reactive 

protein (CRP) detection comparable to that of ELISA-based laboratory diagnostics. 

Specifically, we chose to study the impact of nanoparticle size on GNP detection and 

capture as they relate to the analytical performance of the LFA. Larger size GNPs with 60 

and 100 nm diameters were introduced in addition to the traditional 30 nm GNPs. The 

larger size GNPs exhibit higher reaction affinity as they carry more antibodies, thus 

increasing GNP capture (Figure 2.1 c). In addition, the larger-size GNPs have stronger light 

absorption and scattering properties, thus improving GNP detection (Figure 2.S1). 

Importantly, the modeling and experimentation processes presented here can be used in the 

future to optimize the analytical performance of other nanoparticle-based assays such as 

microfluidic, biobarcodes detection, and so forth.3,51-53,57,58  
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Figure 2. 1 Scaling analysis of the effect of GNP size on LFA sensitivity. (a) Architecture 

of lateral flow assay with test line width L, assuming that the nitrocellulose membrane is 

conceptually simplified as bundles of cylindrical pores with radius R; scale bar is 5 mm. 

Ctrl is the control line of the LFA.  (b) Pe is the ratio of diffusion time to convection time 

of a GNP, where Pe >> 1 in LFA implies the transport of GNP to a test site is diffusion-

limited, and Da is the ratio of reaction flux to diffusion flux, where Da << 1 in LFA implies 

the rate limit of GNP capture at the test site is reaction (details in Supplementary materials 

section 8). (c) Comparison of 30, 60 and 100 nm diameter GNPs indicates 100 nm GNPs 

can improve LFA sensitivity due to higher reaction rate and signal per GNP.  
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2.3 Results and Discussion 

To study the detection sensitivity of different sized GNPs, we needed to deposit citrate-

stabilized GNPs (30, 60, and 100 nm diameters) onto the LFA membrane uniformly, 

quantitatively, and without aggregation. The pipettes and Epson XP310 inkjet printers were 

used but resulted in nonuniform ñcoffee ringsò and unacceptable aggregation, respectively 

(Figure 2.S2). For this to be addressed, GNPs were washed and dispersed in 65% (w/w) 

glycerol and printed using a 3D printer and syringe pump to achieve uniformity and 

quantitation (Figure 2.2 a, method details in Supplementary materials).66 The 

monodisperse (i.e. non-aggregated) status of printed GNPs was confirmed with scanning 

electron microscopy (Figure 2.S3). After printing at known GNP concentrations, pumping 

rate, and printing time, we used a scanner (Epson X310) and a TCA reader to calibrate the 

visual (i.e., greyscale intensity) and thermal (i.e., temperature change) signals, respectively, 

of the deposited GNPs (Figure 2.2 b). The quantitation of GNP amount vs visual or thermal 

detection is presented in Figure 2.2 c. For instance, 24- and 191-fold sensitivity 

improvement for visual and thermal detection of 100 nm GNPs over visual detection of 30 

nm GNPs is shown in Figure 2.2 d. The visual and thermal detection thresholds of different-

sized GNPs are listed in Table 2.S1. Additionally, this 3D printing technique can serve as 

a platform to quantitatively study and compare the laser heating (i.e., thermal performance) 

of different types of nanoparticles such as gold nanocubes, gold nanorods, and others.  
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Figure 2. 2 Visual and thermal detection of GNPs of different sizes. (a) GNPs were printed 

onto a membrane using a 3D printer: 1, syringe pump; 2, syringe; 3, membrane; 4, 3D 

printer; 5, capillary tube; 6, rubber to fix the capillary tube. (b) Visual and thermal detection 

methods of printed GNPs. (c) Quantitative thermal and visual detection of 30, 60, and 100 

nm diameter GNPs, where A and A' stand for 100 nm GNP thermal and visual signal, B 

and B' for 60 nm GNP thermal and visual signal, C and C' for 30 nm GNP thermal and 

visual signal, respectively. (d) Thermal and visual detection limits of printed 30, 60, and 

100 nm diameter GNPs.  

 

We next used scaling and modeling, followed by experimentation, to investigate the impact 

of nanoparticle size in GNP capture. We studied two LFA cases: case 1, diffusion, 
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convection and direct GNP binding LFA (biotin-streptavidin); case 2, diffusion, convection 

and sandwich GNP binding LFA with CRP as analyte.  

 

To begin, we scaled the Peclet number (Pe) and the Damkohler number (Da) for these 

cases to assess the importance of diffusion to convection and reaction in the LFAs (Figure 

2.1 b). The nitrocellulose membrane is conceptually simplified as a bundle of cylindrical 

pores of radius R (Figure 2.1 a).67 The Peclet number (Pe=UR/De), the ratio of diffusion 

time to convection time of a GNP with effective diffusivity De, was calculated, where U is 

the convective velocity (Figure 2.1 b). A further calculation of the Damkohler number (Da 

=kon'CR/De) compares the reaction flux (of a given test site capture antibody concentration 

C) to diffusion flux (Figure 2.1 b). Here, the effective forward reaction rate constant (kon') 

for antibody-labeled GNPs is assumed to be63 

                                                           kon' = n·kon                                                  (1) 

where kon is the forward rate constant for a single antibody-antigen interaction in the LFA 

membrane environment, and n is the effective number of antibodies per GNP. With the 

calculated Pe >> 1 (convection dominates diffusion) and Da << 1 (diffusion dominates 

reaction) shown in Table 2.S2; thus reaction is the rate-limiting step to improve GNP 

capture (details in Supplementary materials). We hypothesize that larger-sized GNPs (60 

and 100 nm) could improve GNP capture as n increases in eq 1 due to larger surface area 

(Figure 2.1 c).  
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We then developed a COMSOL model to extend the above scaling analysis and predict 

LFA performance prior to experiments, thereby guiding LFA design for both cases 

(Supplementary materials). We performed a parametric study to assess the impact of 

varying the convective velocity as well as GNP diffusivity and effective forward rate 

constant on GNP capture using the parameters listed in Table 2.S3. The model shows that 

reaction and convection have a higher impact on GNP capture than diffusion (Figures 2.S4 

and 5). Indeed, reaction and convection are linked as reducing velocity increases the time 

for reaction (i.e., residence time in the test site), underscoring again that reaction is the rate 

limiting phenomenon in GNP capture. In addition, we studied the impact of GNP 

concentration used in the conjugate pad on the final test line signal (i.e., captured GNP 

amount) using the model. The model shows that as the GNP concentration increases, the 

test line captured GNP amount will first increase and then reach a plateau (Figure 2.S6). 

The modeling helps to identify key parameters such as GNP size and concentration, 

reaction rate constant and flow speed that determine the analytical performance of LFAs.   

 

In case 1, we used COMSOL to model direct binding of streptavidin-coated GNPs to the 

test dot coated with excess biotin (Figure 2.3a). The model predicted that the majority of 

the GNPs are captured at the front arc of the test dot due to high binding affinity 

(Kd = 10-14 M) of the excess biotin to the streptavidin (Figure 2.3a). In Figure 2.3b, the 

model showed that the GNP capture increases as kon' increases, indicating sensitivity 

improvement with larger GNP (larger kon'). Importantly, because of the enhanced capture 

of larger size GNPs, we expect greater sensitivity improvement between visual detection 
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of 30 nm GNP and thermal detection of 100 nm GNP in a binding LFA (i.e., cases 1 and 

2) vs printed GNPs in the membrane where no GNP binding exists (Figure 2.S7). 

 

To experimentally test case 1 model predictions, we conjugated streptavidin to GNPs to 

bind a test dot coated with excess biotin in the LFA. We tested different concentrations of 

streptavidin-coated GNPs. As predicted by the model, only a red arc at the test dot edge 

was observed after an LFA test (Figure 2.3a, 2.S8). The quantitative correlation between 

GNP concentration and thermal signal (R2 = 0.96) as well as visual signal (R2 = 0.95) are 

presented in Figure 2.3c. A 250-fold improvement in sensitivity is illustrated in Figure 2.3d 

for thermal detection of 100 nm GNP over visual detection of 30 nm GNP. Although Figure 

2.S4 demonstrates trends for our model, absolute agreement between the model and 

experimental results requires fitting certain parameters, most importantly, the reaction 

term. We fitted kon' of different-sized GNPs using the thermal signal (æT) of test dots and 

the ñæT to GNP concentrationò calibration curves (Figure 2.2c, Figure 2.S9). The results 

indicate that 100 nm GNPs have more than 3-fold higher kon' than 30 nm GNPs (2.5×107 

vs. 7.5×106 M-1s-1), implying that larger GNPs have higher n in eq 1. 

 

In case 2, we used COMSOL to model sandwich binding of GNP in the test dot of a CRP 

LFA. We noted different test dot patterns for different CRP concentration, indicating 

semiquantitative visual readings (Figure 2.4a). We showed that these test dot patterns can 

be used to expand the LFA analytical range beyond the ñhookò effect, which occurs at 

excessively high analyte concentrations, leading to a reduction in GNP capture.6 For 

instance, just before and after the ñhookò effect, one visual signal value can be related to 
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two different analyte concentrations, i.e., S and S' in Figure 2.4c. The model predicted 

different test dot patterns such that we can distinguish S (after the ñhookò effect) from S' 

(before the ñhookò effect), albeit they have the same visual signal averaged across the dot 

(Figure 2.4a, c). Importantly, the model also revealed that this approach requires kon' > 103 

M-1s-1, which suggests a failure criterion when using low affinity antibodies or sparsely 

Figure 2. 3  Larger-size GNPs can be detected at lower concentrations in streptavidin/biotin 

direct binding LFAs. (a) Schematics of streptavidin/biotin LFAs. The experimental and 

modeling results of the LFA test showed GNPs were captured at the front arc of the test 

dot. (b) Modeling results of quantitative 30 nm GNP capture for different effective forward 

reaction constant values. (c) Experimental thermal and visual signals of 30, 60, and 100 
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nm diameter GNP streptavidin/biotin LFAs; A and A' stand for 100 nm GNP thermal and 

visual signal, B and B' for 60 nm GNP thermal and visual signal, C and C' for 30 nm GNP 

thermal and visual signal, respectively. (d) Experimental thermal and visual detection 

limits of streptavidin/biotin LFAs with 30, 60, and 100 nm diameter GNPs.  

 

 coated GNP labels (Figure 2.S10). The sensitivity and linear quantitation range (before the 

ñhookò effect) of the LFA also depends on kon' (Figure 2.4b). Specifically, a higher 

effective forward rate constant increases GNP capture, and therefore LFA sensitivity. 

Using the thermal detection limit of 100 nm GNPs (1.6×10-3 nM, Table 2.S1), a >4 log10 

linear visual detection range could be expected when kon' = 104 M-1s-1, wheras the linear 

detection range increases to >5 log10 when kon' = 105 M-1s-1 (Figure 2.4b). 

