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Point-of-care (POC) biosensors, although rapid and easy-to-use, are orders magnitude less 

sensitive than laboratory-based tests. Further they are plagued by poor stability of recognition 

element thus limiting its widespread applicability in resource-limited settings. Therefore, there is 

a critical need for realizing stable POC biosensors with sensitivity comparable to gold-standard 

laboratory-based tests. This challenge constitutes the fundamental basis of this dissertation work– 

to expand access to quality and accurate biodiagnostic tools. At the heart of these solutions lies 

plasmonic nanoparticles which exhibit unique optical properties which are attractive for label-free 

and labelled biosensors. 

Firstly, we improve the stability and applicability of label-free plasmonic biosensors for 

implementing biodiagnostics in POC and resource-limited settings. We demonstrate a cost-

effective plasmonic paper-based biosensor for non-invasive detection of renal cancer. We also 

demonstrate a facile integration of plasmonic paper and microneedle patch to realize a POC 

biosensor which enables detection of target biomarkers present in interstitial fluid in an easy-to-

use two-step process. We introduce a polymer encapsulation strategy to realize a stable and 

refreshable biosensor for long-term monitoring of protein biomarkers under harsh conditions.  
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Next, we demonstrate dramatic improvement in bioanalytical parameters of POC biosensors 

by designing and realizing an ultrabright fluorescent nanolabel, plasmonic fluor. We discuss a 

novel approach for detection and quantification of inflammatory disease burden via plasmonically-

active tissue analog which can undergo in vivo or ex vivo degradation in the presence of biological 

fluid associated with the tissue. We demonstrate a partition-free digital fluoroimmunoassay for 

ultrasensitive, multiplexed, and quantitative detection of protein biomarkers present in human 

biospecimens. Significantly, utilizing plasmonic-fluor, we overcome long-standing limitations 

associated with lateral flow immunoassays (LFA)– limited sensitivity, low accuracy and smaller 

analytical range compared to laboratory tests, and limited quantitation ability. 

Taken together, these advances are expected to overcome fundamental challenges associated 

with POC biosensors, and to bridge the gap between laboratory-based and at-home or point-of-

care (POC) diagnosis. Through this dissertation work we demonstrate a complete workflow of a 

POC diagnostic platform that outperforms gold-standard laboratory tests in sensitivity, speed, 

dynamic range, ease of use, and cost. 
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Chapter 1: Introduction 

Point-of-care (POC) testing – defined as ‘(biochemical) testing at or near the site of patient 

care whenever the medical care is needed’ - involves immediate acquisition of information on an 

individual's condition to facilitate future treatment decisions. Although rapid and simple, they are 

orders magnitude less sensitive than laboratory-based tests and cannot be used for definitive 

negative diagnosis. This challenge has constituted the fundamental basis of the dissertation work 

– to expand access to quality and accurate biodiagnostic tools. We aim to solve the fundamental 

limitations associated with POC biosensors – poor stability, long-term usability, limited 

sensitivity, and limited quantitation ability compared to laboratory tests, and to bridge the gap 

between laboratory-based and at-home or point-of-care (POC) diagnosis. 

Biosensors can be broadly classified into two types - label-free and labelled biosensors 

(Figure 1.1). To improve the bioanalytical parameters of label-free biosensors, we introduce a 

novel transduction platform.  In case of labeled immunoassay, we introduce ultrabright nanolabels 

that improve the sensitivity by orders of magnitude. At the heart of these solutions lies plasmonic 

nanoparticles, which exhibit unique optical properties. In case of label-free biosensor, we employ 

plasmonic nanoparticle as nanotransducers.  We harnessed plasmonically-enhanced ultrabright 

fluorescent nanoparticles to augment the bioanalytical parameters of the labelled biosensors.  

Specifically, we demonstrate cost-effective plasmonic paper-based localized surface plasmon 

resonance (LSPR) label-free biosensor for non-invasive detection of renal cancer. We also 

demonstrate a facile integration of plasmonic paper and microneedle patch to realize an easy-to-

use and efficient POC biosensor, which enables detection of target biomarkers present in 
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interstitial fluid in two-step process - apply the plasmonic paper microneedle patch to skin and 

measure the analyte concentration directly using surface enhanced Raman spectroscopy (SERS).  

 

Figure 1. 1: Schematic illustration of (left) label-free and (right) labelled immunoassay. In case of label-

free biosensors we employ transduction platform based on plasmonic nanoparticles, while in case of labeled 

immunoassay we augment the sensitivity of the nanolabel by utilizing plasmonically enhanced ultrabright 

fluorescent nanoparticles to augment bioanalytical parameters of the biosensors. 

We also address the long-standing problem associated with the poor stability of antibodies, 

which limits the reusability and adaptability of biosensors in POC settings, by employing a facile 

polymer encapsulation strategy. Employing this method, we demonstrate the long-term usability 

and refreshability of plasmonic biosensors for detection of neutrophil gelatinase-associated 

lipocalin (NGAL), a biomarker for acute and chronic kidney injury. This novel encapsulation 

approach can be easily extended to other transduction platforms to realize refreshable biosensors 

for monitoring of protein biomarkers under harsh conditions and over long durations – features 

important for POC biosensors.  

This dissertation also discusses a novel approach for detection and quantification of 

inflammatory disease burden via plasmonically-active tissue analog, which can undergo in vivo or 
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ex vivo degradation in the presence of biological fluid associated with the tissue. Specifically, we 

employ a collagen foam loaded with ultrabright fluorescent nanolabels for detection of collagenase 

present in biospecimen. This offers highly sensitive and rapid detection of collagenase present in 

biospecimen and can help the early detection and progression of pathological conditions. 

Harnessing an ultrabright fluorescent nanoconstruct, plasmonic-fluor, as a nanolabel for 

labelled immunoassay, we demonstrate a partition-free digital fluoroimmunoassay for 

ultrasensitive, multiplexed, quantitative detection of SARS-CoV-2 antigens present in 

nasopharyngeal swab and saliva samples of COVID-19 patients. Compared to the “gold standard” 

enzyme-linked immunosorbent assay (ELISA), the digital fluoroimmunoassay exhibited nearly 

7000-fold lower limit-of-detection with virtually no change in the biorecognition elements or assay 

workflow. This ability to detect and quantify extremely low concentrations of target proteins can 

have a transformative impact in diagnosing various pathological conditions at an early stage of 

disease progression. 

Lateral flow (immuno)assays (LFAs) are the cornerstone of POC diagnostics and are amongst 

the simplest, fastest, and cheapest diagnostic methods which offer broad potential for population-

level screening for disease. However, this potential has not yet been fully achieved owing to their 

poor sensitivity and quantitation ability (nearly 1000-folwer lower) compared to gold standard 

laboratory-based diagnostics. We overcome this fundamental limitation by employing 

plasmonically-enhanced nanoscale fluorescent nanoparticles as nanolabel in LFAs. Plasmon-

enhanced LFAs (p-LFAs), completed in 20 min, attained over 30-fold improvement in dynamic 

range and limits of detection over the 4 hour-long, “gold standard” ELISA. Significantly, 

concentrations of interleukin-6 (IL-6) in human serum samples and SARS-CoV-2 nucleocapsid 

(N) protein in nasopharyngeal swab samples determined by p-LFAs using an inexpensive portable 
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scanner exhibited strong correlation with those determined using a traditional benchtop scanner. 

Taken together, these advances are expected to overcome fundamental challenges associated with 

POC biosensors and offers POC diagnostic platform that outperforms standard laboratory tests in 

sensitivity, speed, dynamic range, ease of use, and cost. 

1.1 Research Objectives 

The ultimate goal of the dissertation is to overcome several fundamental challenges associated 

with POC biosensors by employing plasmonic nanomaterials as transduction platform, in case of 

label-free biosensors, and reporter element, in case of labelled biosensors. Specific objectives 

include: 

1.1.1 Objective 1: Design and realize paper-based SERS and LSPR label-free 

biosensors for point-of-care diagnostics. 

1A. Realize plasmonically-active microneedle patch for in situ detection of target biomolecules 

in dermal interstitial fluid. 

We aim to design and demonstrate a microneedle (MN) patch integrated with plasmonic paper to 

collect interstitial fluid (ISF) and enable on-patch surface-enhanced Raman scattering (SERS) 

based detection of molecules in dermal ISF. The plasmonic paper MN patch consists of a stainless-

steel MN patch that creates micropores in skin to access ISF and a plasmonic paper which acts as 

ISF reservoir. We established that in contrast to extraction and analysis of ISF using MN, which 

requires multiple steps, on-patch capture and SERS based detection of molecules in ISF is a simple 

and efficient two-step process: apply the MN patch to skin and measure concentration of analyte 

directly on the MN patch by SERS. 
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1B. Plasmonic paper–based assay for non-invasive detection of renal cancer. 

We demonstrate rapid and highly sensitive detection of perilipin-2 (PLIN-2) in clinical urine 

samples. Common filter paper uniformly absorbed with commercial mono-clonal antibody-

conjugated plasmonic nanostructures is employed as a label-free localized surface plasmon 

resonance (LSPR) based plasmonic biosensor. We demonstrate that this assay is significantly more 

sensitive than Western blotting and provides the requisite sensitivity for quantifying clinical urine 

PLIN-2 concentrations for renal cell carcinoma (RCC). More importantly, this technology offers 

a highly attractive diagnostic platform for rapid detection and quantification of target bioanalyte 

in preclinical and clinical settings. 

1.1.2 Objective 2: Enhance the stability of antibodies immobilized on plasmonic 

transducers through organosilica encapsulation for POC applications. 

Poor stability of antibodies, which are used as biorecognition elements, and the lack of effective 

methods to refresh the biosensors upon demand remain significant challenges in realizing protein 

biosensors for long-term monitoring. We show that the encapsulation of antibodies immobilized 

on plasmonic nanostructures with an organosilica layer would render refreshability to the 

biosensors, by preserving the antibody biorecognition capability, when subjected to harsh 

environment or chemical regeneration agents required to refresh biosensors. The encapsulation-

based preservation method proposed here overcome a critical challenge in protein based POC and 

wearable biosensors and is expected to advance the design and implementation of such biosensors 

for long-term monitoring of protein biomarkers. 
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1.1.3 Objective 3: Realize plasmonically-active tissue analogs for rapid, 

ultrasensitive, and quantitative detection of inflammatory disease burden. 

In this research objective, we aim to design and demonstrate a plasmonically-active tissue analog 

for detection and quantification of inflammatory disease burden through their in vivo or ex vivo 

degradation in the presence of biological fluid associated with the tissue. As a proof-of-concept, 

we realize plasmonic collagen foam that undergoes degradation in the presence of collagenase. 

Specifically, we demonstrate that a three-dimensional collagen foam loaded with plasmonic 

nanostructures, when incubated in collagenase solution, will exhibit concentration dependent 

release of plasmonic nanoparticles in the solution due to the degradation of collagen foam. 

Subsequently, the optical property, such as fluorescence, of the solution was analyzed to determine 

the rate of release of nanoparticle or rate of increase in fluorescence intensity. Dose response curve 

i.e. rate of increase in fluorescence intensity vs time, were plotted to determine collagenase 

concentration. This technique offers quick and sensitive measurement of collagenase concentration 

present in biospecimens such as saliva. 

1.1.4 Objective 4: Design and realize plasmonically-enhanced ultrasensitive 

immunoassays that can be implemented in clinical labs and at the point-of-care. 

4A. Digital fluoroimmunoassay for sub-femtomolar detection of protein biomarkers. 

Harnessing an ultrabright fluorescent nanoconstruct, plasmonic-fluor, as digital nanolabel, we 

demonstrate a digital fluoroimmunoassay for ultrasensitive and quantitative detection of SARS-

CoV-2 proteins in nasopharyngeal swab and saliva samples from COVID-19 patients.  Compared 

to the “gold standard” enzyme-linked immunosorbent assay (ELISA), the digital p-FLISA 

exhibited nearly 7000-fold lower limit-of-detection with virtually no change in the biorecognition 
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elements or assay workflow. This ability to detect and quantify extremely low concentrations of 

target proteins can have a transformative impact in diagnosing infectious diseases such as COVID-

19 and is broadly applicable to various other viral infections and future pandemics. 

4B. Plasmon-enhanced, quantitative lateral flow Assay for femtomolar detection of protein 

biomarkers in point-of-care settings. 

In this objective, we overcome the fundamental limitation of lateral flow assay, which are 

considered as the cornerstone of POC diagnosis, by employing plasmonically-enhanced nanoscale 

fluorescent labels. Plasmon-enhanced LFAs (p-LFAs) enabled standard-free, ultrasensitive 

quantitative detection of low abundance analytes, without compromising the direct visual detection 

capability of conventional LFAs. Fluorometric p-LFA, completed in 20 min, attained 30-fold 

improvement in dynamic range and limits of detection over the 4 hour-long, “gold standard” 

enzyme-linked immunosorbent assay (ELISA), and achieved 95% clinical sensitivity and 100% 

specificity for SARS-CoV-2 antibodies and antigens. This improvement over ELISA could be 

achieved with either a standard benchtop fluorescence scanner or an inexpensive, portable scanner 

that we developed. Concentrations of interleukin-6 (IL-6) in human serum samples and SARS-

CoV-2 nucleocapsid (N) protein in nasopharyngeal swab samples determined using our portable 

scanner exhibited strong correlation with those determined using a benchtop scanner. p-LFAs offer 

potential as a broadly adaptable point-of-care diagnostic platform that outperforms standard 

laboratory tests in sensitivity, speed, dynamic range, ease of use, and cost. 
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1.2 Background and Motivation 

1.2.1 Plasmonic paper microneedle patch for point-of-care diagnosis of 

biomolecules in interstitial fluid (ISF) 

Point-of-care (POC) diagnostics is a rapidly growing field in the era of decentralized 

healthcare systems 1. Although blood is considered the gold standard for diagnostic assays, blood 

sampling involves limitations such as difficulty of continuous monitoring due to blood clotting; 

need for medical professionals to collect blood by venipuncture; apprehension by patients 

associated with blood draws2  and need for additional processing for red blood cell removal before 

analysis 3. 