 

Finally, we experimentally evaluated whether the improvements in direct binding LFAs 

(case 1) could be extended to sandwich LFA (case 2). We constructed a sandwich LFA to 

detect CRP, an important clinical biomarker of inflammation.68 A point-of-care 

quantitative CRP assay would be highly useful to distinguish bacterial from viral infections 

to guide antibiotic use considering that the current multiple hour turnaround time for a 

laboratory-based CRP assay is impractical in an outpatient setting to affect medical 

decision making.69 To allow quantitative comparison between different size GNP LFAs, 

we used the same number of GNPs per LFA (i.e., 6×108). We performed dilution testing 

with standard human CRP reference. The different patterns of test dot binding (bottom to 

top in flow) as predicted by the model enable the detection before and after the ñhookò 



22 

 

effect (Figure 2.4a). This effectively extends the visual analytical range to 5 log10 (10-3 to 

> 102 mg/L) using 100 nm GNPs (Figure 2.4c, Table 2.S4). Further, thermal contrast 

achieves one log10 sensitivity improvement over visual contrast for all GNP sizes, including 

30 nm as previously shown in commercial LFAs.16 Therefore, 6 log10 detection range (10-

4  to > 102 mg/L) in CRP LFA was demonstrated with 100 nm GNP and a TCA reader. In 

sum, the 100 nm GNP yields a 256-fold sensitivity improvement using thermal detection 

versus traditional 30 nm GNP visual detection (Figure 2.4d, Figure 2.S11). In the future, 

another log10 improvement using TCA with different-shaped nanoparticles such as 

nanorods or nanoshells with thermal contrast detection may be possible.27   
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Figure 2. 4 Combination of 100 nm GNPs and TCA reader provides 256-fold sensitivity 

improvement in CRP LFAs. (a) Modeling and experimental results of test dot visual 

reading and ability to compensate for the ñhookò effect observed in all LFAs at very high 

concentrations. (b) Modeling results of quantitative 30 nm GNP capture for different 

effective forward reaction rate constant values.  (c) Experimental visual and thermal signals 

of CRP LFAs; A and A' stand for 100 nm GNP thermal and visual signal, B and B' for 60 

nm GNP thermal and visual signal, C and C' for 30 nm GNP thermal and visual signal, 

respectively. (d) Experimental thermal and visual detection limits of CRP LFAs with 30, 

60, and 100 nm diameter GNPs. 

 

To improve translation and demonstrate clinical use, we also tested a human serum sample. 

The results aligned well with the calibration curves obtained with standard human CRP 

reference samples (Figures 2.S12 and 2.S13). Similar to case 1, we found 100 nm GNPs 

have a more than 2-fold higher kon' than 30 nm GNPs (6.5×104 vs. 2.8×104 M-1s-1, Figure 

2.S14). We further noted that the ratio of kon' (100 vs 30 nm GNP) in case 1 is greater than 

the ratio in case 2. We attribute this to the extra curvature and molecular length that would 

impede binding in sandwich (case 2) vs direct binding (case 1).  

 

Theoretically, increasing GNP size above 100 nm could further increase LFA sensitivity. 

However, GNP capture will be rate limited by diffusion (Da >>1) as kon' increases with 

GNP size. Therefore, further increasing GNP size will decrease GNP capture as larger 

GNPs have slower diffusion rates. In addition, the cost of gold and especially antibodies 

needed to coat this gold increases dramatically as the GNP size increases (Table 2.S5). 

Furthermore, we use modeling to demonstrate that larger GNPs (for example: 400 nm) will 

settle within the pores of the membrane within 50 s, the time necessary for a GNP to travel 
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from conjugate pad to test line (Figure 2.S15, details in Supplementary materials). 

Importantly, this effect will be compounded by the increased chance of nonspecific binding 

of larger-sized GNP-antibody conjugates to either the test line antibody or background 

membrane of the assay.  Thus, although larger GNPs can improve the limit of detection, 

they may also cause false positive results that decrease the accuracy of detection (details 

in Supplementary materials). Thus, for GNPs beyond 100 nm, the detection accuracy is 

considered more important than simply achieving higher sensitivity (i.e., limit of detection).  

We expect that this trade-off will yield a unique maximum GNP size limit depending on 

antibody selection, membrane selection, and tolerance of false positives for any newly 

designed assays. Further, directly measuring kon' of GNPs within LFA environments using 

radioactively labeled antibodies will be useful to improve the model and find the ultimate 

limits of this LFA technology.63 

 

2.4 Conclusion 

In conclusion, we studied how GNP design, specifically size and contrast (visual vs 

thermal), affects LFA analytical performance. We scaled and modeled the transport and 

reaction processes in the LFA. We found that the sensitivity greatly depends on the GNP 

binding process. Our model can predict LFA performance based on nanoparticle design, 

thus helping to reduce excessive experimentation and more quickly identify and 

experimentally verify optimum LFA designs. For instance, our model shows that larger-

size GNPs have higher binding affinity and are detected at lower concentration. Using 100 

nm GNPs with thermal contrast detection, our LFAs were then experimentally verified to 
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detect CRP over approximately a 6 log10 concentration range spanning the range of both 

laboratory and POC CRP assays on the market in one simple test (Table 2.S6). Thus, the 

modified GNP labels with both visual and thermal contrast detection show great promise 

in creating a POC diagnostic platform that is competitive in sensitivity, analytical range 

and quantitation with laboratory-based technologies. 

 

2.5 Materials and Methods 

Synthesis and characterization of GNPs 

Monodisperse 30, 60 and 100 nm GNPs were synthesized using citrate reduction and seed 

mediated growth methods.70 Briefly, 15 nm seeds were synthesized as previously described 

by Frens et al.71 100 mL of 0.25 mM HAuCl4 was boiled with hot plate temperature set to 

300 °C. Next, 1 mL of 3% (w/v) sodium citrate was added under vigorous stirring. The 30, 

60 and 100 nm GNPs were then synthesized by hydroquinone reduction of ionic gold. After 

synthesis, GNPs were characterized by UV-visible spectroscopy (Synergy HT, BioTek), 

and transmission electron microscopy (TEM, Tecnai G2). We determined the 

concentration of GNP according to Beerôs law: ὃ  ‐ϽὧϽὰ, where ὃ is the gold 

nanoparticle local surface plasma resonance (LSPR) absorbance measured by UV-VIS 

spectroscopy (Synergy HT, BioTek), ὧ is the gold nanoparticle concentration, ὰ is the light 

path length (cm), ‐ is the gold nanoparticleôs molar extinction coefficient (M-1·cm-1):70  

ρπ
Ȣ ᶻ ᶻȢ ᶻ Ȣ

 

Gold nanoparticle concentration can thereby be determined from ὧ ὃὰ‐ϳϳ .  
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Computation of GNP optical properties 

Mie theory was employed to compute and compare the optical properties (extinction, 

scattering and absorption spectrum) of GNPs in different sizes (30 ï 400 nm). An open 

source Mie theory Fortran code from Oregon Medical Laser Center was utilized for GNP 

optical properties calculation. The surrounding media of GNP was set to water (refractive 

index = 1.33). 

 

Visual and thermal detection of GNPs in solution 

340 µL 30, 60 and 100 nm GNP solutions were loaded in a 96-well plate separately, and 

extinction spectra were read by UV-visible spectroscopy. The peak extinction values were 

utilized to determine the visual detection limit of GNPs in solution. Polystyrene cuvettes 

were filled with 1.5 mL of serial diluted 30, 60 and 100 nm GNP solutions separately and 

irradiated with 280 mW 532nm laser (UltraLasers) from the side. The cuvettes with stirring 

bar inside were placed above a stirring plate to guarantee uniform temperature distribution. 

The temperature within cuvettes was recorded by four T-type thermocouples distributed at 

four corners (Figure 2.S16b).14 The solutions were heated from room temperature for 45 

min to reach steady state. The temperature rise from room temperature was used to 

determine the thermal detection limit of GNPs in solution. 
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Visual and thermal detection of GNPs on nitrocellulose membrane 

In order to perform a quantitative comparison of visual and thermal detection limits of 

different sized GNPs on LFA nitrocellulose (NC) membrane, we need to deposit GNPs 

onto the membrane uniformly, quantitatively and without aggregation. The citrate 

stabilized GNPs were first washed with ultrapure water (Millipore) by centrifugation twice 

and re-dispersed in 65% (w/w) glycerol solution. Then GNPs were printed onto NC 

membrane (HF135, Millipore) with a syringe pump (NE-1010, Harvard) and a 3D printer 

robot (Fisnar 5200N). The 3D printer robot controlled the movement of a 100 µm diameter 

nozzle connected to a syringe to print rectangles in spiral order (Figure 2.2a). The serially 

diluted 30, 60 and 100 nm GNPs were printed into 2 mm*10 mm rectangles on membrane 

separately. The pumping rate of syringe pump was 6 µL/min and printing time for one 2 

mm*10 mm rectangle was 24 s. The concentration of GNPs in membrane was determined 

by dividing the total number of printed GNPs with the membrane volume (2 mm*10 

mm*0.13 mm). After printing, the NC membranes were dried in a vacuum desiccator 

placed in a 65 °C oven for one day. The dried NC membranes were then scanned (Epson 

XP310) and the mean greyscale intensity of rectangles were analyzed by ImageJ. The 

thermal contrast amplification (TCA) reader equipped with a 30 mW 532 nm DPSS laser 

(UltraLaser) was employed to heat printed GNPs and record their temperature changes. 

Pipettes and an Epson XP-310 inkjet printer were also used to print GNPs for the same 

purpose, however, both were inferior to 3D printing and were ultimately abandoned (Figure 

2.S2). Pipetting was used to deposit 1 µL of GNP in 65% glycerol solution onto the 

membrane followed by subsequent drying in a vacuum desiccator placed in a 65 °C oven 

for one day. The inkjet printer is unable to print with 65% glycerol solution due to high 
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viscosity and surface tension. Thus, GNPs were dispersed in water and then printed onto 

membrane. Then the printed membranes were dried in ambient room environment 

overnight. Platinum was coated onto the membrane prior to SEM observation. The non-

aggregated status of printed GNP in membrane were confirmed by SEM (Figure 2.S3). The 

somewhat spread data points highlighted in yellow in Figure 2.S3a likely represent GNP 

diffusion after printing and laser scattering during thermal reading. To define the detection 

limits for thermal and visual analysis, we tested 6 blank samples to establish a negative 

control and performed 4 replicates for each positive sample. The detection limit of the 

thermal analysis was defined according to the IUPAC method as the lowest concentration 

tested whose thermal signal (ЎὝ) satisfies the following relation: 

ЎὝ ЎὝ ὯϽί 

where ЎὝ is the mean of the blank sample (for example, negative control sample) signal, 

ί  is the standard deviation of the blank sample signal, Ὧ is the numerical factor in 

accordance with the confidence level (i.e. k = 3 for 95% confidence interval). As the blank 

sample size (e.g. 6) is smaller than 10-30, the IUPAC definition suggests that we should 

apply t-statistics, therefore we reported 95.2% confidence here with Ὧ σ.72,73  

 

Measurement of LFA flow velocity 

Half strips consisting of only porous membranes and absorbent pads with backing material 

were employed in the flow velocity measurement studies. The dimensions of half strip 

membrane and absorbent pad were both 3 mm*20 mm, which are the same as in 

streptavidin/biotin LFAs and CRP LFAs. The flow in the LFAs were divided into two 
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consecutive phases: ñmembraneò and ñabsorbent padò phase (Figure 2.S17a). For 

ñmembraneò phase velocity measurement, half strip was dipped into a red dye reservoir 

and the flow was recorded by a camera (Figure 2.S17b). The position of red liquid front 

was extracted from the recorded video based on the greyscale intensity difference in the 

vicinity of liquid front by a customized Matlab script. The ñabsorbent padò phase velocity 

was obtained by tracing the front of dye pulses generated by alternately dipping pre-wetted 

half strips in a red dye reservoir for 2 s, and a water reservoir for 200 s. Thus, three pulses 

were generated for each half strip and recorded with a digital camera (Figure 2.S17c). The 

ñmembraneò phase flow is initially higher and then falls while the ñabsorbent padò phase 

is more constant. Similarly, the position of a dye pulse front was identified by a customized 

Matlab script. The ñmembraneò phase velocity measurement was compared with the 

Washburn equation (Figure 2.S17d).74 Three types of membranes with different pore sizes 

including HF75, HF135 and HF240 (Millipore) were tested. Also, the effect of membrane 

length on flow velocity was studied between 2 and 4 cm where 2 cm is a standard length, 

and 4 cm would be unusually long (Figure 2.S18). Further, as membrane length increases, 

the ñabsorbent padò phase velocity decreases due to the increased viscous resistance 

associated with longer membrane length (Figure 2.S18). 