Interstitial fluid (ISF) is a novel source of biomarkers that fills the spaces between cells in 

tissues in the body, and complements conventional sources like blood, urine and saliva. ISF has 

been shown to contain systemic biomarkers and unique biomarkers compared to other body fluids 

4-6. Also, ISF is a largely colorless fluid devoid of clotting agents and cells, thus simplifying 

biochemical analysis 7. ISF is often collected from the skin, due to easier access compared to 

internal tissues.  

ISF has been relatively unexplored largely due to limitations of sampling techniques such 

as suction blister 8, which requires specialized equipment, takes ~1 h to perform and causes lasting 

skin wound; reverse iontophoresis 9, which is limited to small molecules and requires frequent 

calibration; and microdialysis 10 and open flow microperfusion  11, which requires expert personnel 

to perform minor surgery. 
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To enable simplified ISF collection, we and others have developed microneedle (MN) 

patches that can access ISF in a minimally invasive way that is painless, well-tolerated, easy-to-

use and effective. 12-13 MNs are solid needles measuring hundreds of microns in length and tapering 

to a sharp tip that are typically assembled in arrays on a patch that can be applied to the skin 14-16 . 

MN technology was originally developed for drug delivery into the body. When drug is coated on 

or encapsulated within MNs, they can be released typically by dissolution in the skin, thereby 

enabling simple administration of a drug that might otherwise require expert injection. 

MN technology has been adapted for ISF collection, including suction-based ISF extraction 

through micropores 17-18 hydrogel-forming MNs that swell with ISF in skin 19-20, hollow 

microneedles that collect ISF by diffusion 21 or pressure-driven flow 22. In these cases, ISF is 

collected from the MN device and analyzed in a separate instrument, which requires an added step 

of ISF transfer. Other approaches involve in-situ biomarker detection such as selectively binding 

biomarkers to MN surfaces 23-24, and incorporation of sensors into MNs for in situ analysis of ISF 

25-27. In these cases, the sensor is inserted into the body, which introduces significant design 

challenges to address safety/toxicity concerns and avoid sensor fouling. 

To overcome limitations of other MN technologies, in this study we developed a MN patch 

that collects ISF from the skin (thereby avoiding complications of in-dwelling sensors) and allows 

on-patch detection of biomarkers by surface-enhanced Raman spectroscopy (SERS) (thereby 

avoiding complicating sample transfer from the patch). 

We selected surface enhanced Raman scattering (SERS) as a sensing modality for 

biomarker detection because it is a highly sensitive spectroscopic technique for molecular 

identification and detection 28-29. SERS involves large enhancement of Raman scattering from 
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molecules (analytes) absorbed on or in close proximity to plasmonic nanostructures 30. These 

plasmonic nanostructures are inert; photostable; tunable by changing nanostructure size, shape, 

composition and environment; and surface-stable for facile surface functionalization with various 

biological and organic molecules through covalent and non-covalent interactions 30-31. These 

unique properties enable label-free SERS detection and molecular fingerprinting 32 for medical 

diagnostic, environmental monitoring and homeland security applications 33. For example, SERS 

has been used for in-vivo glucose sensing 34-35 and for West Nile virus 36 and cancer biomarker 

detection 37. We and others have developed low-cost, flexible plasmonic substrates called 

‘plasmonic paper’ by immobilizing functionalized plasmonic nanostructures (e.g., gold nanorods 

(AuNRs)) on filter paper for SERS-based detection 38-41. In this study, we integrated plasmonic 

paper with MN patches to facilitate SERS-based detection of biomarkers present in ISF, collected 

by MNs. 

Using a plasmonic paper MN patch for on-patch detection of biomarkers in dermal 

interstitial fluid, we can detect biomarkers via two-step process: apply the MN patch to skin and 

measure biomarker concentration directly on the MN patch by SERS (Figure 1.2A). In contrast, 

ISF collected using a conventional paper MN patch would require multiple steps for analysis, such 

as MN patch application to skin, biomarker extraction from the paper MN patch by incubation in 

extraction media (which dilutes the sample) and centrifugation, loading samples into multi-well 

plates or other substrates for measurement and finally measuring biomarker concentration by a 

suitable analytical method (Figure 1.2B).   
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Figure 1. 2: Detection of biomarkers from ISF using plasmonic paper MN patch for on-patch detection by 

SERS versus conventional paper MN patch requiring multiple sample processing steps. (A) After ISF is 

collected using a plasmonic paper MN patch, biomarker analysis can be performed in situ on the plasmonic 

paper using SERS. (B) After ISF is collected using a conventional paper MN patch, biomarkers must be 

eluted and undergo additional steps for sample processing and biomarker analysis. 

1.2.2 Plasmonic paper for non-invasive and point-of-care diagnosis of renal 

cancer 

In previous section, the potential advantages, and applications of paper-based on-patch 

SERS detection of biomarkers was discussed. Here, we discuss the advantages of using plasmonic 

paper-based localized surface plasmon resonance (LSPR) detection of biomarkers. Paper-based 

LSPR substrates, compared with conventional rigid substrates such as silicon and glass, paper 

substrates offer numerous advantages such as high surface area, excellent wicking properties, 

mechanical flexibility, low cost, easy disposability, small sample volume requirement, facile 

processing (cutting, bending, and dipping), and compatibility with conventional printing 

approaches (enabling multiplexed detection and multimarker biochips). Simply involving 

conventional laboratory filter paper adsorbed with biofunctionalized nanostructures, such 

bioplasmonic paper devices (BPD) exhibit great potential for the use of label-free, POC bioassays 
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with the combination of handheld, battery-operated spectrometers. More importantly, with 

interchangeable recognition elements, BPD can be swiftly adapted for molecular diagnosis of 

many other diseases.42-43 

Plasmonic biosensors, based on reflective index sensitivity of LSPR, are highly sensitive, 

cost-effective, and label-free biodiagnostic platforms.  LSPR of noble metal nanostructures 

involving the coherent oscillation of dielectrically confined conduction electrons is sensitive 

enough to probe the conformational changes of individual biomacromolecules, detect single 

biomolecule binding events, monitor the kinetics of catalytic activity of single nanoparticles and 

even optically detect a single electron.44-46   Hollow plasmonic nanostructures such as gold (Au) 

nanoshells, nanocages and nanorattles exhibit significantly higher refractive index sensitivity 

compared to their solid counterparts, making them excellent candidates for plasmonic biosensors.47 

Recently, our group demonstrated that Au nanorattles (AuNRTs) exhibit much higher refractive 

index sensitivity compared to Au nanorods with similar LSPR wavelength.48 Therefore, for this 

research task we exploit these hollow plasmonic nanostructures. 

Kidney cancer accounts for 3% to 4% of the newly found cases of malignant tumors in 

adults.49-50 It is estimated that 73,820 new kidney cancer cases and 14,770 kidney cancer related 

deaths will occur in the United States in 2019.49 Unfortunately, renal cell carcinoma (RCC) is 

generally asymptomatic at early stages, and is thereby frequently advanced when a diagnosis is 

made.  Advanced RCC has a poor prognosis.  Additionally, most renal masses are incidentally 

discovered by imaging modalities such as computed tomography (CT) and magnetic resonance 

imaging (MRI), but imaging cannot reliably distinguish between cancerous and benign tumors.51-

53 The conventional approach to a suspected renal mass is partial or radical nephrectomy.  The 

problem however is that 20% of imaged renal masses are not cancer, and patients incur the loss of 



13 

 

a normal kidney.51-53 Moreover, surgical reduction of functional renal mass reduces renal function 

and accelerates progression of underlying chronic kidney diseases.52, 54-60 

Our research group previously reported that urine perilipin-2 (PLIN-2) and aquaporin-1 

(AQP1) are sensitive and specific biomarkers for early noninvasive detection of clear cell or 

papillary subtypes of RCC (together accounting for 85-90% of malignant RCC).56-60  AQP1 and 

PLIN-2 concentrations were significantly correlated with tumor size, stage (but not grade) and 

were found to decrease more than 83% following tumor excision.57, 60 These biomarkers were not 

increased in patients with common non-cancerous kidney diseases (i.e. diabetic nephropathy, 

glomerulonephritis, urinary tract infection56), or other urinary tract cancers (bladder or prostate60), 

demonstrating specificity.  Results suggested that AQP1 and PLIN-2 have potential utility for 

population screening through a “screen positive rule” and/or differential diagnosis of imaged renal 

masses.58  However, the Western blot procedure for PLIN-2 employed in previous studies is 

complicated, expensive, is semi-quantitative and time consuming, which is not suitable for analysis 

of urine samples in clinical lab-settings.  It is also challenging to develop an enzyme-linked 

immunosorbent assay (ELISA) for PLIN-2, particularly for screening of patient urine samples, due 

to insufficient sensitivity and effects of interindividual variability in urine pH. 

Therefore, a convenient and cost-effective assay is needed for fast and quantitative testing 

of urine PLIN-2.  This could significantly facilitate differential diagnosis of imaged renal masses 

to avoid unnecessary renal excision surgery and its consequences. In this objective, we report a 

facile approach for rapid and highly sensitive detection of PLIN-2 in clinical urine samples.  

Common filter paper uniformly absorbed with commercial monoclonal antibody-conjugated 

AuNRTs is employed as a label-free plasmonic biosensor. A schematic illustration summarizing 

the building of the bioplasmonic paper to detect PLIN-2 using AuNRTs and a monoclonal antibody 
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is depicted in Figure 1.3. This assay is significantly more sensitive than Western blotting and 

provides the requisite sensitivity for quantifying clinical urine PLIN-2 concentrations for RCC.  

More generally, this technology represents a highly attractive diagnostic platform for rapid 

detection and quantification of target bioanalytes in pre-clinical and clinical settings. 

 

Figure 1. 3: Schematic illustration of plasmonic paper manufacture. Gold nanorattles (AuNRTs) coated 

with cetyltrimethylammonium chloride (CTAC) were functionalized with monoclonal antibody by means 

of a bifunctional polyethylene glycol (PEG). The functionalized AuNRTs were then coated on filter paper 

and non-specific binding sites neutralized by further PEGylation. The paper-bound functionalized AuNRTs 

then bind specific analyte; in this case, perilipin-2 (PLIN-2) and cause a red shift in the localized surface 

plasmon resonance (LSPR) for the AuNRTs. 
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1.2.3 Organosilica encapsulated biorecognition elements for stable and 

refreshable plasmonic biosensor. 

Point-of-care, wearable and implantable biosensors have attracted extensive attention 

owing to their ability to provide continuous monitoring of biophysical and biochemical parameters 

in biofluids such as sweat, saliva, interstitial fluid and tears.61-65 In the past few years, the frontiers 

and the possible applications of such devices are rapidly advancing from tracking physical activity 

and biophysical parameters to continuous monitoring of target molecular biomarkers at 

physiological and pathological concentrations. While there have been significant efforts in 

realizing such biosensors, there are still significant challenges that need to be overcome before 

such classes of biosensors can be widely used for making timely clinical interventions in 

pathological conditions that can rapidly manifest into life-threating events or chronic conditions.  

In fact, to date, only minimally invasive glucose monitoring devices have some commercial 

presence.66  

Biosensors designed for continuous monitoring of biochemical analytes should be able to 

detect and quantify the target analyte (e.g., biomarker) for an extended duration. However, the 

number of analyte binding sites in most biosensors are limited and once saturated with target 

analytes, it becomes insensitive to further changes in the concentration of the analyte as the 

analyte-recognition element interactions (especially antibody-antigen interactions) are virtually 

irreversible under normal conditions. Additionally, the long-term usage of biosensor is limited by 

the poor stability of antibodies. A possible approach to overcome these problems is to design a 

strategy to preserve the biorecognition elements and refresh the sensor without compromising the 

sensitivity and specificity of the biorecognition elements. As a proof-of-concept, in this study, we 

employed plasmonic nanostructures as a transduction platform. Owing to their high refractive 
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index sensitivity, plasmonic nanostructures are able to transduce biomolecular binding events 

(capture/release of analyte) into measurable shift in the localized surface plasmon resonance 

(LSPR) wavelength.67-70 The refractive index sensitivity of plasmonic nanostructures has been 

harnessed to realize various chemical and biological sensors.71-75 Plasmonic biosensors relying on 

antibodies as recognition elements are highly promising as lab-on-chip devices for label-free 

protein detection in point-of-care (POC) and resource-limited settings.76-79 

In most immunosensors, antigens are recognized and captured by antibodies via 

noncovalent interactions such as hydrogen bonds, van der Waals forces, electrostatic and 

hydrophobic interactions.80-83 These interactions can be disrupted by extremes of pH, high salt 

concentrations and surfactants.83 Under these harsh conditions natural antibodies are unstable and 

are prone to lose their biorecognition capability owing to their poor chemical and environmental 

stability.84-87  We and others have reported various methods to preserve the biorecognition 

capability of antibodies under harsh conditions, which include encapsulation of immobilized 

antibodies with metallic-organic frameworks76-78, silk88, and sucrose89, or addition of other 

preservatives90-91. While these strategies successfully preserve the biorecognition capability of 

biodiagnostic reagents immobilized on plasmonic nanotransducers against harsh environmental 

conditions during storage and transportation, they do not protect the antibodies during sensor 

operation or during sensor refreshing. 

In this research objective we demonstrate the encapsulation of antibodies immobilized on 

plasmonic nanostructures with an organosilica layer, which renders refreshability to the biosensors 

by preserving the antibody biorecognition ability upon subjecting them to harsh chemical 

treatment for dissociating the antibody-antigen interactions. Schematic illustration of the steps 

involved in the organosilica-based biopreservation of bioconjugates to realize refreshable 
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biosensors is depicted in Figure 1.4. This novel method overcomes the challenges associated with 

poor stability of immobilized antibodies under harsh conditions and opens up opportunities for 

realizing POC, wearable and implantable biosensors for continuous monitoring of protein 

biomarkers over long durations.  

 

Figure 1. 4: (Left) Schematic illustration of the steps involved in the organosilica-based biopreservation of 

bioconjugates to realize refreshable biosensors. (Right) Typical LSPR wavelength shift response after 

alternate exposure of polymer encapsulated biosensors to analyte and SDS. 

1.2.4 Collagen foam-based biosensors for detection of collagenase and 

periodontal disease monitoring. 