 

Experiments of streptavidin/biotin LFAs 

Functionalization of GNP surface 

Streptavidin and biotin binding was selected owing to the strong interaction with extremely 

low dissociation constant Kd = 10-14 M.75 As small molecules such as biotin canôt bind to 
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nitrocellulose membrane directly, BSA-biotin complex was used.76 10 µL of 10 mg/mL 

streptavidin (Sigma) was added to 1 mL of 30, 60 and 100 nm GNP solution, respectively. 

The mixture was incubated for 60 min, then 10 µL of 10 mg/mL BSA (Sigma) was added 

and the mixture was further incubated for 20 min. The GNPs were washed through 

centrifugation twice to remove unbound protein. The solution was stored at 4 °C prior to 

use. 

 

Fabrication and test of streptavidin/biotin LFAs 

The LFAs were composed of conjugate pad (GE Healthcare), NC membrane (HF135, 

Millipore) and absorbent pad (GE Healthcare). The conjugate pad is treated with 0.01 M 

PBS (pH=7.4), 1% (w/v) sucrose, 0.5% (w/v) BSA, 0.01% (v/v) Tween 20 and dried at 

37 °C in a humidity chamber (RH=20%) for 2 hrs. The conjugate pad, membrane and 

absorbent pad were then assembled onto a polyester adhesive backing, allowing 1~2 mm 

overlap between adjacent components to facilitate the migration of solution. The assembly 

was laminated and cut into individual strips with 3 mm width. Test dots were prepared by 

pipetting 0.5 µL of 4 mg/mL BSA-biotin (Sigma) onto the NC membrane. Functionalized 

30, 60 and 100 nm GNPs were 2-fold serially diluted and 10 µL of each was added to the 

conjugate pad per LFA. The stock solution concentration for 30, 60 and 100nm GNPs are 

2.5 nM, 0.4 nM, 0.08 nM, respectively. The LFAs were dried at 37 °C in a humidity 

chamber (RH = 20%) for 2 hrs and stored at 25 °C in a humidity chamber (RH = 20%) 

prior to use. The tests were performed by dipping LFAs into 96-well plates filled with 150 

µL 0.01 M PBS (pH = 7.4). The visual signals of the LFAs were obtained by averaging 



31 

 

test dot greyscale intensities of scanned LFA images using ImageJ. A TCA reader with 30 

mW 532 nm laser was used to record the thermal signal along the longitudinal center line 

of NC membrane.16 

 

Experiment of CRP LFAs 

Two, 2, and 1µL of anti-CRP (Medix Biochemica) was added to 1 mL of 30, 60 and 100 

nm GNP solution, respectively. The mixture was incubated for 60 min at 4 °C. Then 10 µL 

of 10 mg/mL BSA (Sigma) was added and incubated for 20 min. The GNPs were washed 

through centrifugation twice to remove unbound proteins. The conjugate pad was treated 

with 0.01 M PBS (pH = 7.4), 1% (w/v) sucrose, 0.5% (w/v) BSA, 0.01%(v/v) Tween 20 

and dried at 37 °C in a humidity chamber (RH = 20%) for 2 hrs. The conjugate pad, 

membrane and absorbent pad were then assembled onto a polyester adhesive backing, 

allowing 1~2 mm overlap between adjacent components. The assembly was cut into 3mm 

width individual strips. Then 0.4 µL of 0.27 mg/mL anti-CRP (Medix Biochemica) was 

pipetted onto membrane as test dot, and 0.4 µL of 1 mg/mL anti-mouse IgG (Abcam) was 

added onto membrane as a control dot. 10 µL functionalized 30, 60 and 100 nm GNPs in 

the same concentration were used per LFA (i.e., 6×108 GNPs per LFA). The LFAs were 

dried and stored in a controlled humidity chamber (RH = 20%) prior to use. Standard 

human CRP reference (HyTest) was 2-fold serially diluted with 10 mM PBS. LFAs were 

dipped into 96-well plates filled with 150 µL CRP samples. Visual and thermal signals of 

CRP LFAs were obtained using the same methods as for streptavidin/biotin LFAs. Also, 
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one clinical serum sample, with CRP concentration 186 mg/L, was 2-fold serially diluted 

with 10 mM PBS and then tested with fabricated LFAs.  

 

Scaling and COMSOL modeling of LFAs 

Scaling and model assumptions 

The NC membrane (3 mm*20 mm) was selected as a region of interest (ROI) and 

COMSOL was employed to simulate the diffusion, convection, reaction process within the 

ROI. The assumptions include: (1) the solutions are dilute, (2) reactions are second order 

reversible interactions, (3) convection velocity is uniform along the width of membrane, 

(4) effective diffusivity (De) in nitrocellulose membrane is presented as the product of 

membrane porosity (f) and diffusivity in non-porous material (D), (5) Bare GNPs and 

GNP-antibody conjugates have the same diffusivity, and (6) porous structures of 

membrane are ignored such that surface reactions on twisting solid matrix are simplified 

to volumetric reactions. Assumption (4) is derived from hindered diffusion theorem, De/D 

= f/t2, where D is the diffusivity of GNPs in solution (Stokes-Einstein equation), t is the 

tortuosity of membrane.77 For NC membranes in LFAs, their high porosity (~0.8) indicates 

a tortuosity of ~1 based on the correlation described by Gommes et al.78 This also justifies 

the assumption that nitrocellulose membrane can be conceptually simplified as a bundle of 

cylindrical pores of radius R (Figure 2.1a).67 The last assumption is justified by Damkohler 

number, Da, which is a ratio of diffusion time to reaction time.79 Da for the LFA was 

calculated using Da = kon'CR/De, where kon' is effective forward reaction rate constant for 

antibody labelled GNPs in LFA membrane environment, C is test dots capture antibody 
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surface density calculated from experimental data (~10-9 mol/m2), R is the pore radius (5 

µm), De is the effective diffusivity of GNPs in nitrocellulose membrane. The effective 

forward reaction rate constant (kon') can be scaled as kon' = n·kon, where kon is forward 

reaction constant for individual antibody-antigen interaction in nitrocellulose membrane 

(~7.26×102 M-1s-1),24,63 n is expected to be Ó 1 as a reflection of the effective number of 

antibodies that bind the test line per GNP. To estimate m, the maximum possible value of 

n, we first found that the docking area of one IgG molecule is 166 nm2.80 We then estimate 

m by dividing GNP surface area by the IgG docking area (Table 2.S2). Given the scaled 

Da << 1, diffusion reaches equilibrium faster than reaction does. we can assume species 

depletion at the test site will not affect the concentration within membrane pores (Figure 

2.1a).79 This allows us to replace the complicated 3D pore structure of the membrane wtih 

a 2D geometric model. Pe for the LFA was calculated as Pe = UR/De, U = 0.2mm/s is the 

convective velocity measured from experiments (Figure 2.S17), R is the pore radius (5 µm), 

De is the effective diffusivity of GNPs. Pe and Da for different sized GNP were listed in 

Table 2.S2. The calculated Pe is >>1, demonstrating that diffusion is rate limiting the 

delivery of GNPs to the test site. The calculated Da is <<1 for all cases (Table 2.S2), 

demonstrating that reaction ultimately limits the capture of GNPs to the test site as also 

reported for other LFA systems.24  

 

COMSOL modeling of LFAs 

Validation case: Diffusion and Direct Binding of Analyte Only 
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First, a special case of LFA model was benchmarked with analytical solutions. Specifically, 

only diffusion and reaction were considered by setting velocity U=0. Two species 

including analyte (A) and receptor (R) were involved in reaction Ὑ ὃᵮὙὃ. Also the 

concentration of analyte is much higher than that of the receptor. In this case, the 

concentration of RA can be solved from,81,82  

ὨὙὃ

Ὠὸ
Ὧ ϽὃϽὙ Ὑὃ Ὧ ϽὙὃ  (Eq. S1) 

where A0 = 104 nM, R0 = 10 nM, are the initial concentrations for analyte and receptor, 

forward and backward rate constants are kon = 104 M-1s-1 and koff = 10-3 s-1.83 Analytical 

solution for the concentration of RA is,  

Ὑὃ
Ὧ Ὑὃ

Ὧ ὃ Ὧ
ρ Ὡ  (Eq. S2) 

The model simulation and analytical solution were compared and showed good agreement 

in Figure 2.S19. 

 

Case 1:  Diffusion, Convection and Direct Binding (Biotin-Streptavidin) LFA 

Two species including particle (P, i.e. GNP-streptavidin) and receptor (R, i.e. biotin) were 

involved in reaction Ὑ ὖᵮὙὖ. The biotin test dot (radius = 1.5 mm) was located at the 

middle of the membrane. Also the concentration of receptor is much higher than that of the 

particle (i.e., excess biotin). Time dependent velocity (U, mm/s) was obtained from our 

flow velocity measurement experiment (Figure 2.S17). 
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Ὗὸ
ρȢτὸ Ⱦ  ὸ ὸȟ
πȢρψ     ὸ ὸ

 

 (Eq. S3) 

 

 

where t0 = 50s was the transition point from ñmembrane flowò to ñabsorbent pad flowò. 