Collagenases such as MMP 1, 8 and 13 are the group enzymes which are responsible for 

the degradation of most of the extracellular matrix proteins such as collagen. As a family of zinc-

dependent neutral metalloproteinases, collagenases are important proteolytic tools for extracellular 

matrix remodeling during organ development and tissue regeneration. They also play important 

roles in many pathological situations.92-93 For example, collagenase can degrade collagen, which 
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is the major component of gingival fluid. Collagen is also an important component of cell 

membranes in various tissues, such as skin, heart, blood vessels, cartilage, and synovial fluid. An 

excess production of collagenases can destroy  extracellular  matrix  and  lead  to  pathological  

conditions.94-95 Moreover, several studies have shown that collagenases are biomarkers of various 

diseases, particularly tumor invasion, metastasis,96-97 periodontitis, osteoarthritis and rheumatoid 

arthritis.98 Therefore, development of new rapid and sensitive and selective detection of 

collagenase is of great significance in the diagnosis of collagenase relevant diseases. 

The activity of collagenases can be determined by the ninhydrin-mediated formation of a 

purple colored adduct with N-termini that are freshly generated in proteins and peptides by the 

proteolytic reaction, through an assay based on a method developed by Moore and Stein several 

decades ago.99 Activity measurements based on the use of ninhydrin require multiple steps, and 

the fluctuating formation of purple color makes the assay somewhat unreliable. Over the years, 

modified versions of this assay have evolved.95, 100 This method continues to be used. However, 

the assay remains lengthy, with poor sensitivity (detection being limited to substrate degraded by 

10 ng of collagenase in 2 h). Physical changes resulting from the enzymatic reaction of collagen 

with collagenases, e.g., turbidity and viscosity measurements have also been used in assays.101 

Other methods for measuring collagenase activity include (i) immunological methods, wherein the 

breakdown of type II collagen is monitored by the use of antibody against the C-terminal 

neoepitope generated during the reaction,102-103 or (ii) the formation of specific products, e.g., 

hydroxyproline,104 or (iii) use of radio or fluorescence-labelled collagens105-108 or (iv) use of 

specially designed synthetic oligopeptides, offering fluorescence, or absorption, as probes of the 

reaction109-110, or v) zymography-based methods.111-112 All of these methods have their own 

limitations of being lengthy, or uneconomical, or potentially unsafe to handle (in case of 
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radiolabels), or they suffer from a lack of sensitivity. Most of them cannot be extended to use with 

other proteases. Therefore, it is imperative to develop a cost-effective assay for rapid and sensitive 

detection of collagenase activity. 

We hypothesized that instead of using enzyme specific substrates, we can use collagen 

foam loaded with functional nanoparticles as a substrate. The collagen foam upon exposure to 

collagenase in solution will degrade, resulting in the release of nanoparticles into the solution. We 

predicted that there will collagenase concentration dependent release of nanoparticles. Then 

instead of relying on extent of ninhydrin-mediated reaction, the concentration of released 

nanoparticles can be determined to detect collagenase activity. To test this hypothesize we loaded 

collagen foam with ultrabright plasmonic nanoparticles called plasmonic fluor (PF). PF exhibit 

detectable fluorescence signal even at concentration as low as 10 aM, thus enabling detection of 

collagenase activity even at very low concentration of collagenase. This technique will offer quick 

and sensitive determination of concentration of collagenase present in biospecimens such as saliva. 

Next to test the real-life applicability of this technique we aim to analyze the concentration 

of collagenase in saliva. Figure 1.5 above illustrates the steps involved in the determination of 

collagenase concentration in the Saliva. Collagen foam loaded with ultrabright plasmonic 

nanoparticles is added to the solution containing diluted saliva sample. Small volume of solution 

will be taken out every 2 mins until 10 mins and added on to 96 well plate. The fluorescence 

intensity will be measured and from the slope of the thus generated fluorescence vs time graph 

will be used to determine collagenase concentration or activity. This technique will offer quick 

and sensitive determination of concentration of collagenase present in biospecimens such as saliva. 
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Figure 1. 5: Schematic illustration of steps involved in measurement of collagenase concentration in saliva 

using collagen plasmonic foam. 

1.2.5 Digital fluoroimmunoassay for sub-femtomolar detection of protein 

biomarkers. 

COVID-19, an infectious disease caused by severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2) has infected more than 239 million people and claimed more than 

4.8 million lives as of October 2021 (https://covid19.who.int/). The SARS-CoV-2 virus spreads 

efficiently from one person to another and has led to a worldwide pandemic in a short time. Despite 

widespread dissemination of vaccination, several countries worldwide are seeing emerging new 

variants with higher infection rates.113 According to CDC, 400 million tests have been performed 

with a positivity rate of 8% in the US to date.114  Moving forward, access to advanced testing tools 

that can identify stage of illness and infectivity of individuals, vaccination rates, and efficacy of 

the vaccines against the emerging variants will determine the trajectory of the pandemic. 
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Figure 1. 6: Schematic illustration analog and digital p-FLISA. 

Reverse-transcription polymerase chain reaction (RT-PCR), used to detect the viral genetic 

material (RNA) in nasopharyngeal (NP) swabs and saliva, is the current gold standard in 

diagnosing COVID-19. Although nucleic acid amplification tests have proven highly successful 

in identifying individuals who have contracted the SARS-CoV-2 virus, they fail to distinguish 

infectious patients from those who have passed the infectious period, and can yield false positive 

results for months after a patient has recovered from the disease.115-118 Severely immuno-

compromised patients can shed viable SARS-CoV-2 for weeks to months, and identifying these 

patients using point-of-care non-culture-based tests will be valuable in decision making regarding 

hospital infection prevention measures.119-121 Most patients (>95%) with mild to moderate 

COVID-19 continue to shed SARS-CoV-2 RNA from the nasopharynx ≥10 days after symptom 

onset; however, no replication competent virus was found beyond 9 days 122.123. whereas 
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replicating virus was cultured through day 20 among critically ill and immunocompromised 

patients.124 

There is an urgent need to accelerate COVID-19 testing for identifying active infections, 

using a simple, high-throughput, non-labor-intensive method that would be more economical and 

just as accurate as the RT-PCR method. As antigens are expressed only when the virus is actively 

replicating, the antigen-based tests may have a better correlation with infectiousness than RNA 

detection by RT-PCR, but are limited by their low and wide ranging accuracy.116, 118, 123, 125-128 

Among four SARS-CoV-2 structural proteins, membrane (M), envelope (E), nucleocapsid (N) and 

spike (S), the N and S proteins are of great interest as the target antigens due to their abundancy 

and distinct structure compared to previously reported coronaviruses. The N protein aids in 

transcription, replication, packaging of the viral genome, and the S protein mediates interaction 

with host angiotensin-converting enzyme 2 (ACE2) receptor, for binding and membrane fusion. 

Both proteins determine the viral transmission capabilities.  Rapid antigen tests have poor 

agreement with RT-PCR, but are useful in identifying early infections and those with culture 

positive SARS-CoV-2.128-130 Antigen tests have the potential to reduce community transmission 

as they can better differentiate individuals with active infection and past infection.131-132 However, 

current antigen tests have lower sensitivity than molecular tests (sensitivity of 37.7-84.1%) and 

are thus current guidelines recommend the use of molecular test over antigen tests as diagnostic 

method of choice for diagnosing SARS-COV-2 infection recommended to be performed in 

conjunction with molecular tests or in situations where a molecular test is not available or not 

feasible.133 An ultrasensitive antigen test that can be implemented in standard clinical laboratories 

and in low-resource settings at low-cost can potentially alter the trajectory of the COVID-19 and 

future pandemics. 
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Here, we report an ultrasensitive partition-free digital assay for the detection of SARS-

CoV-2 antigens. The assay relies on a novel ultrabright fluorescent nanoconstruct, plasmonic fluor, 

comprised of a plasmonic nanostructure (gold nanorod, AuNR), a light emitter (molecular 

fluorophores), and a biological recognition element (e.g., biotin, streptavidin).134 Plasmonic-fluors 

have been reported to improve sensitivity by up to three orders of magnitude in various bioassays, 

including immuno-microarrays, fluorescence linked immunosorbent assay (FLISA), bead-based 

fluoro-immunoassays, and flow cytometry.  In contrast to these analog assays, for the first time, 

we harness plasmonic-fluor as a digital nanolabel that can be imaged using conventional 

epifluorescence microscopy and “counted” using a simple image-processing algorithm (Figure 

1.6). Digital immunoassays involve the detection and counting of single sandwich complex 

comprised of capture antibody, analyte, and detection antibody, thus significantly improving the 

limit of detection compared to their analog counterparts. In a standard digital assay, the number of 

analyte molecules is determined by counting the number of discrete “positive signal” units. The 

binary signal obtained in conventional digital assay technologies such as single molecule array 

(SIMOA) relies on partitioning the immunoreaction into femtoliter wells, which results in either 1 

or 0 analyte molecules per well, and counting the number of wells with a positive signal.135-137 The 

major draw-back of these assays is that only around 5% of the beads used to capture the analyte 

are loaded into the wells and complex fabrication and read-out procedures are required,  limiting 

their use in standard biomedical research and clinical laboratories.138-140  Partition-free bead-based 

assays rely on complicated signal amplification techniques such as rolling-circle amplification 

which uses an isothermal enzymatic reaction to synthesize long single stranded (ss) DNA on a 

short circular ss DNA template to improve its sensitivity.141  The simple and easy-to-implement 
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digital assay offers nearly 10000-fold lower LOD compared to the “gold standard” ELISA, making 

it a potentially powerful diagnostic tool in our fight against COVID-19 and future pandemics. 

1.2.6 Plasmon-enhanced, quantitative lateral flow Assay for femtomolar 

detection of protein biomarkers in point-of-care settings. 

Lateral flow (immuno)assays (LFAs) are amongst the simplest, fastest, and cheapest point-

of-care (POC) diagnostic methods, and offer broad potential for population-level screening for 

disease.142-143 However, this potential has not yet been fully achieved. Although numerous LFAs 

for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies144-146 and 

antigens147-148 have been introduced, none have sensitivity and quantitation comparable to 

laboratory-based diagnostics such as real-time reverse transcription polymerase chain reaction 

(RT-PCR) and enzyme-linked immunosorbent assay (ELISA), which constrains their widespread 

use.149-151 In general, conventional colorimetric-LFAs are ~1000-fold less sensitive than these 

standard laboratory tests,152-153 and diagnosis using LFAs requires an additional confirmatory 

laboratory-based test to correctly establish negative results. Colorimetric-LFAs offer limited 

quantification ability owing to the limited color change with respect to variation of the target 

analyte’s concentration.154 

The COVID-19 pandemic highlights the need for improved LFAs for precise and rapid 

clinical diagnoses, mass screenings and epidemiological studies.155-156 RT-PCR157-158 and direct 

antigen tests159-160 have been the mainstay for diagnosis of COVID-19, and serological assays are 

important for determination of infection stage and vaccine efficacy, and epidemiological 

studies.144, 161-162 These diagnostic assays are available only in qualified microbiology laboratories 

and remain expert-dependent, labor-intensive, and time-intensive, limitations that have precluded 

conduction of the millions of tests per day needed during epidemiological surges.163-164 Therefore, 
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a critical need exists for diagnostic and screening tools that are not only as accurate as laboratory-

based assays, but also rapid, easy-to-use, inexpensive, readily available (e.g., home-based and 

POC), and scalable for rapid population-level screening. 

 

Figure 1. 7: (A) Schematic illustration of plasmonic-fluor, employed as a bimodal nanolabel 

(colorimetric+fluorescent) in LFAs, comprising of gold nanorod as plasmonic core, polymer layer as 

spacer, molecular fluorophores (800CW), and biotin as recognition element. (B) Transmission electron 

microscopy image of plasmonic-fluors. 

Efforts to improve bioanalytical performance of LFAs have included using fluorescent 

molecules or quantum dots as reporter elements.165-166 Although fluorescent reporters improve 

quantification, their relatively weak signal intensity limits their sensitivity and point-of-care 

diagnostic utility, and their low light absorption compared to conventional colloidal gold 

nanoparticles (AuNPs)30 precludes the direct visual detection available in conventional LFAs, and 

moreover requires use of LFA readers with highly sensitive detectors or powerful excitation light 

sources. These limit the utility of fluorescent LFAs in mass screening and resource-limited 

settings.151 

We envision a “bimodal” LFA in which an initial screening can be performed with a visual 

test, and subsequent quantitative testing can be performed when needed on the same LFA strip 

using a fluorescence reader. To achieve this, we employed an ultrabright fluorescent nanoconstruct 
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that we have recently introduced,167 called plasmonic-fluor, as a bimodal colorimetric and 

fluorescent reporter in LFAs (Figure 1.7A and B). These nanoconstructs harness plasmon-

enhanced fluorescence168-172 to achieve nearly 7000-fold brighter fluorescence signal compared to 

conventional molecular fluorophores. We conjugated plasmonic-fluors with detection antibodies 

and used them to enable rapid and ultrasensitive colorimetric and fluorescent detection of analytes, 

using human IL-6 (LOD: 93 fg ml−1), SARS-CoV-2 S1 (subunit of the spike protein) antibodies 

(LOD: 185 pg ml−1), and SARS-CoV-2 antigen (nucleocapsid) protein (LOD: 212 pg ml−1). We 

validated the clinical efficacy of the plasmonic-fluor-based LFAs (p-LFAs) by testing plasma, 

serum and nasopharyngeal (NP) swab samples for detection of SARS-CoV-2 S1 antibodies, IL-6, 

and SARS-CoV-2 antigen, respectively, and achieved high clinical specificity and sensitivity. We 

also demonstrate the quantitative ability of p-LFA employing a portable self-designed scanner 

compatible with plasmonic-fluor to demonstrate its versatile POC application. Significantly, this 

technology can be immediately deployed as an alternative to laboratory-based test for the diagnosis 

of clinically-relevant pathogenic infections and possible future pandemics.  

1.3 Dissertation outline 

The dissertation will illustrate ways to augment the bioanalytical parameters of the label-free 

and labelled biosensors to enable their application in POC and resource-limited settings. The 

current chapter (Chapter 1) provides an overview of the research efforts and provides a brief 

background on optical properties of plasmonic nanoparticles.  

Chapter 2 describes a label-free biosensor consisting of microneedle (MN) patch and 

plasmonic paper that collects ISF for on-patch biomarker analysis by SERS. This approach was 

used to measure pharmacokinetic profiles of R6G in ISF and serum from rats in vivo. In chapter 
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3, we discuss the development of a label-free plasmonic biosensor based on the high refractive 

index sensitivity (LSPR) of gold nanorattles for the rapid detection of PLIN-2 in patient urine. The 

assay is not compromised by variations in urine pH or high concentrations of interfering proteins 

such as albumin and hemoglobin, making it an excellent candidate for routine clinical applications.  

In chapter 4, we introduce a novel method involving organosilica encapsulation of antibodies 

for preserving their biorecognition capability under harsh conditions, typically encountered during 

the sensor refreshing process, and elevated temperature. Harnessing this method, we demonstrate 

the refreshability of plasmonic biosensors for anti-IgG (model bioanalytes) and neutrophil 

gelatinase-associated lipocalin (NGAL) (a biomarker for acute and chronic kidney injury). 

In chapter 5, we discuss a novel approach for detection and quantification of inflammatory 

disease burden via plasmonically-active tissue analog which can undergo in vivo or ex vivo 

degradation in the presence of biological fluid associated with the tissue. Specifically, we employ 

a collagen foam loaded with ultrabright fluorescent nanolabels for detection of collagenase present 

in biospecimen. This offers highly sensitive and rapid detection of collagenase present in 

biospecimen and can help in determination of early progression of pathological conditions. 

In chapter 6, we discuss the development of digital fluoroimmunoassay (labelled biosensor) 

for ultrasensitive and quantitative detection of SARS-CoV-2 proteins in nasopharyngeal swab and 

saliva samples from COVID-19 patients. Compared to the “gold standard” enzyme-linked 

immunosorbent assay (ELISA), the digital p-FLISA exhibited nearly 7000-fold lower limit-of-

detection with virtually no change in the biorecognition elements or assay workflow.  

Finally in chapter 7 we discuss the development of plasmon-enhanced, quantitative lateral 

flow assay for femtomolar detection of protein biomarkers in point-of-care settings. Our LFA, 
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completed in 20 min, attained 30-fold improvement in dynamic range and limits of detection over 

the 4 hour-long, “gold standard” enzyme-linked immunosorbent assay (ELISA). This 

improvement over ELISA could be achieved with either a standard benchtop fluorescence scanner 

or an inexpensive, portable scanner that we developed. 

There are two appendices attached at the end of the dissertation. Appendices A and B contain 

the supplementary information of Chapters 6 and 7, respectively. Appendices are followed by my 

curriculum vitae. 



29 

 

Chapter 2: Plasmonic Paper Microneedle 

Patch for On-Patch Detection of Molecules in 

Dermal Interstitial Fluid  

The results reported in this chapter have been published in – Kolluru, C.*, Gupta, R.*, et al, & 

Singamaneni, S. (2019). “Plasmonic Paper Microneedle Patch for On-Patch Detection of 

Molecules in Dermal Interstitial Fluid” ACS Sensors, 2019, 4(6), 1569-1576. 

2.1 Abstract 

Minimally invasive devices to detect biomarkers in dermal interstitial fluid (ISF) are desirable 

for point-of-care diagnostic and monitoring applications. In this study, we developed a 

microneedle (MN) patch that collects ISF for on-patch biomarker analysis by surface-enhanced 

Raman scattering (SERS). The micron-scale MNs create micropores in the skin surface, through 

which microliter quantities of ISF are collected onto plasmonic paper on the patch backing. The 

plasmonic paper was prepared by immobilizing poly (styrene sulfonate) (PSS) coated gold 

nanorods (AuNRs) on a thin strip of filter paper using plasmonic calligraphy. Negatively charged 

PSS was used to bind positively charged rhodamine 6G (R6G), which served as a model 

biomarker, and thereby localize R6G on AuNR surface. R6G bound on the AuNR surface was 

detected and quantified by acquiring SERS spectra from the plasmonic paper detached from the 

MN patch. This approach was used to measure pharmacokinetic profiles of R6G in ISF and serum 

from rats in vivo. This proof-of-concept study indicates that a plasmonic paper MN patch has the 
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potential to enable on-patch measurement of biomarkers in ISF for research and future medical 

applications.  

2.2 Materials and Methods 

Materials: Cetyltrimethylammonium bromide (CTAB), chloroauric acid (HAuCl4), ascorbic acid, 

sodium borohydride, poly(styrene sulfonate) (PSS) (Mw = 70,000 g/mol), rat serum, filter paper 

(Whatman #1)  and rhodamine 6G (R6G) were purchased from Sigma Aldrich (St. Louis, MO). 

Silver nitrate was purchased from VWR International (Radnor, PA). All chemicals were used as 

received. 

Microneedle patch fabrication: MN patch dimensions were drafted using AutoCAD 

software (Autodesk, Cupertino, CA) and then prepared by lithographically defined chemical 

etching (Tech Etch, Plymouth, MA). Patches comprised 9 MNs (650 µm long) each measuring 50 

µm x 150 µm in cross section at the base and tapering to a tip of <1 µm radius of curvature. 

Whatman grade 1 filter paper was cut into rectangular strips of desired dimensions (2 mm x 7 mm 

or 1 mm x 7 mm) using a CO2 laser (New Hermes Gravograph Model LS500XL, Gravotech, 

Duluth, GA). A vector cut at 24 W power and a speed of 8 mm/s was used to make the pattern. To 

avoid burning due to excessive temperature rise during laser cutting, the heat capacity of the filter 

paper was increased by attaching it to an adhesive backing (3M, Maplewood, MN), followed by 

soaking in deionized (DI) water until completely wet. The final MN patch was prepared by 

adhering the paper strip to the base of each MN patch without covering the needles using adhesive 

(3M, Maplewood, MN). The MN patches with 2 mm x 7 mm filter paper were used as prepared 

while the MN patches with 1 mm x 7 mm filter paper were further modified with AuNRs. 
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Plasmonic paper microneedle patch preparation: AuNRs were synthesized using a seed-

mediated approach as previously published173-174. The seed solution was prepared by mixing 0.6 

ml of 10 mM ice-cold sodium borohydride solution with 10 ml of CTAB (0.1 M) and HAuCl4 (2.5 

× 10−4 M) solution under vigorous stirring. The growth solution was prepared by gently mixing 95 

ml of CTAB (0.1 M), 0.5 ml of silver nitrate (10 mM), 4.5 ml of HAuCl4 (10 mM), and 0.55 ml 

of ascorbic acid (0.1 M). AuNR solution was prepared by adding 0.12 ml of freshly prepared seed 

solution to the growth solution and left in the dark for 14 h. Prior to use, excess CTAB was 

removed from the AuNR solution by centrifuging twice at 9300 x g for 10 min in a centrifuge 

(Eppendorf 5810 R, Hamburg, Germany) and the AuNRs were redispersed in nanopure water (18.2 

MΩ cm). AuNRs were modified with PSS175 and concentrated to form a plasmonic ink 176, as 

described previously. Briefly, 10 ml of PSS (0.2% w/v) in 6 mM NaCl aqueous solution were 

mixed with 10 ml of twice-centrifuged AuNR solution under vigorous stirring and sonicated for 

60 min. Excess PSS solution was removed as supernatant after centrifuging at 9300 x g for 10 min. 

The recovered pellet of PSS-AuNR was then redispersed in nanopore water to obtain 100 µl of 

plasmonic ink (200-fold concentration). The plasmonic ink was the injected into a clean empty 

ballpoint pen refill (Paper Mate Profile, Oak Brook, IL), and used to “write” PSS-AuNRs onto the 

1 mm x 7 mm filter paper, which was then adhered to MN patches to make plasmonic paper MN 

patches. 

ISF collection procedure: A MN patch was inserted into rat skin 5−10 times while pinching the 

skin with a force of 20−40 N until the filter paper on the MN patch was visually determined to be 

saturated with ISF. This application force was easily administered by hand and has been shown in 

other studies of MN patch application not to be associated with pain.177-178 This estimate was 

performed by determining sodium ion content in the MN patch paper backing using a sodium ion 
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sensitive electrode (perfectION comb NA, Mettler Toledo, Columbus, OH). The sodium ion 

content measured in the samples was divided by the physiological sodium ion concentration in rat 

ISF of 143 mEq/L. The amount of ISF collected was estimated to be 1.1 ± 0.3 μL or 2.0 ± 0.2 μL 

once the 1 mm × 7 mm or 2 mm × 7 mm filter paper on the MN patch was saturated with ISF, 

respectively, as described previously.179 

Characterization: Transmission electron microscopy (TEM) micrographs were obtained using a 

JEM-2100F field emission instrument (JEOL, Peabody, MA) by drying 2 µl of AuNR solution on 

a glow discharge-treated carbon-coated grid. Scanning electron microscope (SEM) images were 

recorded on a gold-sputtered plasmonic paper by using a Nova 2300 Field Emission SEM (FEI, 

Hillsboro, OR) at an accelerating voltage of 10 kV. UV-Vis extinction spectra were measured 

using a UV-1800 UV-Vis spectrophotometer (Shimadzu Scientific Instruments Inc., Columbia, 

MD).  

SERS measurements of R6G spiked ISF and serum samples: Raman spectra were collected 

using an inVia confocal Raman microscope (Renishaw, Gloucestershire, UK) mounted on Leica 

microscope and controlled with Wire 3.4 software. The 785 nm wavelength diode laser (0.5mW) 

coupled to a holographic notch filter with a grafting of 1200 lines mm-1 was focused onto the 

sample using a 20X objective (NA = 0.4) with 10s exposure time., and 1 accumulation was 

collected per spot. Six spectra were collected from different spots across each substrate, using a 

motorized XYZ translational stage integral to the microscope. ISF calibrators were prepared by 

adding aliquots of R6G stock solution to ISF (extracted from porcine cadaver skin) to create the 

following concentrations: 0, 0.05, 0.5, 2, 5, 10, 25, 50 and 100 µM R6G in ISF. Serum calibrators 

were prepared by adding aliquots of R6G stock solution to rat serum (collected from rats in vivo) 

to create the following concentrations: 0, 0.5, 5, 10, 25, 50 and 100 µM of R6G in Serum. The 
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plasmonic paper was soaked in 150 µL of calibrator for 1 hour, thoroughly rinsed in DI water for 

5 min, and air dried prior to collecting SERS spectrum from six different locations across the 

substrate. 

In-vivo study and pharmacokinetic analysis: Procedures were performed on six hairless rats 

(335-375 gm, female, Charles River Laboratories, Wilmington, MA) continuously anesthetized by 

isoflurane (Isothesia, Henry Schein Animal Health, Dublin, OH) in 100% oxygen inhalation during 

drug administration and sample collection. A silicone rubber tube was placed in the right jugular 

vein and kept locked with sodium heparin (100 U/ml) solution in physiological saline.  Care was 

taken to avoid administration of air bubbles, and blood samples were replaced with an 

approximately equal volume of heparinized saline.  Each rat was infused with 10 mg/ml R6G in 

sterile water via a 24-gauge angiocatheter in the tail vein at a rate of 0.1 ml/min over 30 min by 

means of an infusion pump (Harvard Apparatus, Holliston, MA). Blood samples (≤ 500 µl) were 

collected in microtainer collection tubes with clot activator (BD Diagnostics, Franklin Lakes, NJ) 

from the jugular tube once prior to and at 2, 7, 15, 20, 30 and 35 min after the start of R6G infusion. 

Companion ISF samples were also collected using MN patches with plasmonic paper or bare filter 

paper (without AuNRs) from the lateral side of the rat at the same time points. At the end of the 

study, a final blood sample (≤ 1 ml) was collected from each rat before euthanizing by carbon 

dioxide gas asphyxiation without recovery from isoflurane. These experiments were approved by 

the Georgia Institute of Technology Institutional Animal Care and Use Committee. 

Detection of R6G from ISF/serum samples using SERS: Serum was separated from blood 

samples by centrifuging at 6000 x g for 1.5 min in a centrifuge tube (Eppendorf 5415R, Hamburg, 

Germany). For SERS-based testing, 1 µl of each serum sample was added on a piece of plasmonic 

paper and allowed to air dry. The ISF samples collected on plasmonic paper MN patches were 
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tested directly. After rinsing in water, six spectra were collected from different locations across 

each plasmonic paper substrate to measure the intensity of the 1364 cm-1 Raman band. The 

corresponding concentration of R6G was determined from a calibration curve. 

Detection of R6G from ISF/serum samples using fluorescence spectroscopy: A 1:50 dilution 

of serum samples was performed by mixing 2 µl of serum with 100 µl of DI water and a 1:50 

dilution of ISF samples was performed by extracting ISF from the MN patches by centrifuging at 

6000 x g for 1.5 min in 100 µl DI water per MN patch. The R6G concentration in ISF and serum 

samples was measured against a standard calibration curve of R6G in a 384 well plate (Costar 

Black Polypropylene, Corning, Corning, NY) using a Synergy H4 hybrid reader (BioTek, 

Winooski, VT) at an emission wavelength of 516 nm and absorption wavelength of 557 nm. 

Determination of R6G in protein-free serum: To determine the extent of binding of R6G to plasma 

protein, 500 µl of serum sample collected prior to euthanizing the rats was centrifuged in a 

VivaSpin 500 centrifugal filter (MWCO 30,000; Vivaproducts, Littleton, MA) at 15,000 x g for 5 

min. The R6G concentration in the protein-free filtrate and in the serum prior to centrifugation 

were measured using the Synergy H4 hybrid reader, as described above. 

Statistical analysis: Statistics were calculated using either Origin software (OriginLab, 

Northampton, MA) or Excel (Microsoft, Redmond, WA). All listed averages represent the 

arithmetic mean of the samples. Comparisons between individual samples were done using an 

unpaired t-test. Probability (p) values of <0.05 were considered significant. 

2.3 Plasmonic paper 

We employed AuNRs as plasmonic nanostructures for the fabrication of plasmonic paper. AuNRs 

synthesized by seed-mediated method were found to be 88 ± 7 nm in length and 33 ± 2 nm in 

width, with an aspect ratio of nearly 3 (Figure 2.1A). AuNRs were coated with negatively charged 
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PSS to promote binding of positively charged R6G, which is the model compound used in this 

study.  The optical extinction spectra of PSS-AuNRs showed two characteristic peaks at 513 nm 

and 683 nm, corresponding to the transverse and longitudinal plasmon resonances of the AuNRs 

(Figure 2.1B).  