The inlet (x = 0 mm) conditions were, 

ὖ
ὖ    ὸ ὸȟ
π    ὸ ὸ

 

Ὑὖ π 

(Eq. S4) 

 

where t2 = 51s was the time during which the 10 µL GNP-streptavidin on conjugate pad 

was expended. At the membrane exit (x = 20mm), conditions were, 

‬ὖ

‬ὼ

‬Ὑὖ

‬ὼ
π (Eq. S5) 

 

And the initial conditions were 

0 20 πȟ 

2
Ὑ    ὸὩίὸ Ὠέὸ ὶὩὫὭέὲȟ
π          έὸὬὩὶύὭίὩ

 

 (Eq. S6) 

 

To assess how diffusion, convection and reaction affect test ñdotò GNP capture, diffusivity 

was varied from 10-12, 10-11, to 10-10 m2/s, velocity U was varied from 10 times slower (i.e., 
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0.1U) to 10 time faster (i.e., 10U), forward reaction constant was varied from 107, 108, to 

109 M-1s-1. Other parameters were listed in Table 2.S3. The model shows that increasing 

the forward rate constant or decreasing the convective velocity by 10-fold increases the 

captured GNP amount by almost 10-fold. This is in contrast to increased diffusivity that, 

even when increased 100-fold, has little effect on the GNP capture (Figure 2.S4). To fit the 

effective forward reaction constants (kon') for different sized GNPs, we first converted 

thermal signal (æT) of test dots to GNP concentration using the calibration curves from 

Figure 2.2c. The kon' was then found by fitting the GNP concentration using the model 

(Figure 2.S9). GNP diffusivity value from Table 2.S2 and experimentally measured 

velocity (Eq. S3) were used.  

 

Case 2:  Diffusion, Convection and Sandwich Binding (CRP) LFA 

Reactions in CRP LFAs consist of free analyte (A, i.e., CRP) binding to detection particles 

(P, i.e., GNP-anti CRP) to form analyte-particle complexes (PA) ὃ ὖᵮὖὃ, receptors 

(R, i.e., anti-CRP) on membrane capturing analyte Ὑ ὃᵮὙὃȟὙ ὖὃᵮὙὖὃ, and 

unbound particles interacting with RA complex ὖ ὙὃᵮὙὖὃ. The diffusion, convection 

and reaction processes were described using equations modified from Qian et al84, 

Ὀᶯὃ ὟϽɳὃ Ὂ Ὂ     (Eq. S7) 

Ὀᶯὖ ὟϽɳὖ Ὂ Ὂ   (Eq. S8) 

Ὀᶯὖὃ ὟϽɳ0ὃ Ὂ Ὂ   (Eq. S9) 
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Ὂ Ὂ   (Eq. S10) 

Ὂ   (Eq. S11) 

 

where reaction terms can be written as, 

Ὂ Ὧ ϽὃϽὖ Ὧ Ͻὖὃ (Eq. S12) 

Ὂ Ὧ ϽὃϽὙ Ὑὃ Ὑὖὃ Ὧ ϽὙὃ (Eq. S13) 

Ὂ Ὧ ϽὖὃϽὙ Ὑὃ Ὑὖὃ Ὧ ϽὙὖὃ (Eq. S14) 

Ὂ Ὧ ϽὖϽὙὃ Ὧ ϽὙὖὃ (Eq. S15) 

Ὂ Ὂ Ὂ  (Eq. S16) 

  

here kon and koff are forward and backward reaction rate constants, R0 = 10-6 M is the initial 

receptor concentration. Time dependent velocity (same as in Case 1, U, mm/s) was, 

Ὗὸ
ρȢτὸ Ⱦ  ὸ ὸȟ
πȢρψ     ὸ ὸ

 

 (Eq. S17) 

 

 

where t0 = 50s was the transition point from ñmembrane flowò to ñabsorbent pad flowò. 

The inlet (x = 0 mm) conditions were, 

ὃ ὃ     ὸ ὸ (Eq. S18) 
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ὖ
ὖ    ὸ ὸȟ
π    ὸ ὸ

 

ὖὃ π 

 

where t1 = 900s was the duration of a LFA test, t2 = 51s was the time during which the 10 

µL GNP-anti-CRP on conjugate pad was expended. At the membrane exit (x = 20mm), 

conditions were, 

‬ὃ

‬ὼ

‬ὖ

‬ὼ

‬ὖὃ

‬ὼ
π 

(Eq. 

S19) 

 

And the initial conditions were 

0 0! 2! 20!πȟ 

2
Ὑ    ὸὩίὸ Ὠέὸ ὶὩὫὭέὲȟ
π          έὸὬὩὶύὭίὩ

 

 (Eq. 

S20) 

 

To assess how diffusion, convection and reaction affect test dot GNP capture, diffusivity 

was varied from 10-12, 10-11, to 10-10 m2/s, velocity U was varied from 10 times slower (i.e., 

0.1U) to 10 time faster (i.e., 10U), forward reaction constant was varied from 104, 105, to 

106 M-1s-1. Other parameters were listed in Table 2.S3. The model suggested that, for 30nm 

GNP, increasing kon' by 10-fold (104 vs. 105 M-1s-1) leads to 61-fold more GNPs captured, 

while decreasing the convective velocity by 10-fold increases GNP capture by 31-fold. In 

addition, diffusion had almost no effect even when increased by 100-fold (Figure 2.S5). 
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The model shows that reaction and convection have a higher impact on GNP capture than 

diffusion for both Cases 1 & 2. Indeed, reaction and convection are linked since reducing 

velocity increases the time for reaction (i.e. residence time in the test site), underscoring 

again that reaction is the rate limiting phenomenon in GNP capture. To fit the effective 

forward reaction constants for different sized GNPs, GNP diffusivity value from Table 

2.S2 and experimentally measured velocity (Eq. 2.S3) were used (Figure 2.S14). In 

addition, with the fitted effective forward reaction constants, detection limits of CRP LFA 

were simulated using GNP detection thresholds in Table 2.S1. The results were shown in 

Figure 2.S20. In sandwich LFA, the impact of the concentration of GNP used in conjugate 

pad on the final test line signal (i.e., captured GNP amount) was predicted by the model. 

The model shows that as the GNP concentration increases, the test line captured GNP 

amount will first increase and then reach a plateau (Figure 2.S6). 

 

Largest GNP size in LFA 

Here we discuss the feasibility of using larger size GNP (above 100 nm) and their impact 

on LFA analytical performance. It becomes challenging to synthesize and stabilize high 

concentration monodispersed large GNPs. As the largest size of commercially available 

monodispersed GNP is 400 nm (Sigma), we opt to focus on the size range of 100 ï 400 

nm. 

 

GNP detection 
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Mie theory was used to calculate the optical properties of different GNP sizes (100, 150, 

250 and 400 nm). As shown in Figure 2.S21, the scattering cross section area (Csca) in 

visible wavelength region increases as GNP size increases, indicating stronger visual 

contrast signal. In addition, the absorption cross section area (Cabs) rises with growing GNP 

size, specifically, a 7-fold increase of Cabs at 532 nm for 400 nm GNP over 100 nm GNP. 

These enhanced visual and thermal signals of larger GNPs suggest that increasing GNP 

size above 100 nm will further improve GNP detection. For instance, weôve also revealed 

that 1600-fold sensitivity improvement can be achieved with thermal contrast over 30 nm 

GNP visual contrast by using 150 nm GNPs printed into LFA membranes (Figures 2.S22). 

More specifically, we demonstrate that 150 nm nanospheres have lower detection limits 

than 150 nm nanoshell both in visual (1.8×106 nanospheres/m3 vs. 4.5×106 nanoshells/m3) 

and thermal contrast detection (1.2×105 nanospheres/m3 vs. 2.8×105 nanoshells/m3). 

Importantly, the thermal detection of 150 nm sphere shows 1600-fold improvement over 

visual detection of 30 nm GNP sphere and 16-fold improvement over the visual detection 

of a 150 nm nanosphere.  

 

GNP capture 

The amount of GNP captured at the test site depends on the transport and binding of GNPs, 

both affected by GNP size. Specifically, as size increases, GNP diffusivity decreases 

(Stokes-Einstein equation) thereby slowing down diffusion. In addition, the convective 

velocity is related with the viscosity of GNP solutions, which depends on the volume 
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fraction (j) of GNPs. For dilute colloidal systems (j < 2%), the effective viscosity of GNP 

solution (m*) can be found as:85 

                          ‘ᶻ ‘ρ ςȢυ• φȢς•                           (Eq. S21) 

where m is the viscosity of the solvent. Under the same GNP concentration as used in CRP 

LFAs (0.1 nM), the volume fraction increases from 0.003% to 0.2% as size changes from 

100 nm to 400 nm, which has negligible impact on GNP solution viscosity and thereby the 

convective velocity. Hence the Pe (=UR/De) is still << 1 and diffusion is rate limiting for 

GNP transport as GNP size increases from 100 nm to 400 nm. 

 

Larger size GNP will improve the binding due to enhanced kon' as n increases in Eqn.1 

(kon' = n·kon) associated with larger surface area. However, the Da (= kon'CR/De) could 

transit to > 1 at some point as kon' increases and De decreasing with increasing GNP size, 

rendering that diffusion, not reaction, becomes the rate limiting step of GNP capture. In 

that case (Da >> 1), further increasing GNP size will decrease GNP capture as larger GNPs 

have slower diffusion. Importantly, as the number of antibodies on GNP surface increases 

for large GNP (i.e., 400 nm), the possibility of non-specific interaction between antibodies 

on GNP surface and antibodies on LFA membrane rises, which could potentially lead to 

false positives.2 Thus, the benefits of using larger GNPs (above 100 nm) to improve GNP 

capture requires further investigations in the future. 

 

GNP settling 
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To study the settling of different sized GNPs in LFA membrane, we used COMSOL to 

track the position of GNPs in membrane pores (5 µm radius) over the period when a GNP 

travels from conjugate pad to test line (50s). Gravity, drag force and Brownian motion were 

included in the modeling. 1000 GNPs distributed uniformly within the pore were released 

at t = 0. Convective velocity was set to 0.2mm/s. The distribution of GNPs with different 

sizes (including 30 nm, 60 nm, 100 nm and 400 nm) within the pore at t = 50s were 

compared in Figure 2.S15. Our results demonstrated that 400 nm GNP will settle before 

reaching test line, therefore will is likely to decrease the sensitivity of the LFA. 

 

LFA cost 

To evaluate the increased cost of using larger size GNPs in LFA, we calculated the cost for 

antibodies and GNPs in our CRP LFAs. Market price for gold ($ 40/g) and antibody 

($ 100/mg) were used. As shown in Table 2.S5, the price for antibodies on membrane per 

LFA (i.e., test and control dots) is $ 4.8×10-2, while the price for antibodies on GNP surface 

per LFA increases from $ 3.4×10-3 to $ 7.7×10-2 as GNP size grows from 30 nm to 100 nm. 