 

Figure 2. 1: Characterization of AuNRs and plasmonic paper. (A) Representative transmission electron 

microscopy image of AuNRs dispersed in nanopure water. (B) Representative ultraviolet-visible light 

extinction spectrum of PSS-AuNRs in nanopure water. (C) Representative scanning electron microscopy 

image of PSS-AuNRs adsorbed on filter paper after “drawing” by plasmonic calligraphy. 

Two hundred-fold concentrated PSS-AuNRs solution was filled in a ball point pen refill and 

written onto a 1 mm x 7 mm filter paper adhered to a steel MN patch and rinsed with DI water to 

remove any loosely adhering AuNRs. SEM imaging depicts an evenly speckled surface 

morphology of the paper (Figure 2.1C), indicating uniform adsorption of AuNRs to the paper 

without significant aggregation. 

2.4 ISF Collection Using Plasmonic Paper Microneedle Patch 

 We developed a MN patch to collect ISF from skin. The MN patch was comprised of a 

stainless-steel array of nine, 650 µm long MNs (used to create micropores in the skin surface) 

extending from a backing layer (for ease of handling). A strip of plasmonic paper was adhered to 

one side of the patch backing to create a reservoir calibrated to collect ~1 µl of ISF and bind 
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positively charged R6G (Figure 2.2A). ISF collection was performed by applying the MN patch 

to the skin so that the MNs penetrated the skin surface to create micropores and induce flow of 

ISF out of the skin and into the paper reservoirs (Figure 2.2B). MN insertion was repeated at a 

rate of ~1 insertion per second until ~1 µl of ISF was collected. This process usually required up 

to 5 MN patch insertions. The MN insertion procedure was well tolerated (Figure 2.2C) with a 

very mild, transient erythema observed at the insertion site. 

 

Figure 2. 2: Collection of ISF using a plasmonic paper microneedle patch. (A) Representative photographic 

image of a MN patch showing a row of nine MNs measuring 650 µm in length extending from a patch 

backing with a thin rectangular strip of plasmonic paper adhered to one side. (B) Representative 

photographic image of the onset of ISF collection after two insertions of a MN patch into the skin of a 

hairless rat in vivo. The MNs, which are on the lower edge of the patch, are not visible because they are 

inserted into the skin. ISF is collected in the paper reservoir as observed by wetness of the paper (arrow). 

(C) Representative photographic image of rat skin 1 min after ISF collection by MN patch. The site of MN 

insertion has been marked with a rectangular box. 

2.5 SERS Performance of Plasmonic Paper 

We then turn our attention to the SERS performance of the plasmonic paper using R6G as 

a model analyte. To acquire a calibration curve, we performed SERS measurements on plasmonic 

paper incubated with ISF or serum (collected from rats) spiked with a range of concentrations of 

R6G (Figures 2.3A and C). All measurements were performed after air drying the plasmonic 

paper. With increasing R6G concentration, the Raman spectra show an increase in intensities of 
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characteristic Raman bands of R6G at 610, 1364 and 1512 cm-1,which are attributed to the C-C-C 

ring in-plane bending, C-O-C stretching and aromatic C-C stretching modes of R6G.180-181 

 

Figure 2. 3: Measurement of R6G in plasmonic paper by SERS.  Representative SERS spectra obtained 

from plasmonic paper soaked in different concentrations of R6G in (A) ISF and (C) serum. The Raman 

spectra show an increase in characteristic Raman peaks for R6G at 610, 1364 and 1512 cm-1 with increase 

in concentration. The Raman band at 1364 cm-1 (indicated with a black rectangular box) was used to 

generate calibration curves for R6G concentration in (B) ISF and (D) serum. Data points show mean ± 

standard deviation from 6 spectra collected from each plasmonic paper substrate. 

The intensity of Raman band at 1364 cm-1, which is the most intense Raman band for R6G, 

was plotted against R6G concentration to generate a calibration curve with good fit for both ISF 

and serum (R2 = 0.97 and 0.98, respectively) (Figures 2.3B and D). The relative standard 

deviation is ∼15%, which is close to the values observed for commercially available 
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microfabricated SERS substrates 182. Both the ISF and serum spectra in absence of R6G showed 

low Raman counts at 1364 cm-1 suggesting no interference (Figures 2.3B and D). These results 

indicate that plasmonic paper can serve as a powerful tool to detect and quantify R6G in biological 

fluids. These calibration curves were used in the subsequent studies to determine the R6G 

concentration in ISF and serum samples collected in the R6G pharmacokinetic studies presented 

below. 

2.6 R6G Pharmacokinetics in ISF Determined by On Patch 

SERS Measurement Using Plasmonic Paper Microneedle 

Patches 

To assess the utility of plasmonic paper MN patches, we studied the 

pharmacokinetics of R6G in ISF and serum in rats as measured by on-patch SERS after 

allowing the ISF to air dry. The Raman bands in the spectra obtained from ISF and serum 

look similar, although the intensity of the bands in ISF is about an order of magnitude lower 

than in serum, as discussed below (Figure 2.4).  

We also performed ISF collection using conventional paper MN patches from 

which R6G was eluted and measured by fluorescence spectroscopy for comparison. When 

comparing R6G 

concentrations by on-patch SERS versus off-patch fluorescence spectroscopy, there were no 

statistically significant differences in the concentrations measured in ISF (ANOVA, p = 0.61) or 

in serum samples (ANOVA, p = 0.68) (Figure 2.4). Whether measured by SERS or fluorescence, 

there are significant differences in the pharmacokinetic profiles in ISF versus serum. In the 

experiment, R6G was slowly infused intravenously in each animal for 30 min. The resulting R6G 
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concentration profile in serum reflects this, showing an increase in R6G concentration for up to 30 

min followed by a sharp decrease in concentration after 30 min in both the measurement techniques 

(Figure 2.5). The pharmacokinetic profile in ISF, in contrast, shows a steady increase, without the 

sudden drop in R6G concentration after 30 min. Moreover, the concentration profile in ISF is an 

order of magnitude lower than in serum in both the measurement techniques. As discussed below, 

these differences in the pharmacokinetic profiles may be explained by binding of R6G to plasma 

proteins, resulting in a steady increase in R6G concentration in ISF. 

2.7 Binding of R6G to Plasma Proteins 

To understand the lower concentration of R6G seen in ISF compared to serum, we isolated 

protein-free filtrate from serum samples from the pharmacokinetic study. R6G concentration in 

serum prior to filtration (9.6 ± 4.2 µM) was dramatically higher than in protein-free serum samples 

(0.05 ± 0.03 µM) (Student’s t-test, p < 0.008). This indicates that R6G strongly binds to plasma 

proteins and therefore may not partition well into ISF. This finding is consistent with prior 

literature, which also reported significant binding of R6G with human serum albumin 183. 

 

 



40 

 

Figure 2. 4: Representative spectra from on-patch SERS measurement of samples collected in rats in vivo. 

(A) ISF was collected on plasmonic paper MN patches. (B) Blood was collected by intravenous catheter, 

from which serum was isolated and placed on plasmonic paper MN patches. 

 

Figure 2. 5: Pharmacokinetics of R6G in ISF and serum.  (A) On-patch SERS measurement using 

plasmonic paper MN patches or (B) fluorescence spectroscopy of R6G eluted from conventional paper MN 

patches. Data points show mean ± standard deviation (n = 6 rats). 

2.8 Conclusions and Outlook 

ISF is a rich source of biomarkers, but it has been relatively unexplored due to lack of good 

sampling methods. Current methods like suction blister, microdialysis and open flow 

microperfusion cause significant skin trauma, are time consuming and require expert personnel 

and equipment to perform 8-11. They also require sample processing steps to prepare samples for 

analysis. This proof-of-concept study introduces a novel plasmonic paper MN patch for SERS-

based detection of molecules in ISF using R6G as a model compound to simulate a biomarker. 

The plasmonic paper MN patch is minimally invasive, rapid, and simple-to-use. This MN patch 

also has the capability to perform on-patch SERS-based detection of molecules in ISF using a 

paper reservoir that captures molecules with functionalized AuNRs. Next steps in this research 

include optimization of the MN patch for usability, safety and efficacy and development of the 
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sensor for LSPR or SERS-based detection of biomolecules of clinical significance in ISF for future 

possible medical applications. 

The plasmonic paper MN patch involves a simple, low-cost design using readily available 

materials. The MN array is fabricated from stainless steel sheets by chemical etching, which can 

be performed in mass production for pennies per array. The paper reservoir is made of conventional 

filter paper that has high surface area, is low-cost, is biodegradable, is compatible with 

conventional printing approaches and is commonly used in paper-based sensor devices 184-186. The 

plasmonic calligraphy method controls test domain size in a simple manner by writing with a pen 

in the desired area. This method also offers the possibility for multiplexed biosensing of multiple 

biomarkers by simply ‘writing’ different test domains with plasmonic nanostructures 

functionalized to target different biomarkers of clinical significance. The manufacturing process 

is scalable due to possibility of inkjet printing of the plasmonic inks onto the paper.  

SERS has become a mature analytical technique over the last decades with the development 

of low-cost, handheld Raman spectrometers.  Moreover, development of SERS for medical 

diagnostic applications has been rapidly increasing 187, and SERS has been shown to be useful for 

glucose sensing in vivo 34-35,  detection of diseases such as cholera 188 and detection for potential 

exposure to explosives189. Thus, a plasmonic paper MN patch could be a low-cost, portable, 

miniature diagnostic device suitable for point-of-care treatment in resource-limited environments. 
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Chapter 3: Bioplasmonic Paper–based Assay 

for Non-invasive Detection of Perilipin-2 for 

Renal Cancer 

The results reported in this chapter have been published in – Hu, R., Gupta, R., et al, & 

Singamaneni, S. (2019). “Bioplasmonic paper–based assay for perilipin-2 non-invasively detects 

renal cancer.” Kidney International, 2019, 96(6), 1417-1421. 

3.1 Abstract 

Renal cell carcinoma (RCC) has poor survival prognosis because it is asymptomatic at an early, 

more curative stage. Recently, urine perilipin-2 (PLIN-2) was demonstrated to be a sensitive and 

specific biomarker for the noninvasive, early detection of RCC and an indispensable indicator to 

distinguish cancer from a benign renal mass. However, current Western blot or ELISA PLIN-2 

assays are complicated, expensive, time-consuming or insensitive, making them unsuitable for 

routine analysis in clinical settings. Here we developed a plasmonic biosensor based on the high 

refractive index sensitivity of gold nanorattles for the rapid detection of PLIN-2 in patient urine. 

The paper-based plasmonic assay is highly sensitive and has a dynamic range of 50 pg/ml to 5 

μg/ml PLIN-2. The assay is not compromised by variations in urine pH or high concentrations of 

interfering proteins such as albumin and hemoglobin, making it an excellent candidate for routine 

clinical applications. The urine PLIN-2 assay readily distinguished patients with pathologically 

proven clear cell carcinomas of various size, stage and grade (55.9 [39.5, 75.8] ng/ml, median [1st 

and 3rd quartile]) from age-matched controls (0.3 [0.3, 0.5] ng/ml), patients with bladder 

https://www.sciencedirect.com/topics/medicine-and-dentistry/clear-cell-renal-cell-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/kidney-tumour
https://www.sciencedirect.com/topics/medicine-and-dentistry/western-blot
https://www.sciencedirect.com/topics/medicine-and-dentistry/albumin
https://www.sciencedirect.com/topics/medicine-and-dentistry/clear-cell-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/bladder-cancer
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cancer (0.5 [0.4, 0.6] ng/ml) and patients with diabetic nephropathy (0.6 [0.4, 0.7] ng/ml). Urine 

PLIN-2 concentrations were roughly proportional to tumor size (Pearson coefficient 0.59). Thus, 

this cost-effective and label-free method represents a novel approach to conduct a non-invasive 

population screen or rapid differential diagnosis of imaged renal masses, significantly facilitating 

the early detection and diagnosis of RCC.  

3.2 Materials and Methods 

Synthesis of Gold Nanorattles (AuNRTs): Gold nanospheres were prepared by a seed-mediated 

approach as described previously.48, 190 Two ml of gold nanospheres and 48 ml of 20 mM CTAC 

were mixed under mild stirring at 60 ℃ for 20 minutes. For the synthesis of Au@Ag nanocubes, 

50 ml of 2 mM AgNO3, 25 ml of 80 mM CTAC, and 25 ml of 100 mM ascorbic acid were added 

successively, and the solution was stirred at 60 ℃ for 4 hours, protected from light by aluminum 

foil. Subsequently, the particles were centrifuged and re-dispersed into CTAC solution. The silver 

shell of Au@Ag nanocubes was transformed into a porous gold shell by means of galvanic 

replacement reaction, by titrating in 0.5 mM HAuCl4 into the Au@Ag nanocube solution under 

stirring at 90 ℃ until the yellow-orange solution turned blue (LSPR wavelength about 660 nm). 

AuNRTs solution was centrifuged and redispersed into water for further use. 

AuNRTs – anti PLIN-2 conjugates preparation: A solution of bifunctional SH-PEG-COOH 

(Mw = 2000 g/mol, 50 μl, 20 μM, Jenkem Technology), 1-ethyl-3-(3-dimethylaminopropyl) (EDC, 

Thermo Scientific) and N-hydroxy succinimide (NHS, Thermo Scientific) was prepared with same 

molar ratio as SH-PEG-COOH followed by shaking for 1 hour. Ten-times concentrated phosphate 

buffered saline was added to adjust the pH to 7.4.  Subsequently, 50 μl of anti-human PLIN-2 

IgG2b monoclonal antibody (20 μM, R&D Systems) was added followed by gentle shaking for 2 

hours. This solution was purified through 30 kDa cut off filters (Amicon-Ultra-0.5) and washed 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bladder-cancer
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twice with PBS pH 7.4 twice. To maximize the coverage of PLIN-2 antibody on the AuNRTs 

surface, 5 μl increments of SH-PEG- anti-human PLIN-2 IgG2B conjugate solution was added to 

1 ml AuNRTs solution until the LSPR wavelength no longer changed. 