However, even for 100 nm GNP, the price for gold per LFA is $ 2.3×10-4. The estimated 

total cost of GNPs and antibodies for using 400 nm GNP is $ 1.3, 95% of which comes 

from the antibody coating on GNP surface. Thus, the cost of antibodies on large GNP 

surface is the major contributor to the increased LFA cost.  
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2.6 Supplementary Materials : additional results 

 

Figure 2.S1 Characterization of GNPs. (a-c) TEM of 30, 60 and 100 nm GNPs, scale bars 

are 100 nm. (d) UV-Vis spectrum of 30, 60 and 100 nm GNPs with same concentration, 

normalized by 30nm GNPs. (e) Mie theory calculation of Csca (scattering cross section area) 

of 30, 60 and 100 nm GNPs. (f) Mie theory calculation of Cabs (absorption cross section 

area) and Cabs/V (volume normalized absorption cross section area) of 30, 60 and 100 nm 

GNPs. 
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Figure 2.S2 Comparison of methods for depositing GNPs to membrane. (a) Pipette, (b) 

Epson XP310 Inkjet Printer and (c) 3D Printer in terms of GNP uniform distribution, GNP 

aggregation status and GNP quantitative deposition. For (a) and (c), GNPs are dispersed in 

65% glycerol, for (b), in water.  
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Figure 2.S3 Printed GNPs on the nitrocellulose membrane. (a) Thermal signal across 

printed GNPs demonstrates GNPs are uniformly deposited. Representative SEM images of 

printed 65% glycerol solution with GNPs of increasing diameter from: (b) 30 nm, (c) 60 

nm, to (d) 100 nm. These printed GNPs show no aggregation despite interrogating multiple 

(n = 10) locations on each sample. 
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Figure 2.S4 Parametric study of Case 1: the impact of diffusion, convection and reaction 

on the captured GNP amount on streptavidin-biotin LFA test dot. Parameters are listed in 

Table 2.S3. 
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Figure 2.S5 Parametric study in Case 2: the impact of diffusion, convection and reaction 

on the captured GNP amount on CRP LFA test dot. The parameters are listed in Table 2.S3. 
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Figure 2.S6 The impact of conjugate pad GNP concentration on the final test line signal 

(i.e., captured GNP amount) with different forward reaction rate (kon'). 
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Figure 2.S7 GNP detection and capture together determine LFA sensitivity improvement. 

The GNP detection improvement for different GNP designs is obtained from printed GNP 

calibration in Figure 2c. The final sensitivity improvement in direct/sandwich binding LFA 

is the product of GNP capture improvement and GNP detection improvement. 
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Figure 2.S8 Experimental results of streptavidin-biotin LFA with 30, 60 and 100 nm GNPs. 

(a) Scanner and TCA reader were used to obtain the visual and thermal signal of LFAs. (b) 

Scanned images and IR images of test dots in LFAs.  
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Figure 2.S9 Case 1: fitting of the effective forward rate constant (k'on) from thermal signals 

of streptavidin-biotin LFA test dot. The GNP concentrations for LFA tests are 4.8×10-3, 

7.8×10-4, 1.6×10-4 nM for 30, 60, and 100 nm GNPs respectively.  
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Figure 2.S10 In Case 2, the modeling reveals that semi-quantitative visual reading of test 

dots depends on the effective forward rate constant (k'on). (a) For low value of k'on (i.e. 103 

M-1s-1), test dots exhibit no semi-quantitative visual reading. (b) For high value of k'on (i.e. 

106 M-1s-1), test dots are filled from bottom to top as CRP concentration increase, providing 

semi quantitative visual reading. 
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Figure 2.S11 Experimental results of CRP LFA with 30, 60 and 100 nm GNPs. (a) Scanner 

and TCA reader were used to obtain the visual and thermal signal of LFAs. (b) Scanned 

images and IR images of test dots in LFAs.  
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Figure 2.S12 Two-fold serial dilutions of one patient serum sample (186 mg/L CRP) with 

10 mM PBS are tested with fabricated CRP LFAs. As traditional test lines are usually 

thinner (1-2 mm) in the axial direction, they are less able to exploit this semi-quantitative 

visual reading, an added advantage of using test dots.  
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Figure 2.S13 Comparison between thermal signals of LFAs tested with clinical CRP 

samples and standard CRP reference. 
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Figure 2.S14 Case 2: fitting of the effective forward rate constant (k'on) from thermal 

signals of CRP LFA test dot. CRP concentrations are 3×10-1, 3.7×10-2, 4.7×10-3 mg/L for 

LFAs with 30, 60, and 100 nm GNPs. 
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Figure 2.S15 Modeling of GNP settling in 5µm radius pore over 50s. Each dot stands for 

one GNP and the size of the dot is not the size of GNP. The color bar stands for the particle 

position (y component) at time = 50s. Different GNP sizes including (a) 30 nm, (b) 60 nm, 

(c) 100 nm and (d) 400 nm are tested. 
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Figure 2.S16 Visual and thermal detection of GNPs as a function of concentration in 

solution. (a) UV-VIS spectrometer used to measure extinction of GNP solution (340 µL). 

(b) Cuvette heating setup to measure temperature change of GNPs in solution (1.5 mL). (c) 

Results of visual and thermal detection limits of 30, 60 and 100 nm GNPs.  
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Figure 2.S17 LFA flow velocity measurement. (a) Schematic of two phases for flow in 

lateral flow assay. (b) Schematic of ñmembraneò phase flow velocity measurement method. 

(c) Schematic of ñabsorbent padò phase flow velocity measurement method. (d) Results 

demonstrating agreement of ñmembraneò flow velocity measurements with theory. (e) 

Pictures of ñabsorbent padò flow velocity measurements. (f) Results of ñabsorbent padò 

flow velocity measurements.  
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Figure 2.S18 The effect of membrane length (L = 2 cm and 4 cm) and pore size (5, 10 and 

20 µm) on flow velocity. (a-c) SEM of membrane HF240, HF135 and HF75. (d) Flow 

velocity in membrane vs. time for membrane HF240 (average pore diameter = 5µm) with 

different membrane length L. (e) Flow velocity in membrane vs. time for membrane HF135 

(average pore diameter = 10µm with different membrane length L. (f) Flow velocity in 

membrane vs. time for membrane HF75 (average pore diameter = 20µm with different 

membrane length L. 
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Figure 2.S19 The analytical solution for the validation case was compared with the 

COMSOL results.  Further conditions are in Table 2.S3.  
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Figure 2.S20 Case 2: model prediction and experimental observation of detection limits of 

CRP LFA with 30, 60 and 100 nm GNPs. 
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Figure 2.S21 Prediction of large size GNP (100 ï 400 nm) optical properties. (a) Extinction 

cross section area (Cext = Csca + Cabs) increases as GNP size increases. (b) Scattering cross 

section area (Csca) increases as GNP size increases, indicating stronger visual contrast 

signal for larger size GNPs. (c) Absorption cross section area (Cabs) at 532 nm (green laser) 

increases as GNP size increases, indicating stronger thermal contrast signal for larger size 

GNPs. 
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Figure 2.S22 Visual and thermal detection limits of nanoparticles printed onto LFA 

membrane. 150 nm nanosphere is superior to 150 nm nanoshell both in visual and thermal 

detection as predicted.   
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Table 2.S1 The sensitivity and quantitation of printed GNPs on membrane  

 

Table 2.S2 Pe and Da for GNPs in different sizes 
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Table 2.S3 Parameters for validation case, Case 1 and 2 

 

[a] Reaction rate constants for validation case, Case 1 and 2 are from Ref.23 and 40. 

[b] Test site active capture antibody concentration, GNP concentration and analyte 

concentration are estimated from experimental data. U stands for measured convective 

velocity (Eq.S3), 0.1U and 10U stands for velocities are 10 times slower and faster, 

respectively. 

[c] Diffusivities are estimated from Stoke-Einstein equation.  
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Table 2.S4 Test dots LFA semi-quantitative visual reading of CRP concentration 

 

 

Table 2.S5 Cost of GNP and antibody in CRP LFA 

 

[a] Price for antibody on 400 nm GNP is estimated as 16 folds of the price for antibody on 

100nm GNP 
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Table 2.S6 Commercial CRP detection methods 
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Chapter 3. Development and Optimization of Thermal Contrast 

Amplification Lateral Flow Immunoassays for Ultrasensitive HIV p24 

Protein Detection  

The following chapter has been published in the following article and reproduced here with 

the permission of the journal publisher: 

Zhan, L., et al. Development and optimization of thermal contrast amplification lateral 

flow immunoassays for ultrasensitive HIV p24 protein detection. Microsystems and 

Nanoengineering 6, 54 (2020). 

 

3.1 Abstract 

Detection of HIV p24 protein at single pg/ml concentration in point-of-care (POC) settings 

is important as it can facilitate acute HIV infection diagnosis with a detection sensitivity 

approaching laboratory-based assays. However, the limit of detection (LOD) of lateral flow 

immunoassays (LFAs), the most prominent POC diagnostic platform, falls short of 

laboratory protein detection methods such as ELISA (enzyme-linked immunosorbent 

assay). Here, we report the development and optimization of a thermal contrast 

amplification (TCA) LFA that will allow ultrasensitive detection of 8 pg/ml p24 protein 

spiked into human serum at POC, approaching the LOD of a laboratory test. To achieve 

this, we pursued several innovations including:  a) defining a new quantitative figure of 

merit for LFA design based on the specific binding to non-specific binding ratio (BR); b) 

using different size and shape gold nanoparticles (GNPs) in systematic optimization of 
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TCA LFA designs; and c) exploring new laser wavelength and power regimes for TCA 

LFA designs. First, we optimized the blocking buffer for membrane and running buffer by 

quantitatively measuring the BR using a TCA reader. The TCA reader interprets the 

thermal signal (i.e., temperature) of gold nanoparticle (GNP) within the membrane when 

irradiated by a laser at the plasmon resonant wavelength of the particle. This results in 

higher detection and quantitation of GNPs compared to traditional visual detection (i.e., 

color intensity). Further, we investigated the effect of laser power (30, 100, 200 mW), GNP 

size and shape (30 nm and 100 nm gold spheres, 150 nm gold-silica shells), and laser 

wavelength (532, 800 nm). Applying these innovations to a new TCA LFA design we 

demonstrated that 100 nm spheres with 100 mW 532 nm laser provided the best 

performance (i.e., LOD = 8 pg/ml). This is significantly better than the current colorimetric 

LFA and in the range of laboratory based p24 ELISA.  In summary, this TCA LFA for p24 

protein shows promise for acute HIV infection at POC settings. 

 

3.2 Introduction  

Globally, there were 1.7 million new human immunodeficiency virus (HIV) infection cases, 

leading to 37.9 million people in total by the end of 2018, predominantly in resource-

limited areas (i.e., sub-Saharan Africa).86 Accurate diagnosis of HIV at point-of-care (POC) 

is the essential gateway to control the pandemic especially in patients with acute infection 

before seroconversion occurs.65 POC diagnostic technologies enable rapid screening of 

disease analytes in individuals outside of traditional laboratory settings. When combined 

with appropriate follow-up, POC testing can facilitate a faster diagnosis, leading to 
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improved health outcomes.87,88 Among the current commercial POC diagnostic devices, 

the lateral flow assay (LFA) is the most extensively used platform due to speed, low-cost, 

robustness, and ease-of-use.89,90 LFA testing of HIV antibody is widely employed in 

resource limited areas and in non-clinical settings.1,91 Nonetheless, HIV antibodies usually 

appear in blood ~21 days after infection. It is of considerable importance yet challenging 

to identify acute infections that carry high viral loads but are antibody negative at POC. In 

fact, in HIV infected individuals, the p24 protein (i.e., viral capsid protein) is present in the 

serum or plasma 7 - 10 days earlier than antibody.65,92,93 The physiologic concentration of 

p24  protein is in the pg/ml range, and will first rise with time post infection, then drop 

after antibody production is initiated.65 Prompt diagnosis within this window period (i.e., 

within 21 days post infection) can provide a critical opportunity to prevent transmission 

and facilitate effective antiretroviral treatments for potential cure.92 In addition, successful 

early detection of p24 protein would be transformative in the diagnosis of infants whose 

mothers are HIV positive, where antibody tests of the infant are unreliable.94  

 

However, the poor limit of detection (LOD) to analytes of conventional LFAs (i.e., on the 

order of ng/ml) restricts their ability to detect p24 protein during acute infection (i.e., on 

the order of pg/ml), therefore, more complicated laboratory tests such as enzyme-linked 

immunoassay (ELISA) are required.12,24 During traditional LFA tests (Figure 3.1), the fluid 

sample is first added to the sample pad, then flows through the LFA by capillary forces, 

interacting with detection antibody labelled gold nanoparticles (GNPs) from a conjugate 

pad and then capture antibodies on nitrocellulose membrane. Positive detection occurs if 
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the target analytes in the sample are captured by antibody-GNP conjugates and anchored 

by the antibodies on the membrane, leading to accumulation of GNPs on the test line. The 

test line will develop color if enough GNPs are present. To significantly improve the LOD 

of traditional LFAs, various approaches have been developed to amplify the resultant signal 

and/or increase the specific binding (SB) of the sandwich structure involving the GNPs 

(Table 3.S1). For instance, silver enhancement,5,13 enzyme catalytic amplification,11,65 

surface-enhanced Raman scattering (SERS)15,16 and electrochemical amplification17 have 

been explored to provide 1-2 orders of magnitude LOD improvement by signal 

amplification. New particles such as larger sized GNPs,12 magnetic particles,14,19 and gold 

nanoshells20 have also been studied to increase SB and thereby enhance the detection signal. 

Furthermore, sample pretreatment methods including dialysis,4 magnetic field22,23 and 

electric field24 assisted preconcentration have also demonstrated the ability to boost SB at 

the test line. Numerous modifications on LFA design have been investigated to achieve 

LOD for p24 protein in the range of 0.8 ï 50 pg/ml (Table 3.1), many of which still requires 

multiple extra steps, trained personnel and complex equipment.11,95,96 Therefore, a simple 

and rapid method leveraging the simplicity, low-cost and robustness of existing LFA with 

ultra-sensitive LOD (i.e., < 10 pg/ml) would considerably benefit acute HIV diagnosis at 

POC.95,97 
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Table 3.1 p24 protein detection using laboratory and POC techniques 

 

Importantly, despite all the methods for enhanced LFAs, non-specific binding (NSB) is 

one of the major limiting factors for detecting lower analyte concentrations.92 The LOD is 

defined as the lowest analyte concentration to be distinguished from the negative samples 

containing no analyte at a certain confidence level (i.e., > 95%).98 The signals from 

negative samples can be attributed to the NSB, which can deteriorate the LOD of the assay. 

For example, as the final signal is contributed by both SB and NSB, at low analyte 

concentration, if the NSB dominates the competition with SB, the resultant signal will not 

be distinguishable from the negative samples. This can be addressed by reducing NSB 

and/or improving resolution of signal detection methods to differentiate the SB signal. For 

GNP-based LFAs, various NSBs occur on the nitrocellulose membrane (Figure 3.1). In 

areas outside the test and control lines, NSB between antibody-GNP conjugates and 

nitrocellulose membrane is the major cause, which includes but is not limited to the 

hydrophobic antibody - nitrocellulose membrane interaction and electrostatic interaction 
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between the exposed GNP surface and nitrocellulose membrane. Inside the test line area, 

additional NSB between antibody-GNP conjugates and capture antibody leads to higher 

signals for negative samples. In addition, GNP conjugates and possibly GNP aggregates  

can be physically trapped inside the nitrocellulose membrane during the flow. Furthermore, 

analytes can non-specifically bind to the nitrocellulose membrane, which could therefore 

capture GNP conjugates. To reduce those NSBs, blocking of nitrocellulose membrane, 

surface blocking of GNP conjugates and optimization of running buffer need to be 

performed. Specifically, nitrocellulose membrane blocking involves preparing the 

membrane in buffers containing surfactant and inert macromolecules. Bovine serum 

albumin (BSA) is the most popular inert macromolecule to block free GNP conjugate 

surface. The pH of the running buffer and inclusion of surfactant, macromolecules (i.e., 

protein and/or polymer) need to be optimized. Importantly, some treatments to reduce NSB 
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Figure 3. 1 Thermal contrast amplification (TCA) reader can be used to probe specific 

binding (SB) and non-specific binding (NSB) at various locations of LFA membrane. (a) 

Background and test line areas on LFA membrane are irradiated with laser, resulting in 

different temperature rise due to distinct SB and NSB events and therefore establishing an 

SB/NSB ratio, which we defined as a new figure of merit called the binding ratio (BR). (b) 

For background area on LFA membrane, analytes can non-specifically bind to the 

nitrocellulose membrane, which could therefore capture GNP conjugates. NSBs occur 

between GNP conjugates with nitrocellulose membrane via hydrophobic and electrostatic 

interactions. In addition, aggregated GNPs can also be trapped within the nitrocellulose 

pores. (c) For test line area, SB refers to the sandwich interaction between GNP conjugates, 

analyte and capture antibody on the membrane. Besides all the possible NSBs for 

background area, another important NSB case in test line area is between GNP conjugates 

and capture antibody.  

 

can also impair the SB between analyte and antibodies. These optimization procedures are 

normally conducted in a trial-and-error manner. For instance, after testing various 

membrane blocking buffer, researchers choose the ones with ñcleanò background and 

strong test and control lines based on the visual color intensity for further iterations. 

However, this fails to provide definitive conclusion and rule out cases with sub-visual 

signals, leading to excessive experimentations and sub-optimal final performance.    

 

In this report, we presented the development and thorough optimization of a thermal 

contrast amplification (TCA) LFA for ultrasensitive p24 protein detection. TCA reader 

measured the temperature changes of the membrane with GNPs when irradiated by a laser 

using an infrared camera. The temperature changes are proportional to GNP number 
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concentration (i.e., # GNPs/mm3). In addition, as infrared cameras can accurately detect 

slight changes in temperature (i.e., 0.1 C), sub-visual GNPs within the membrane can be 

quantitatively detected, leading to enhanced thermal LOD compared to visual LOD. To 

develop ultrasensitive TCA LFAs, we pursued several innovations including:  a) defining 

a new quantitative figure of merit for LFA design based on a specific binding to non-

specific binding ratio (BR) of GNPs; b) using different size and shape GNPs in systematic 

optimization of TCA LFA designs; and c) exploring new laser wavelength and power 

regimes for TCA LFA designs. First, we demonstrated a simple and novel strategy to 

improve LOD by optimizing BR as the figure of merit during screening of membrane 

blocking buffer and assay running buffer. Based on the BR, we rapidly identify the optimal 

buffer recipes and proved a 4-fold improvement in thermal LOD using recipes with optimal 

BR, compared to recipes selected using traditional methods such as naked eyes. 

Furthermore, to maximize the performance of TCA LFAs, we studied the effect of laser 

power, laser wavelength, GNP size and shape on the LOD. We showed that 8 pg/ml p24 

protein spiked in human serum can be detected with TCA LFAs using 100 nm gold spheres 

and 100 mW 532 nm laser. Overall, we developed ultrasensitive TCA LFA by optimizing 

the designs of BR, GNP and laser. This TCA LFA with ultrasensitive p24 protein detection 

holds great promise in improving acute HIV infection diagnosis at POC.  
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3.3 Results and Discussion 

GNP synthesis  

Citrate stabilized 30 nm and 100 nm spheres with highly uniform size distribution were 

synthesized using seed-mediated growth method. Analysis from TEM images revealed the 

GNP size to be 28.6 ± 0.8 nm and 98.2 ± 2.4 nm for 30 nm and 100 nm spheres respectively 

(Figure 3.2a-b). The size of nanoshells purchased from nanoComposix are 146 ± 4.7 nm 

(Figure 3.2c). The normalized spectrum of three GNPs are shown in Figure 3.2d. The 

resonant oscillation of free electrons in the gold with incoming light, known as surface 

plasmon resonance (SPR), greatly enhances the optical properties (scattering and 

absorption) of GNPs.27 The UV-Vis spectrometer measures the extinction (i.e., sum of 

scattering and absorption) of GNP solutions. The peak extinction (shown in Figure 3.1d as 

Absorbance) wavelengths are 534 nm, 565 nm and 810 nm for 30 nm spheres, 100 nm 

spheres and 150 nm shells respectively. The unique optical properties render different color 

for various GNPs. For instance, the aqueous solutions of 30 nm sphere, 100 nm sphere and 

150 nm shell are pink-red, muddy and blue (Figure 3.2). To maximally harness the GNP 

photothermal conversion ability (i.e., absorption), lasers with matching wavelength with 

GNP spectrum peak should be used. For example, we chose 532 nm laser for 30 nm and 

100 nm spheres, 800 nm laser for 150 nm shells.  

 

GNP ï 1E5 mAb conjugations 

The GNP conjugate plays a vital role in determining the ultimate LOD and specificity of 

LFAs. Successful GNP conjugates should have specific and high binding affinity to the 
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target analyte to achieve low LOD, meanwhile low non-specific interactions with 

nitrocellulose membrane and test line antibodies to avoid false positives (i.e., high 

specificity). For citrate stabilized GNPs, antibody can adsorb strongly to GNP surface to 

form stable conjugates while retaining its binding activity. In general, this passive 

conjugation can be attributed to electrostatic interaction (i.e., negatively charged GNP 

surface and positively charged sites on the antibody), hydrophobic attraction (i.e., the 

antibody and the gold surface) and covalent bonding between the gold atoms and sulfur 

atoms from the antibody.99 The electrostatic and hydrophobic interactions are usually the 

major considerations for optimal conjugation. To achieve that, the pH needs to be 

maintained at or slightly higher than the isoelectric point of the antibody. Isoelectric point 

is the pH at which a molecule carries no net electrical charge. At higher pH, the antibody 

carries a net negative charge. Positive charged antibodies will lead to aggregation among 

negative charged GNPs. Neutral or slightly negative charged antibodies facilitate binding 

to GNP surface and maintain interparticle stability. The pH can be tuned by adding 0.2 M 

K2CO3 to GNP solution before introducing the antibody. Another important parameter is 

the amount of antibody used. Higher surface antibody coating density provides stronger 

SB. However, if over-coated with antibodies, GNP conjugates can increase NSB and 

therefore causing false positives. To reduce this NSB, bovine serum albumin (BSA) is 

commonly added to block the free surfaces on the GNPs. 

 

We optimized the 1E5 antibody ï GNP (30 nm and 100 nm) conjugation by varying pH 

and the added 1E5 volume. For 1 ml as-synthesized GNPs, 1 ï 6 µl 0.2 M K2CO3 was 



79 

 

added to adjust the pH from 5 to 9. The 1E5 volume ranging from 0.1 µl to 10 µl was added.  