Preparation and characterization of bioplasmonic paper substrates: Whatman #1 filter paper 

(0.5×0.5 cm2) was incubated with AuNRTs - anti PLIN-2 conjugates for 15 hours to adsorb 

conjugates thus creating plasmonic paper substrates. These papers were then thoroughly rinsed in 

deionized water to remove weakly bounded nanostructures. The paper substrates were then air 

dried and protected from the light.  Dried paper substrates were then treated with 2 mg/ml of SH-

PEG (Mw = 5000, Jenkem Technology) for 1 hour at 4oC to mask nonspecific binding sites, rinsed 

with deionized water and dried. The extinction spectra were obtained and the LSPR wavelength 

was recorded, which served as the baseline for determining the LSPR shift and PLIN-2 

concentration upon exposure to PLIN-2 standards in synthetic urine or to the urine samples of 

healthy volunteers or patients with RCC. 

Characterization Techniques: The AuNRTs morphology was evaluated using transmission 

electron microscopy (TEM) on a JEM-2100F (JEOL) field emission instrument, operated at an 

acceleration voltage of 200 kV. The distribution of AuNRTs-anti PLIN-2 conjugates on the paper 

substrates was characterized using a FEI Nova 2300 Field Emission scanning electron microscope 

(SEM) at an acceleration voltage of 10 kV.  Anti-human PLIN-2 IgG2B conjugation to plasmonic 

nanostructures was confirmed by surface enhanced Raman scattering (SERS) spectra obtained 

using Renishaw inVia confocal Raman spectrometer mounted on a Leica microscope with a 50X 

objective.  A CRAIC QDI 302 micro-spectrophotometer (CRAIC Technologies, San Dimas, CA) 

coupled to a Leica DM4000M optical microscope (Leica Microsytems, Wetzlar, Germany) was 

employed to collect the extinction spectra of paper substrates.  A 100 X objective with 10 
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accumulations and 1 sec exposure time was used to acquire the spectra at a resolution of 0.1 nm 

over 450 and 800 nm.  

Statistical Analysis: Sample size calculations were based on the control group of a previous study 

of urine PLIN-2 concentrations.58  To detect a 2-fold (conservative estimate) greater PLIN-2 

concentration in patients with clear cell carcinoma versus controls, based on a two-sided t-test and 

90% power, would require a minimum of 4 patients (0.01 significance).  Analysis of 8- 20 patients 

in each group exceeded this minimum. 

Non-normally distributed variables were expressed as median with interquartile range and 

normally distributed variables were as mean ± standard deviation, as appropriate.  Comparisons of 

age and sex were performed between all patient groups.  Descriptive statistics compared age and 

urine PLIN-2 concentrations between groups using 2-tailed t-Test and Mann-Whitney 

calculations.  Comparison of sex and ethnicity between groups was performed using the Pearson 

Chi-square test. To quantify agreement or lack thereof between different standard curves for PLIN-

2, Deming analyses were performed. Statistical analysis was performed using R statistical software 

(http://www.r-project.org), Origin 2016 (OriginLab Corp) and Analyse-it for Excel 2010 

(Analyse-it Software, Ltd, Leeds, United Kingdom). All P values were considered statistically 

significant at the 0.05 level or less. 

Preparation of calibrators and quality control samples and assay limit of detection: For 

calibration and quality control standards six working stock concentrations of the recombinant 

PLIN-2 (Creative Biomart) in synthetic urine (Cerilliant Corporation) covering the anticipated 

biological range were prepared and aliquoted into 2 ml polypropylene vials followed by immediate 

storage at -80 ℃ until analysis. The calibrators and quality control samples (QCs) were tested by 

thawing six samples (50, 100, 500, 5000, 50,000, and 500,000 pg/ml) as calibration standards and 

http://www.r-project.org/
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three separate typical samples representing low, medium and high concentrations (50, 5000, and 

500,000 pg/ml, respectively) as the quality control samples. Initial standard curves covered PLIN-

2 concentrations of 50 pg/ml to 5 μg/ml to determine the dynamic range of the assay. However, 

subsequent working curves eliminated the 5 μg/ml concentration as it greatly exceeded the range 

necessary to measure clinically relevant PLIN-2 concentrations.  For a typical assay, calibration 

standards, QCs, and patient samples were thawed at room temperature, vortexed and transferred 

to individual wells of a 96-well plate (Nunc, Thermo Fisher, Pittsburgh, PA).  To determine the 

limit of detection and quantification, the standard deviations of each PLIN-2 concentration for the 

three standard curves with seven PLIN-2 concentrations was subject to linear regression across the 

entire concentration range of PLIN-2. The resulting Y-intercept was then used to compute the limit 

of detection and limit of quantification. 

Patient Demographics: Demographic data and medical history were recorded including age, sex 

and final diagnoses.  Post-operative pathology reports made by an experience renal pathologist as 

part of the patient’s standard of care for the patients with an imaged renal mass and a diagnosis of 

clear cell carcinoma included tumor size, tumor stage/node metastases/distant metastases (TNM), 

and the ISUP/WHO grading system.  All groups were statistically homogeneous based on age 

(healthy controls were 60 ± 10 yr, bladder cancer patients 62 ± 11 yr, patients with diabetic 

nephropathy 62 ± 9 yr, and patients with RCC were 64 ± 14 yr (mean ± standard deviation, 

P=0.8030, Kruskal-Wallis), sex (11 male/9 female healthy controls, vs 6 male/4 female for diabetic 

patients vs 6 male/2 female for patients with bladder cancer vs 12 male/8 female patients with 

RCC, (P=0.682, Chi-square test for proportions). The tumors ranged in size from 2.0 to 9.7 cm in 

longest dimension.  
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3.3 Bioplasmonic paper characterization and PLIN-2 dose-

response 

As mentioned earlier, we employed a seed-mediated synthesis approach in combination 

with galvanic replacement reaction to synthesize AuNRTs.48 Transmission electron microscopy 

(TEM) images showed a narrow size distribution of the AuNRTs with an edge length of 45.3 ± 1.7 

nm and a side wall thickness of 4.1 ± 0.3 nm (n > 50 measured for each) (Figure 3.1A). These 

AuNRTs were conjugated with a commercially available human PLIN-2-specific monoclonal 

antibody as the biorecognition element.  The successful conjugation of the PLIN-2 antibody was 

evidenced by a 6 nm red shift in the LSPR wavelength of the AuNRT (Figure 3.1B). Uniform 

adsorption of bioconjugated plasmonic nanostructures on the paper substrate, which ensures 

optical homogeneity of the plasmonic paper substrates, is of great importance in determining the 

limit and accuracy of detection. Scanning electron microscopy (SEM) images revealed that the 

AuNRTs were uniformly distributed on paper substrates without significant aggregation or 

patchiness (Figure 3.1C). Furthermore, surface enhanced Raman scattering (SERS) spectra 

confirm successful conjugation of anti-PLIN-2 IgG2B to the AuNRTs (Figure 3.2D).  

Characteristic Raman spectral bands at 905 cm-1, 960 cm-1, 1233 cm-1, and 1307 cm-1 (correspond 

to symmetric C-C-N stretching and CH3 rocking vibration and asymmetric C-C-N stretching of 

the IgG2B) confirm the successful biofunctionalization of the nanostructures with antibodies. 
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Figure 3. 1: (A) TEM image of gold nanorattles (AuNRTs). (B) vis-NIR extinction spectra demonstrating 

successful conjugation of SH-PEG-anti PLIN2 on AuNRTs. After incubating with SH-PEG-IgG, the λmax 

shifts by 6 nm (AuNRTs-anti PLIN2, red). (C) SEM images of paper adsorbed with AuNRTs-anti PLIN2 

conjugates. (D) Surface enhanced Raman scattering spectra with on AuNRTs reveals the Raman bands 

corresponding to anti human PLIN2 IgG2B. 

3.4 PLIN-2 dose-response curve and repeatability 

To investigate linearity and dynamic range, plasmonic paper substrates were exposed to 

different concentrations of human recombinant PLIN-2 spiked in synthetic urine.  A monotonic 

increase in wavelength shift was observed with the increase of PLIN-2 concentration on a semi-

log plot of the LSPR shift (Figure 3.2) summarizing five separate standard curves. The dynamic 

range of the plasmonic biosensors spanned four orders of magnitude ranging from 50 pg/ml to 5 x 
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105 pg/ml. Three curves were run extending the concentration ranges five orders of magnitude to 

5 x 106 pg/ml. Based on linear regression of the standard deviations of the seven PLIN-2 

concentrations curves, the limit of detection (LOD) of the assay was computed to be 3.6 ± 0.4 

pg/ml and the limit of quantitation (LOQ) computed to be 12.0 ± 1.3 pg/ml. This sensitivity was 

not possible with our previous Western blot technique, which had a LOQ over 1 ng/ml.56-60 

Additionally, dilution curves of the PLIN-2 standard in pooled urine from normal individuals 

paralleled the dilution in synthetic urine. The remarkable reproducibility of the bioplasmonic paper 

assay for PLIN-2 is illustrated in Figure 3.2A, which shows that more than 2 years apart the 

standard curves are indistinguishable. We also measured standard curve of human recombinant 

PLIN-2 in synthetic urine and pooled human urine of normal individuals, shown in Figure 3.2B. 

 

Figure 3. 2: (A) Comparison of PLIN-2 standard curves from November 2016 (solid line and diamonds) 

and March 2019 (dashed line and triangles). The mean and standard deviation of five standard curves from 

November 2016 and three replicates at each concentration in March 2019 are depicted. (B) Dilution of 

PLIN-2 standard in synthetic urine (solid line) or pooled human urine of normal individuals (dashed line). 

Mean and standard deviation of three replicates at each concentration is depicted. 
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3.5 Clinical study 

The LSPR wavelength shift of the bio- plasmonic paper on exposure to kidney cancer 

patient urine samples was found to be significantly higher compared with that of healthy volunteers 

(Figure 12A). Results were also compared with PLIN-2 concentrations previously determined by 

Western blot analysis.191-192 Median urine PLIN-2 concentrations from the 20 patients with RCC 

were 43 (interquartile range [IQR]: 29, 68) ng/ml and were significantly higher (P < 0.001, 

Kruskal-Wallis) than those of 20 controls at 0.3 (IQR: 0.3, 0.5) ng/ml, those of 8 patients with 

bladder cancer at 0.5 (IQR: 0.4, 0.6) ng/ml, or those of 10 patients with diabetic nephropathy at 

0.6 (IQR: 0.4, 0.7) ng/ ml (Figure 12B). There was no overlap in PLIN-2 concentration ranges 

between RCC and all other groups. Equally important, the urine PLIN-2 concentrations were 

related to tumor size (Figure 12C) with a Spearman correlation coefficient of 0.59 (95% confidence 

interval: 0.16 to 0.81; P < 0.009). A Spearman plot of the urine PLIN-2 concentrations of the 

patients with RCC measured by the plasmonic papers and previously by Western blotting (Figure 

12D) indicates an excellent correlation (R2 = 0.94; P < 0.001). However, it should be noted that 

the Western blot analysis appears to tail off at low PLIN-2 concentrations. 

3.6 Conclusions and Outlook 

Plasmonic paper serves as a simple and versatile platform for implementing plasmonic 

biosensors. Due to the high sensitivity of the assay, and lack of potential interference by 

albuminuria or hematuria, urine PLIN-2 concentrations in normal individuals could be accurately 

measured, and there was a clear difference in urine PLIN-2 concentrations among normal 

individuals, patients with bladder cancer, patients with diabetic nephropathy, and patients with a 

pathologically proven clear cell carcinoma. A limitation of the study is the small number of patients 
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in this proof-of-concept analysis. A larger multicenter blinded study incorporating patients with a 

wide variety of noncancerous kidney diseases, more patients with cancerous urologic diseases, and 

many more control individuals would be necessary to validate this assay. 

 

Figure 3. 3: (A) Representative localized surface plasmon resonance spectra of anti–perilipin-2 

(anti-PLIN-2) functionalized gold nanorattles (AuNRTs) (black), functionalized AuNRTs 

incubated with urine from a healthy volunteer (red), and functionalized AuNRTs incubated with 

urine from a patient with renal clear cell carcinoma (blue). (B) Box and whisker plot of the urine 

PLIN-2 concentrations of 20 control patients, 20 patients with renal cell cancer, 8 patients with bladder 

cancer, and 10 patients with diabetic nephropathy. The median with whiskers and boxes depicting the 

interquartile range is shown. The concentration of each patient is depicted as a solid dot or a plus sign. The 

plus signs are outliers more than 1.5 times but less than 3.0 times the interquartile range. Patients with renal 

cell cancer have significantly higher urine PLIN-2 concentrations than that of other cohorts (P < 0.001 by 

Kruskal-Wallis). (C) Urine PLIN-2 concentration of patients with renal cell cancer as a function of tumor 

size. The Spearman correlation coefficient is 0.59 (P = 0.009). Regression line, solid line; 95% prediction 
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interval, dashed lines. (D) Urine PLIN-2 concentration determined by plasmonic paper versus relative 

absorbance by Western blot. Dashed line of identity. Spearman correlation = 0.94 (P < 0.001). PEG, 

polyethylene glycol. 

The assay enables fast, sensitive, cost-effective, and non-invasive diagnosis of kidney 

cancer, especially in at-risk groups. For example, the Veterans Health Administration now targets 

kidney cancer as a specific condition based on the exposure of soldiers, their families, and base 

personnel to contaminated drinking water.193 There is also a significantly increased incidence of 

RCC among autoworkers exposed to metal-working fluids.194 There are no current cost-effective 

high-throughput means of identifying individuals with RCC. Our assay could be of importance in 

identifying those with RCC in military bases or autoworker cohorts or other populations. 

Additionally, this assay would enable the differential diagnosis of imaged renal masses and could 

be useful in point-of-care settings such as hospital radiology departments and stand-alone imaging 

clinics. The need for differential diagnosis of imaged renal mass is compelling. Nationally, about 

45,000 partial and radical nephrectomies were performed in the United States alone in 2015.195 It 

is estimated that 18% of these would have undergone surgery for removal of a benign mass 

(extrapolation of the Surveillance, Epidemiology, and End Results [SEER] 18 database). A non-

invasive biomarker assay to differentiate a benign mass from a renal cell cancer could potentially 

have prevented unnecessary surgery in these cases. Future prospective studies are needed to 

validate this bioplasmonic paper–based assay in population screening and to differentially 

diagnose imaged renal masses on a larger scale. 
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Chapter 4: Refreshable Nanobiosensor-based 

on Organosilica Encapsulation of 

Biorecognition Elements 

The results reported in this chapter have been published in – Gupta, R., et al, & Singamaneni, S. 

(2019). “Refreshable Nanobiosensor Based on Organosilica Encapsulation of Biorecognition 

Elements” ACS Applied Materials and Interface, 2020, 12(5), 5420-5428. 

4.1 Abstract 

Implantable and wearable biosensors that enable monitoring of biophysical and biochemical 

parameters over long durations are highly attractive for early and presymptomatic diagnosis of 

pathological conditions and timely clinical intervention. Poor stability of antibodies used as 

biorecognition elements and the lack of effective methods to refresh the biosensors upon demand 

without severely compromising the functionality of the biosensor remain significant challenges in 

realizing protein biosensors for long-term monitoring. Here, we introduce a novel method 

involving organosilica encapsulation of antibodies for preserving their biorecognition capability 

under harsh conditions, typically encountered during the sensor refreshing process, and elevated 

temperature. Specifically, a simple aqueous rinsing step using sodium dodecyl sulfate (SDS) 

solution refreshes the biosensor by dissociating the antibody–antigen interactions. Encapsulation 

of the antibodies with an organosilica layer is shown to preserve the biorecognition capability of 

otherwise unstable antibodies during the SDS treatment, thus ultimately facilitating the 
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refreshability of the biosensor over multiple cycles. Harnessing this method, we demonstrate the 

refreshability of plasmonic biosensors for anti-IgG (model bioanalyte) and neutrophil gelatinase-

associated lipocalin (NGAL) (a biomarker for acute and chronic kidney injury). The novel 

encapsulation approach demonstrated can be easily extended to other transduction platforms to 

realize refreshable biosensors for monitoring of protein biomarkers over long durations. 

4.2 Materials and Methods 

Materials: Gold(III) chloride trihydrate (HAuCl4.3H2O, ≥99.9%), ascorbic acid (AA, ≥99.0%), 

silver nitrate (>99%), sodium borohydride (NaBH4, 98%), cetyltrimethylammonium bromide 

(CTAB, ≥99%), 3-(mercaptopropyl)trimethoxysilane (MPTES), (3-aminopropyl)trimethoxysilane 

(APTMS) and trimethoxy(propyl)silane (TMPS), sodium dodecyl sulfate (>99%) (SDS), albumin 

from human serum (Mw = 65 kDa) were obtained from Sigma-Aldrich. 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS), Rabbit IgG, and 

Goat anti-Rabbit IgG (Mw = 150 kDa) were purchased from Thermo scientific. SH-PEG-COOH 

(Mw = 5000 g/mol) and methoxy PEG silane was purchased from Jenkem Technology. The 

phosphate buffer saline (PBS) (10X) buffer was obtained from Thermofisher. Neutrophil 

gelatinase-associated lipocalin (NGAL) and anti-NGAL were purchased from R&D Systems. All 

chemicals were used as received without further modifications. 

Synthesis of Gold nanorods (AuNR): Gold nanorods were synthesized using a seed mediated 

approach. The seed solution was prepared by mixing 7.5 mL aqueous CTAB solution (0.1 M) and 

2.5 mL of HAuCl4 (1 mM) in a 20 mL scintillation vial, followed by the rapid addition of 0.6 mL 

of ice‐cold NaBH4 (10 mM) under vigorous stirring to yield a brown colored seed solution. Growth 

solution was prepared by mixing 95 mL of CTAB (0.1 M), 0.5 mL of silver nitrate (10 mM), 5 mL 

of HAuCl4 (10 mM), and 0.55 mL of ascorbic acid (0.1 M) in the same order. The solution was 
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homogenized by gentle stirring. To the resulting colorless solution, 0.12 mL of freshly prepared 

seed solution was added and set aside in dark for 14 h. Prior to use, the AuNR solution was 

centrifuged at 10000 rpm for 30 mins to remove excess CTAB and redispersed in nanopure water 

(18.2 MΩ.cm). 

Synthesis of Gold Nanorattles (AuNRT): Same as mentioned in materials and methods section 

of previous chapter. 

AuNR-IgG and AuNRT-NGAL antibody bioconjugates preparation: To a solution of SH-

PEG-COOH in water (37.5 μl, 20 μM), EDC and NHS, with the same molar ratio as SH-PEG-

COOH, were added followed by shaking for 1 h. The pH of the above reaction mixture was 

adjusted to 7.4 by adding concentrated phosphate buffered saline (10X PBS). Subsequently, rabbit 

IgG (10 μl, 75 μM) was added to the reaction mixture and was incubated for 2 h. Then the mixture 

was filtered to remove any byproduct during the reaction using centrifuge tube with 50 kDa filter. 

The final SH-PEG-IgG conjugates solution (0.75 μM) was obtained after washing with PBS buffer 

(pH 7.4) twice. AuNR-IgG bioconjugates were prepared by adding 8 μl of the SH-PEG-IgG 

(concentration ~1.3 mM in water), 2 μl at a time to a 1 ml solution of twice centrifuged nanorods. 

The amount of SH-PEG-IgG was optimized to obtain maximum coverage of IgG on AuNR 

surface. The solution was left for 1 hour on a shaker to homogenize the conjugation. Similar 

procedure was employed to prepare AuNRT-NGAL antibody bioconjugates where SH-PEG-anti-

NGAL antibody bioconjugates were prepared using anti-NGAL instead of IgG. 

 

Adsorption of AuNR-IgG and AuNRT-NGAL antibody on glass surface: First, 1×2 cm 

rectangular slides of glass were cleaned with piranha solution (3:1 (v/v) mixture of H2SO4 and 

30% H2O2) followed by extensive rinsing with nanopure water (Caution: Piranha solution is 
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extremely dangerous and proper care needs to be executed in handling and disposal). Then the 

cleaned glass slides were modified with MPTES to render thiol functionality by immersing the 

glass substrate into 1% (w/v) MPTES solution in ethanol for 1 h followed by immersion in ethanol 

for 20 min and thoroughly rinsing with nanopure water. AuNR-IgG conjugates were immobilized 

onto MPTES-functionalized glass substrates by exposing them to AuNR-IgG conjugates solution 

for 3 h, and then rinsing with water to remove the loosely bound AuNRs. To make sure that the 

amount of IgG conjugated on the AuNR is consistent for each batch, we used the same amount 

and concentration of IgG solution (8 μL, 1.3 mM) and AuNR solution (1 mL, optical density of 

2.0). Also, we used LSPR shift to monitor bioconjugation of each batch to ensure similar LSPR 

red shift (8 nm). Moreover, by controlling the absorption time (3 hours) and optical density of the 

substrates after incubation (0.8), we make sure that the same amount of AuNRs deposited on the 

substrates. Similar procedure was employed to immobilize AuNRT-NGAL antibody 

bioconjugates on glass substrates. 

Polymer encapsulation and PEGylation: Glass substrates with AuNR-IgG bioconjugates were 

immersed in 4 mL of 1x PBS (pH 7.4) containing similar concentration of TMPS and APTMS for 

10 minutes, followed by rinsing with water and drying under a stream of nitrogen. Subsequently, 

to PEGylate the polymer surface to avoid nonspecific binding the substrates were exposed to 2 

mg/ml mPEG-silane solution for 2 hours and then rinsed with water and dried with nitrogen.  

 

SDS treatment: After polymerization and PEGylation the substrates were exposed to different 

concentration of Anti-IgG or NGAL in 1x PBS. To release analyte (anti-IgG or NGAL) the 

substrates were washed by immersion in 3 mL of 0.4% aqueous SDS solution in 1x PBS for 5 
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minutes. Prior to recapture of analyte on bioconjugates by exposure to different concentration of 

Anti-IgG, the substrates were rinsed with water and dried in nitrogen. 

Characterization: Transmission electron microscopy (TEM) micrographs were recorded on a 

JEM-2100F (JEOL) field emission instrument operating at an accelerating voltage of 200 kV. 

Samples were prepared by drying a drop of the solution on a carbon-coated grid, which had been 

previously made hydrophilic by glow discharge. Atomic force microscopy (AFM) images were 

obtained using Dimension 3000 (Digital instruments) AFM in light tapping mode. 

Extinction Spectra and Raman Spectra Measurements: Shimadzu UV-1800 

spectrophotometer was employed for collecting UV−vis extinction spectra from solution and glass 

substrates. Raman spectra were obtained using a Renishaw inVia confocal Raman spectrometer 

mounted on a Leica microscope with 20x objective (NA = 0.4) and 785 nm wavelength diode laser 

(0.5 mW). The spectra were obtained in the range of 600−1800 cm-1 with three accumulations and 

10 s exposure time. 

4.3 LSPR-based biosensor for detection of IgG 

We employed rabbit IgG and goat anti-rabbit IgG as model antibody-antigen pair and gold 

nanorods (AuNRs) as plasmonic nanotransducers. We synthesized AuNRs using the seed-

mediated method.196  Transmission electron micrograph (TEM)  images revealed the length and 

diameter of the AuNRs as 57.5±2.1 nm and 19.7±2.6 nm respectively (Figure 4.1A).  The 

antibodies were conjugated to a bifunctional polyethylene glycol (COOH-PEG-SH) chain to obtain 

IgG-PEG-SH.77, 197-198  Subsequently, IgG-PEG-SH was anchored to the AuNR surface via an Au-

S linkage. Polyethylene glycol (PEG) chains offer two important advantages: (i) increased 

accessibility of IgG to target biomolecules by acting as a flexible linker198; and (ii) minimization 

of nonspecific binding owing to their high hydrophilicity.77 The immobilization of IgG-PEG-SH 
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on AuNRs in solution resulted in ~8 nm red shift in the longitudinal LSPR wavelength of AuNRs, 

corresponding to an increase in the refractive index of the medium surrounding AuNRs (Figure 

4.1B). To realize plasmonic biosensors, the AuNR-IgG bioconjugates were uniformly adsorbed 

onto the 3-mercaptopropyl-trimethoxysilane (MPTMS) functionalized glass substrates. Atomic 

force microscopy (AMF) images of the modified glass substrates revealed uniform distribution of 

AuNR-IgG bioconjugates with no signs of aggregation or patchiness. Atomic force microscopy 

(AFM) image of the substrate uniform distribution of AuNR-IgG bioconjugates on glass substrate 

(Figure 4.1C). To minimize nonspecific binding, glass substrates with AuNR-IgG bioconjugates 

were exposed to thiol-terminated polyethylene glycol (SH-PEG), which is expected to graft to the 

exposed regions of AuNRs and serve as a blocking layer.  To investigate their biosensing 

performance, we exposed these plasmonic biochips to different concentrations of anti-IgG, which 

binds specifically to the IgG immobilized on the AuNRs. Consistent with our previous studies, the 

LSPR wavelength of AuNR exhibited a monotonic red shift with an increase in the concentration 

of anti-IgG.77, 198 The limit of detection (LOD defined as: mean+3σ of the blank) of these biochips 

was found to be 240pg/ml. 

4.4 Refreshability of AuNR-IgG biosensor 

As mentioned above, antigens (anti-IgG in this case) are recognized and captured by antibodies 

(IgG conjugated to AuNRs in the present case) through non-covalent interactions, which can be 

disrupted by subjecting them to extreme pH or high concentrations of salt or surfactants.83, 199  We 

used sodium dodecyl sulfate (SDS), an anionic surfactant frequently used in cleaning and hygiene 

products (e.g., toothpaste, mouthwash), as a chemical agent to disrupt the antigen-antibody 

interactions. SDS, known to disrupt protein conformation, binds relatively uniformly along the 

protein chain with its hydrophobic tail conferring net charge on proteins and thus exposing 
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(unfolding) the otherwise buried regions of protein.83, 200-202  We posited that exposure of the bound 

antibody-antigen pair to SDS results in electrostatic repulsion between antibody and antigen, thus 

overcoming the noncovalent interactions between them.  Dissociation of the antibody-antigen pair 

essentially refreshes the binding sites and enables the reuse of the biosensor. We have harnessed 

the refractive index sensitivity of the AuNRs to monitor each step along this process (Figure 

4.1D). Extinction spectra (Figure 4.1E) and LSPR wavelength of AuNR (Figure 4.1F) were 

obtained following each step in the procedure: immobilization of AuNR-IgG bioconjugates on 

glass substrates (step 1); PEGylation of AuNR-IgG bioconjugates to minimize non-specific 

binding (step 2); binding of anti-IgG to IgG (step 3); exposure to SDS solution (step 5); rebinding 

of anti-IgG to IgG (step 5). 

The LSPR wavelength of AuNR exhibited ~20 nm redshift after exposure to 24 µg/ml of 

anti-IgG (Figure 4.1E and F). After exposure to SDS, we observed ~21 nm blue shift suggesting 

complete removal of anti-IgG and thus leaving behind AuNR-IgG bioconjugates on the plasmonic 

biochip, ready for another cycle of antigen detection (Figure 4.1E and F). However, when SDS-

treated plasmonic biochips were exposed to the same concentration of anti-IgG, we observed that 

the biochip lost ~50% sensitivity as evident from only ~10 nm red shift as opposed to ~20 nm 

observed in the pristine biochip (Figure 4.1E and F). The nearly 50% loss in biorecognition 

capability after SDS treatment was consistent over a broad range of anti-IgG concentration (Figure 

4.1G). This is not surprising because in the process of dissociating anti-IgG:IgG complex, SDS 

partially denatures the immobilized IgG and thus results in the loss of its biorecognition capability. 