As shown in Figure 3.2 e & f, results achieved by varying antibody vs. K2CO3 addition 

range from failure due to GNP   aggregation and false positive to eventual success. For 

instance, at low K2CO3 volume (i.e., pH < 7), GNP aggregated likely due to the positive 

charge of antibodies below the isoelectric point.  At medium K2CO3 volume (i.e., pH ~ 7), 

GNP conjugates were stable and provided a clear red color on the control lines consisting 

of p24 protein, indicating successful conjugations. Notably, control line color intensity 

increased with increasing antibody volume as a result of stronger SB. However, when the 

antibody volume for conjugation was too high false positives were noted (i.e. failure), 

possibly due to increasing NSB between GNP conjugates and test line antibodies.  Finally, 

at high K2CO3 volume (i.e., pH > 7), higher antibody volume was required to obtain an 

equivalent control line as when pH was about 7, suggesting suboptimal conjugation and 

unneeded antibody. For the following LFA optimization, we therefore used conjugation 

conditions for 3 µl 0.2 M K2CO3 adjusted to pH of 7 and the maximal allowable volume of 

antibody prior to showing false positives.  

 

Nitrocellulose membrane blocking buffer optimization 

The membrane is the critical component of LFA and nitrocellulose membrane is most 

commonly used due to its adjustable pore size, high protein binding capacity and 

controllable manufacture procedures.100 Typically, proprietary chemical coatings from the 

manufacturer were added to modify the hydrophobic nitrocellulose to be hydrophilic for 
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Figure 3. 2 Characterization of various GNPs and optimization of antibody conjugation. 

(a-c) TEM images of 30 nm, 100 nm gold nanospheres and 150 nm gold nanoshells. The 

inserts are the images of GNP solution showing red, muddy and blue color for 30 nm, 

100nm gold nanospheres and 150 nm gold nanoshells respectively. (d) Normalized UV-

Vis-NIR spectrum of 30 nm, 100 nm gold nanospheres and 150 nm gold nanoshells. (e-f) 

Optimization of GNPs (30 nm and 100 nm) ï 1E5 antibody passive absorption by varying 

the amount of 0.2 M K2CO3 and antibody added to 1 ml GNP as-synthesized solution. 

Success conditions (star symbols) avoid GNP aggregation (cross symbols) and severe non-

specific bindings at test line (i.e., false positives, square symbols). The circled success 

conditions provide strongest control line (i.e, specific binding) with minimal consumption 

of antibody. 

 

capillary flow. Test line and control line proteins bind to the nitrocellulose membrane by 

electrostatic and hydrophobic interactions. In addition, GNP conjugates and even analytes 

can non-specifically bind to the nitrocellulose membrane due to its protein binding 



81 

 

properties, causing a stained background. To block these extra protein binding sites, the 

membrane is usually soaked in blocking buffer consisting of macromolecules and 

surfactants before LFA assembly. On the other hand, blocking agents can also be added to 

the running buffer to block the membrane during LFA tests. High concentration of blocking 

agents can reduce the NSBs but also interfere with the SB, therefore affecting the LFA 

sensitivity and performance (SB/NSB ratio). It is important to quantitatively compare the 

effects of various blocking solutions on SB/NSB ratio in LFAs. This quantitative 

comparison is impossible by tracking the color intensity of GNP on the membrane 

background as it can be sub-visual and the difference is below the resolution of a scanner 

or naked eyes.   

 

As SB and NSB always co-exist on test lines for positive p24 samples, by using negative 

samples and spraying p24 on the control line, we can isolate the SB (i.e., control line) and 

NSB (i.e., test line) in individual LFA test. Therefore, the ratio of control line signal to test 

line signal represents the SB/NSB ratio (Figure 3.3a). In Figure 3.3b, we used the TCA 

reader to quantitatively obtain GNP distribution across the test and control lines after 

testing the LFAs with running buffer precluding p24 protein. To obtain sufficient 

temperature change (i.e., ȹT) while avoiding burning the membrane, laser power of 30 

mW and 10 mW were used for test line and control line scan respectively. To interpret the 

resultant temperature change curves shown in Figure 3.3b, we first divided the curve to 

two parts including background area and test (or control) line area. The NSB categories 1 

(between GNP conjugates and membrane) and 2 (GNP conjugates physically trapped in 
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the membrane) indicated in Figure 3.1b can be extrapolated from the temperature rise in 

the background area. Similarly, the extra temperature increases in the test line represent the 

NSB category 3 (between GNP conjugates and test line antibody) indicated in Figure 3.1b. 

To obtain the final thermal signal at the test line, we first average the ȹT of the background 

area, then subtract it from the average ȹT of the test line area. Therefore, this test line signal 

will be used to represent the NSB category 3 when a negative sample was tested. Similar 

process was done to the control line temperature curve to obtain the SB. 

We used 30 nm sphere conjugates for optimization of membrane blocking buffer and 

running buffer. To reduce the interference with SB, we chose to use minimal blocking 

agents. We added various concentrations (i.e., 0.1%, 0.5%, 1%) of BSA to phosphate buffer 

(PB) at various ionic concentrations (i.e., 10mM, 30mM). Running buffer composed of 60 

mM Tris, 0.5% BSA and 0.5% Triton (pH=7) was used. The pictures of LFA strips are 

shown in Figure 3.3c. It is important to note that most strips look similar based on visual 

intensity (i.e., naked eye) inspection. Figure 3.3d demonstrated the advantages of TCA to 

quantitatively compare SB and NSB when using different membrane blocking buffers. For 

instance, for 10 mM PB, addition of 0.1% BSA led to higher NSB compared with 0.5% 

and 1% BSA, however, 1% BSA led to a decrease in SB. Thus, addition of 0.5% BSA 

provides the highest SB/NSB ratio when 10 mM PB is used. In addition, with the same 

BSA concentration, increasing PB from 10 mM to 30 mM reduces the BR by both 

increasing the NSB and decreasing SB. There have been studies reporting that increasing 

ionic strength tends to reduce antibody-antigen binding constants.101 The increasing NSB 

at high ionic strength may be caused by the changes in GNP conjugates and requires further 
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Figure 3. 3 Quantitative optimization of membrane blocking buffer and running buffer for 

TCA LFA. (a) The architecture of TCA LFA used for SB/NSB optimization. (b) TCA 

reader will scan the test line and control line areas separately. The resultant temperature 

curve was analyzed in two steps: the background temperature change was first averaged 

and then subtracted from the averaged test line (or control line) temperature change. (c) 

Pictures of LFA tested with various membrane blocking buffers and running buffers using 
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negative p24 samples. Note that the test line and background stain were all invisible (i.e., 

sub-visual). (d) Test line temperature signal (ȹT @ TL), control line temperature signal 

(ȹT @ CL) and their ratio (i.e., SB/NSB ratio) were plotted against various membrane 

blocking buffers. ȹT @ TL represents NSB as negative p24 sample was used and ȹT @ 

CL represents SB as p24 was sprayed as the control line.  (e) ȹT @ TL, ȹT @ CL and their 

ratio were plotted against various running buffers.  Buffer with highest SB/NSB ratio was 

marked with the star. 

 

investigation. Collectively, we identified 10 mM PB + 0.5% BSA with highest BR as our 

membrane blocking buffer for further optimization steps.   

 

Running buffer optimization 

The running buffer is another critical component to modulate and reduce NSB. Various 

salts, surfactant and macromolecules are usually included in the running buffer. In general, 

the running buffer needs to be optimized for each individual LFA. For the buffer 

components, we tested various combinations of Tris (20 mM and 60 mM), BSA (0% and 

0.5%) and Triton X-100 (0% and 0.5%) at different pH (7 and 8). 30 nm GNP conjugates 

and membranes blocked with 10 mM PB +0.5% BSA were used. Again, simple visual 

inspection based on color intensity fails to compare various running buffers quantitatively 

(Figure 3.3c). As indicated in Figure 3.3e, the combination of BSA and Triton X-100 

resulted in lower NSB (i.e., ȹT @ TL) compared with BSA or Triton X-100 alone. 

Increasing pH from 7 to 8 greatly reduced the NSB while also impaired the SB. 

Furthermore, reducing Tris concentration from 60 mM to 20 mM caused raising NSB. 

Therefore, 60 mM Tris + 0.5% BSA + 0.5% Triton (pH=7) outperformed the other buffers 
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with highest BR (i.e., ȹT @ CL / ȹT @ TL).  Indeed, these trends may be antibody 

dependent and vary from assay to assay as each individual LFA uses different antibodies. 

Each monoclonal antibody or set of polyclonal antibodies may behave differently in 

response to changes in buffer composition, GNP conjugation conditions and nitrocellulose 

membrane etc. Importantly, TCA reader allows quantitative analysis of GNP distribution 

within individual LFA, which can provide valuable information of how those SB and NSB 

change under different assay configurations.  

 

Optimizing LOD of p24 TCA LFA  

To maximize the performance of TCA LFAs, we studied important parameters including 

laser power, GNP size and shape, and laser wavelength. Regarding various GNP size and 

shape,  we found in our previous work that two orders of magnitude LOD enhancement in 

LFA can be achieved by replacing visual color intensity detection of traditional 30 nm 

spheres with TCA reader detection of 100 nm spheres.12 It was later confirmed by other 

studies that larger size GNPs can indeed improve the detection limit in LFAs.11,41,102 In 

addition, we reported that further increasing gold nanospheres size above 100 nm could 

lead to settling due to the heavy mass of the gold nanospheres, therefore diminishing the 

benefits of larger sizes beyond 100 nm.12 Gold nanoshells with silica core can reduce the 

nanoparticle weight while maintaining the large size for better optical properties and higher 

antibody load for superior binding. This is due to the lighter density of silica (i.e., 2.65 

g/cm3) compared to gold (19.32 g/cm3) where a 10ôs nm thick gold shell layer can be tuned 

into the NIR range (i.e., 780 ï 2500 nm). This will reduce the laser absorption from the 
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nitrocellulose membrane and LFA backing when a NIR laser is used for the TCA reader. 

Here we selected 150 nm gold nanoshells with silica core together with 30 nm and 100 nm 

gold nanospheres for comparison of LOD in the p24 TCA LFAs.  Optimal nitrocellulose 

membrane blocking buffer and running buffer formulations are indicated in Figure 3.3. 

Negative samples (i.e., running buffer without p24) were first tested to establish the thermal 

signal of negative controls. LFAs with 30 nm spheres, 100 nm spheres and 150 nm shells 

were then tested with 2-fold serial dilution of p24 first using running buffer. The images 

of these LFAs with labelled p24 concentration are shown in Figure 3.4 a-c. The visual 

detection limits are: 250 pg/ml, 62 pg/ml and 62 pg/ml for 30 nm spheres, 100 nm spheres 

and 150 nm shells respectively.  

 

Next, we explored whether increasing laser power can further improve the LOD as the heat 

generation by GNPs is proportional to laser power.24 Different laser power including 30 

mW, 100 mW and 200 mW were used to irradiate the 100 nm sphere LFAs with various 

p24 concentrations from 0 to 32 pg/ml. To determine the LOD, we chose k=3 in Eq. 1, 

meaning that the LOD sample will be above the averaged thermal signal of negative sample 

plus 3 times its standard deviation. As laser power increased from 30 mW to 100 mW, the 

LOD reduced from 16 pg/ml to 8 pg/ml yet  remained at 8 pg/ml when the laser power was 

doubled to 200 mW (Figure 3.4g). This result indicates that turning up the laser power can 

improve the LOD to a certain extent, but the limiting factor for improved p24 LOD is the 

lack of specifically bound GNPs at the test line that can be distinguished from non-

specifically bound GNPs (i.e., negative samples) using TCA. Additionally, we investigated 
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the effect of laser wavelength on the enhanced performance of TCA LFAs. Specifically, 

with laser power set to 100 mW, 532 nm and 800 nm laser were used separately for 30 nm 

spheres, 100 nm spheres and 150 nm shells ï based TCA LFAs. Indeed, the LOD 

enhancement (i.e., compared to visual detection) reached maximum when laser wavelength 

matched with the GNP spectrum peak. For example, 532 nm laser for 30 nm and 100 nm 

spheres, 800 nm laser for 150 nm shells (Table 3.S2). Moreover, we performed p24 testing 

with 30 nm spheres using sub-optimal buffer selections suggested by traditional methods 

(i.e., naked eyes). For example, based on the color intensity of test and control lines shown 

in Figure 3.3b, membrane blocking buffer 1 (i.e., 10 mM PB +0.1% BSA) and running 

buffer 1 (60 mM Tris +0.5% BSA) showed strong control lines and negligible test lines. In 

this case, we demonstrated 4-fold lower thermal LOD can be achieved with optimal buffer 

selection (i.e., membrane blocking buffer 2 and running buffer 3) using BR as the figure 

of merit (Figure 3.S1). This demonstrated that our new strategy of BR optimization can 

simplify the LFA development process and provide better ultimate LFA performance 

(Table 3.S1). 

 

For the comparison of various GNPs, the laser power was set to 100 mW. The results were 

plotted in Figure 3.4 d-f for three different GNPs. The thermal LODs are 32 pg/ml, 8 pg/ml 

and 16 pg/ml for 30 nm spheres, 100 nm spheres and 150 nm shells respectively (Figure 

3.4h). In particular, the TCA reader demonstrated quantitation of p24 with all GNP types. 

If one were able to continue to increase the GNP size without settling, one may expect the  
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Figure 3. 4 Ultra-sensitive p24 detection with optimized LFA and TCA reader. (a-c) 

Pictures of p24 LFAs tested with 2-fold serial dilutions of p24 using 30 nm spheres, 100 

nm spheres and 150 nm shells, with visual LODs 250 pg/ml, 62 pg/ml and 62 pg/ml 

respectively. The numbers indicated in the picture are the p24 concentration in pg/ml. 

Visual and thermal LODs are marked with one star and two stars respectively. (d-f) 

Quantitation of p24 concentration in LFAs with TCA reader. The thermal LODs for 30 nm 

spheres, 100 nm spheres and 150 nm shells LFAs are 32 pg/ml, 8 pg/ml and 16 pg/ml 

respectively. (g) For LFAs with 100 nm spheres, increasing TCA reader laser power from 

30 mW to 100 mW improved LOD from 16 pg/ml to 8 pg/ml. Further increasing laser 

power to 200 mW resulted in the same LOD as 100 mW laser power, revealing that NSB 

dominates SB at low p24 concentrations (i.e., < 8 pg/ml) and increasing laser power fails 

to detect the SB. p<0.05. (h) Summary of visual and thermal LODs of p24 LFAs with 30 

nm spheres, 100 nm spheres and 150 nm shells.  

 



89 

 

improvement in LOD to continue. Nevertheless, this did not occur with the 150 nm shells 

as lower LOD occurred with the 100 nm spheres instead. Specifically, higher temperature 

change (i.e., 1 °C) at test line (after subtracting the background) in 150 nm-shell LFA was 

noticed compared to the 100 nm-sphere LFA (i.e., 0.5 °C), indicating increased NSB 

between nanoshell conjugates and test line antibodies (Figure 3.4 e-f). In all cases, we 

showed that the SB/NSB ratio plays a determining role in detecting the lowest possible 

analyte concentration using TCA LFAs. To demonstrate the practical usage of our 

ultrasensitive p24 TCA LFA, we spiked p24 protein into human serum and performed the 

dilution test using 100 nm sphere TCA LFAs and 100 mW 532 nm laser. We confirmed 

the thermal LOD remained unchanged compared to spiked buffer at 8 pg/ml, indicating our 

TCA LFAs performed well in complex biological environment (Figure 3.S2). 

 

3.4 Materials and methods 

Materials and reagents 

For synthesis of 30 nm and 100 nm gold nanospheres, sodium citrate tribasic dihydrate, 

hydrogen tetrachloroaurate (HAuCl4), and hydroquinone were purchased from Sigma. 150 

nm carboxyl gold nanoshells with silica core was purchased from nanoComposix. For LFA 

fabrication, CN 95 nitrocellulose membrane was obtained from Sartorius. The sample pad, 

conjugate pad and wicking pad were purchased from GE healthcare. Mouse monoclonal 

antibody (mAb) against p24 (referred to as 1E5) was developed by CDC.36 Polyclonal 

rabbit anti-p24 antibody was commercially produced (Bio-Synthesis Inc, TX) and purified 
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before use by affinity chromatography. Recombinant p24 was purchased from Fitzgerald 

Industries International, MA.  

 

GNP synthesis and conjugation 

To synthesize monodispersed 30 and 100 nm GNPs, seed mediated growth methods were 

used.70 Briefly, 15 nm GNP seeds were first synthesized by adding 1 ml of 3% (w/v) 

sodium citrate to 100 ml boiling 0.25 mM HAuCl4 under vigorous stirring. The 30 and 100 

nm GNPs were then synthesized by mixing the sodium citrate, HAuCl4, 15 nm seeds 

followed by adding hydroquinone for the reduction of ionic gold. After synthesis, GNPs 

were characterized by UV-visible spectroscopy (Synergy HT, BioTek), and transmission 

electron microscopy (TEM, Tecnai G2). 

 

Passive absorption of 1E5 mAb to 30 and 100 nm GNPs was performed. Specifically, to 

obtain the optimal conjugation, various volume of 0.2 M K2CO3 was added to 1 ml as-

synthesized GNP solutions. Then various amount of 1E5 mAb was added to the mixture. 

The solution was vortexed and incubated at 4°C for 2 hours. The free GNP surfaces were 

blocked with 1% BSA for 0.5 hour at 4°C. The mixture was washed through centrifugation 

for 20 min at 3000 and 400 g for 30 and 100 nm GNPs respectively to remove the unbound 

proteins and suspended in 10mM phosphate buffer with 0.5% BSA and 3% sucrose. 1E5 

antibodies were covalently linked to 150 nm GNS through EDC/Sulfo-NHS chemistry 

following protocols provided by nanoComposix.  
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TCA LFA fabrication and optimization 

Polyclonal rabbit anti-p24 antibodies (2 mg/ml) and recombinant p24 (20 µg/ml) were 

striped onto nitrocellulose membrane as test line and control line respectively. The 

membrane was then blocked with different recipes of blocking buffer consisting of 

phosphate buffer and BSA. The conjugate pad, membrane and absorbent pad were 

assembled onto a polyester adhesive backing, allowing 1~2 mm overlap between adjacent 

components. The assembly was cut into 3 mm width individual strips using a Kinematic 

2360 programmable shearer (Kinematic Automation, Twain Harte, CA). 10 µL 1E5 

conjugated GNPs were applied onto the conjugate pad. Different running buffers composed 

of Tris, BSA and Triton at various concentrations and pH were test for optimal SB/NSB 

ratio (Figure 3). 

 

Thermal contrast reading 

A TCA reader reported previously was used to collect temperature signal of the developed 

LFAs to guide the assay optimization efforts.16 First, the tested LFA was placed on the 3D 

printed holder and inserted into the TCA reader. Then the reading area, for example, the 

location of the area of interest, was typed in the software. With the positions of the laser 

and IR camera fixed, the stepper motor moved the holder (i.e., the LFA) forward for next 

reading after the temperature signal at the previous location was captured by the IR camera. 

To collect the thermal signals of test line, we set the TCA measurement length to be 2.5 

mm including the test line (~ 1 mm) and adjacent background area (~ 1.5 mm) across the 

center line of the LFA. The distance between reading spots is 0.125 mm (Figure 3.3a). 
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Thermal signals of control lines were obtained in the same manner. The laser power can 

be adjusted from 10 mW to 500 mW. Finally, the temperature rise at different locations on 

the membrane was plotted. The thermal signals at test line and/or control line were 

analyzed in a two-step manner: the background temperature change was first averaged and 

then subtracted from the averaged test line (or control line) temperature change (Figure 

3.3a). To investigate the impact of laser wavelength used in TCA reader for different GNP 

types, we compared the LOD enhancement (i.e., thermal vs visual) when different laser 

wavelength (532 nm or 800 nm) was used for various GNPs (30 nm gold spheres, 100 nm 

gold spheres, or 150 nm gold-silica shell).  

 

p24 dilution test and LOD determination 

100 µL 2-fold serial dilution of p24 spiked into running buffer was tested with optimized 

LFA designs with 30 nm, 100 nm spheres and 150 nm shells respectively. To define the 

detection limits for thermal contrast reading, we tested 3 negative samples to establish the 

baseline and performed 3 replicates for each positive sample. The detection limit of the 

thermal analysis was defined according to the IUPAC method as the lowest concentration 

tested whose thermal signal (ȹὝ) satisfies the following relation:  

                                              ȹὝ>ȹὝὄ+ὯĀίὄ                                                              Eq. 1 

where ȹὝὄ is the mean of the negative sample signal, ίὄ is the standard deviation of the 

negative sample signal, Ὧ is the numerical factor in accordance with the confidence level 

(i.e. k = 3 for 95% confidence interval).72,73 
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In addition, p24 protein was spiked into human serum and tested with TCA LFA using 100 

nm gold spheres and 100 mW 532 nm laser. 

 

3.5 Supplementary Materials: additional results 

 

Table 3.S1 Methods to improve LOD of LFAs  
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a. SB: specific binding; NSB: non-specific binding 

b. GNP: gold nanoparticle 

c. SERS: surface-enhanced Raman scattering 

d. HRP: horseradish peroxidase 

e. PtNC: porous platinum core-shell nanocatalysts 

f.  CN/DAB: (4-chloro-1-naphthol/3,3ǋ-diaminobenzidine, tetrahydrochloride) 

g. TCA: thermal contrast amplification  

 

 

 

 

Table 3.S2 LOD enhancement using TCA reader with different laser wavelength for 

various GNP size and shape * 

 532 nm laser ** 800 nm laser 

30 nm gold spheres 8-fold 2-fold 

100 nm gold spheres 8-fold 2-fold 

150 nm gold-silica shell 2-fold 4-fold 

*  the LOD enhancement was compared to visual detection, a 2-fold serial dilution of p24 

was performed. 

** the power of both 532 nm and 800 nm laser was set to 100 mW for this comparison.  
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Figure 3.S1. 4-fold improvement in thermal LOD can be achieved by using recipes with 

optimized BR (i.e., membrane blocking buffer 2 and running buffer 3 in Figure 3.3) 

compared to recipes (i.e., membrane blocking buffer 1 and running buffer 3 in Figure 3.3) 

selected using traditional methods such as naked eyes. LODs were indicated by the arrows. 

In these tests 30 nm spheres were used in TCA LFAs irradiated by 100 mW 532 nm laser. 

 

  










































































































































































































