Consequently, with every cycle of SDS washing, we noted a progressive degradation in the 

biorecognition capability and by fourth cycle the plasmonic biochips exhibited only ~10% 

sensitivity compared to that in the pristine condition.  
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Figure 4. 1: (A) Representative TEM image of AuNRs used as plasmonic nanotransducers. (B) Normalized 

vis-NIR extinction spectra of AuNR and AuNR conjugated with IgG, depicting ~8 nm redshift in LSPR 

wavelength. (C) Representative AFM image showing uniform distribution of AuNR-IgG bioconjugates on 

glass substrate. (D) Schematic illustration of steps involved in the fabrication of refreshable sensor. (E) 

Extinction spectra of AuNR-IgG bioconjugates obtained after each fabrication step shown in (D). Inset 

shows zoomed in spectra highlighting the shifts in the LSPR wavelength. (F) LSPR shifts corresponding to 

biodetection and sensor refreshing. (G) LSPR shift upon exposure of plasmonic biochips to different 

concentrations of anti-IgG before (black) and after SDS (red) treatment. Error bars represent standard 

deviations from three different samples.  
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Figure 4. 2: (A) Schematic illustration of the steps involved in the organosilica-based biopreservation of 

bioconjugates to realize refreshable biosensors. (B) Representative AFM image of AuNR-IgG 

bioconjugates on glass substrate before (top) and after (bottom) polymer encapsulation with optimum 

monomer concentration (0.8 mg/ml). (C) Surface enhanced Raman scattering spectra of AuNR-IgG 

bioconjugates before and after polymerization. (D) Biorecognition capability corresponding to different 

monomer concentrations, which determines the polymer thickness. (E) Retained biorecognition capability 

of AuNR-IgG bioconjugates corresponding to different monomer concentrations, after SDS treatment.  (F) 

LSPR shift of the polymer encapsulated biosensor after treatment with HSA and anti-IgG. Error bars 

represent standard deviations from three different samples.  

Thus, this challenge of antibody denaturation and subsequent loss in biorecognition 

capability needs to be overcome to realize refreshable sensor. Towards this goal, we explored 

antibody encapsulation as a strategy hypothesized to render protection against harsh and 

potentially denaturing conditions and ultimately leads to refreshable biosensors. 
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4.5 Polymer encapsulation strategy to achieve refreshability 

In a previous report, we have demonstrated an in situ polymerization technique for 

preserving the activity of enzyme, immobilized on plasmonic nanostructures, subjected to harsh 

conditions such as proteases and high temperature.203  Inspired by this biopreservation method, we 

posited that encapsulation of immobilized antibodies with an in situ formed polymer layer can 

preserve its biorecognition capability against SDS washing (Figure 4.2A).  Following the 

immobilization of AuNR-IgG bioconjugates on glass substrates, a polymer encapsulation layer is 

formed through copolymerization of (3-aminopropyl) trimethoxysilane (APTMS) and 

trimethoxy(propyl)silane (TMPS) on AuNR and around immobilized IgG. The methoxy group of 

TMPS and APTMS undergoes rapid hydrolysis to form methanol and trisilanols.204-205  Hydrolysis 

is followed by condensation of the silanols, which results in the formation of amorphous 

aminopropyl functional polymer layer consisting of Si-O-Si bonds and functional end groups such 

as hydroxyl (-OH), amine (-NH3
+) and methyl (-CH3).

206-207  These end groups interact 

noncovalently via hydrogen bonding, hydrophobic and electrostatic interactions with AuNR-IgG 

bioconjugates resulting in the formation of a stable organosilica layer around them. Next, 

bifunctional PEG (methoxy-PEG-silane) was covalently grafted on to the free regions of the 

organosilica layer. The methoxysilane group of PEG undergoes hydrolysis followed by 

condensation with the reactive silanol group present on the polymer surface, resulting in the 

formation of a stable covalent siloxane bond (Si-O-Si). PEG chains shield the functional groups 

present on the polymer layer, thus minimizing nonspecific binding.203, 205, 207  Biosensors with the 

organosilica protective layer were then exposed to a range of concentration of anti-IgG (240 pg to 

24 μg) to allow antigen-antibody binding. The plasmonic biochips were subsequently exposed to 

an aqueous solution of SDS to overcome the noncovalent interactions, dissociate the antibody-
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antigen pair and refresh the biochip. The restored biosensor was repeatedly exposed to anti-IgG to 

assess the refreshability of the biosensor. 

4.6 Characterization and optimization of organosilica silica 

layer thickness 

Formation of the polymer encapsulation layer on AuNR-IgG bioconjugates was confirmed 

by redshift in LSPR wavelength and AFM imaging Figure 4.2B. The AFM image of the polymer 

encapsulated bioconjugates revealed a change in the morphology corresponding to the formation 

of the organosilica polymer layer. The presence of an organosilica polymer layer on the AuNR-

IgG bioconjugates was further confirmed by surface-enhanced Raman scattering (SERS) 

spectroscopy (Figure 4.2C). Pristine AuNR-IgG bioconjugates exhibited Raman bands at 852 cm-

1, 1031 cm-1, 1230 cm-1, and 1620-40 cm-1 corresponding to tyrosine, phenylalanine, amide III, 

and amide I, respectively, of IgG.198  After the formation of an organosilica layer, we observed 

Raman bands at 1024 cm-1
, 1056 cm-1, 1205 cm-1 and 1230 cm-1 corresponding to Si−O−R 

stretching, Si−O−Si stretching, and −CH2 bending.203, 207-208  

It is important to note that if the entire antibody, including its antigen binding sites, is 

encapsulated within the polymer layer, it will severely compromise the biorecognition capability 

of IgG. On the other hand, if the encapsulation is insufficient then the protection against SDS and 

long-term stability of antibody will be limited. Therefore, the thickness of the encapsulating 

polymer layer is critical to provide both access for analyte binding and protection against harsh 

conditions.  

The thickness of the organosilica layer can be controlled either by varying the 

polymerization time or by changing the concentration of the APTMS and TMPS monomers. We 
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varied the concentration of monomers while keeping the polymerization time constant (10 mins), 

as it offers better control and repeatability over multiple batches. The red shift in LSPR wavelength 

of the AuNR corresponding to the formation of organosilica layer increased with an increase in 

the concentration of monomers, indicating a gradual increase in the thickness of the polymer layer. 

Pristine plasmonic biochips with no polymer encapsulation, which corresponds to maximum 

availability of antibody binding sites, displayed ~20 nm redshift (treated as 100% biorecognition 

capability). As the thickness of the polymer layer was gradually increased, the plasmonic biochips 

exhibited a progressive decrease in biorecognition capability (Figure 4.2D).  Here, biorecognition 

capability is defined as the percentage of the redshift upon specific binding of anti-IgG to IgG after 

encapsulation with a polymer layer compared with the redshift obtained from the same batch of 

biochips before encapsulation.  An increase in thickness of the polymer layer rendered biosensors 

increasingly stable against SDS washing, thus enabling their reusability.  

We used the percentage of retained biorecognition capability to quantitatively evaluate the 

preservation efficacy of the polymer encapsulation strategy. It was calculated as the percentage of 

the redshift upon specific binding of goat anti-rabbit IgG to the rabbit IgG on a restored biochip 

after one or more cycles of SDS treatment compared with the redshift obtained from the same 

batch of biosensor before SDS treatment. For example, samples with no polymer encapsulation 

and before SDS treatment exhibited ~20 nm redshift, showing 100% biorecognition capability 

(Figure 4.2D), and after SDS treatment displayed ~10 nm redshift corresponding to only 50% 

retained biorecognition capability (Figure 4.2E). On the other hand, plasmonic biochips with 

polymer encapsulation corresponding to monomer concentration of 0.8 mg/ml exhibited a red shift 

of 11.5 nm before SDS treatment and red shift of 10.5 nm following SDS treatment, corresponding 

to ~90% retained biorecognition capability (Figure 4.2E). This significant improvement in the 
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biorecognition capability against SDS underscores the importance of polymer encapsulation of 

antibody for successful refreshability of the biosensors. By gradually changing the monomer 

concentration/thickness of the polymer layer, we found a balance between the loss of 

biorecognition capability and increase in preservation efficacy of polymer encapsulation of AuNR-

IgG conjugates to achieve refreshability. Considering the retained biorecognition capability of 

~90% for monomer concentration of 0.8 mg/ml, we have employed this condition in subsequent 

experiments. 

4.7 Specificity of polymer encapsulated AuNR-IgG biosensor 

To determine the specificity of bioconjugates after polymer encapsulation, we measured 

the shifts in LSPR wavelength of AuNR after the exposure of plasmonic biochips to high 

concentration (50 µg/ml) of interfering protein such as human serum albumin (HSA) (Figure 

4.2F). We found that the LSPR shift corresponding to the exposure of polymerized biosensor to 

50 µg/ml of HSA was only ~1 nm, which is significantly lower than the ~10.5 nm redshift obtained 

upon exposure to 24 µg/ml anti-IgG.  We attribute this low nonspecific binding to the covalently 

grafted PEG chains on the free surface of the organosilica polymer layer, which are known to resist 

non-specific protein adsorption. Further, we probed the sensing capability of the polymer 

encapsulated plasmonic biosensors by exposing them to different concentrations of anti-IgG and 

monitoring the LSPR shift of the AuNR.  As expected, we observed a monotonic increase in the 

LSPR wavelength with an increase in the anti-IgG concentration. Limit of detection (defined as: 

mean+3σ of the blank) of these biochips was found to be 3.7 ng/ml. 
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Figure 4. 3: (A) AuNR extinction spectra corresponding to each step involved in the polymer encapsulation 

strategy. Inset shows zoomed in spectra highlighting the shifts in the LSPR wavelength. (B) LSPR shift 

corresponding to each step involved in the polymer encapsulation strategy. (C) LSPR shift upon exposure 

of polymer-encapsulated biosensors to different concentrations of anti-IgG before (black) and after SDS 

(red) treatment. (D) LSPR wavelength shift after alternate exposure to anti-IgG and SDS. (E) Retained 

biorecognition capability of biosensors with and without polymer encapsulation over multiple 

capture/release cycles of the analyte. (F) Retained biorecognition capability of AuNR-IgG bioconjugates 

with and without polymer encapsulation stored at room temperature, 40 and 60°C for different durations. 

Error bars represent standard deviations from three different samples.  

 

4.8 Refreshability of polymer encapsulated AuNR-IgG 

biosensor 

 Next, we set out to investigate the refreshability of the polymer-encapsulated biosensors. 

Figure 15A shows the extinction spectra obtained after: immobilization of AuNR-IgG; formation 

of organosilica layer; specific binding of anti-IgG (24 µg/ml) to IgG, which resulted in ~10.5 nm 

red shift; refreshing the plasmonic biochip by SDS washing, which resulted in ~10.5 nm blue shift 
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suggesting the dissociation of anti-IgG:IgG pair; reuse of refreshed biosensor by exposing it again 

to 24 µg/ml of anti-IgG resulting in ~10 nm redshift, thus depicting refreshability of biosensors. 

All the biosensors after polymerization and prior to exposure to analyte were PEGylated. The 

PEGylation step after polymer encapsulation resulted in a small (~0.5 nm) redshift, which is not 

shown in Figure 4.3A. Figure 4.3B depicts sequential LSPR shifts obtained following each of the 

aforementioned steps suggesting that the polymer encapsulation strategy provides the ability to 

reuse the biosensors without significantly compromising the biorecognition capability. Similar 

results were observed for different concentrations of anti-IgG suggesting stability and 

refreshability of the biosensors over a large range of concentrations (Figure 4.3C). 

We investigated the reusability of polymer-encapsulated plasmonic biochips over multiple 

cycles by subjecting the plasmonic biochips to repeated cycles of capture (exposure to anti-IgG) 

and release (exposure to SDS). Anti-IgG captured by the polymer encapsulated AuNR-IgG 

conjugates was completely released with SDS treatment as confirmed by the LSPR blue shift, 

identical to the red shift observed during capture (Figure 4.3D).  The refreshed biosensor was 

exposed to a fresh batch of anti-IgG (24 μg/ml) each time, resulting in ~10 nm redshift suggesting 

the near complete preservation of biorecognition capability of bioconjugates. The polymer-

encapsulated AuNR-IgG preserved ~80 % of biorecognition capability even after 16 cycles of SDS 

treatment (Figure 4.3E). On the other hand, biosensors without polymer encapsulation exhibited 

<40% of biorecognition capability after the second cycle and ~ 10% after the fourth cycle (Figure 

4.3E). These results underscore the importance of a polymer encapsulation strategy to achieve 

refreshability without significantly compromising the biorecognition capability.  



68 

 

4.9 Long-term usability of polymer encapsulated AuNR-IgG 

biosensor 

Another important aspect in deploying a refreshable biosensor over long duration of time 

is the long-term stability of the biorecognition element under ambient and even harsh conditions. 

Therefore, we tested the efficacy of polymer encapsulation to preserve the biorecognition 

capability of AuNR-IgG bioconjugates against harsh conditions that, without polymer 

encapsulation, would lead to protein denaturation and consequent loss in biorecognition 

capability.84-87 The plasmonic biosensors with and without polymer encapsulation were stored at 

room temperature, 40 and 60 °C for different times (1 and 5 hours and 1, 2, 3 and 7 days) to monitor 

the changes in the biorecognition capabilities of the antibodies (Figure 4.3F). After storage, 

plasmonic biochips were exposed to anti-IgG (24 μg/ml). Biochips with polymer encapsulation 

exhibited ~70% retention of biorecognition capability after storage at room temperature (25 °C) 

for one week compared to almost complete loss in biorecognition capability for biochips without 

polymer encapsulation. Significantly, the biochips with polymer encapsulation retained ~60% of 

biorecognition capability even after storage at higher temperatures (40 and 60 °C) for a week. In 

contrast, pristine biochips lost more than 50% of biorecognition capability within one day and 

~90% after one week. The remarkable stability of the polymer-encapsulated AuNR-IgG 

bioconjugates possibly stems from the restricted mobility of the biomolecules thus impeding 

protein denaturation even under extreme conditions.88, 206  In other words, the noncovalent 

interactions between bioconjugates and organosilica layer imposes steric hindrance on the 

antibodies thus restricting them from undergoing changes in secondary and tertiary structure 

(unfold).203  
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4.10 Biological stability of AuNR-IgG biosensor 

In addition to the remarkable thermal stability, which allows long-term usability, 

biosensors are required to be stable against biological agents such as proteases in patient 

serum/urine samples, which can lead to proteolytic degradation of antibodies. Therefore, to probe 

the biological stability of polymer-encapsulated biosensors, we subjected AuNR-IgG based 

pristine and organosilica-stabilized biosensors to different concentration of protease dissolved in 

synthetic urine for different time periods at room temperature. We observed that the biorecognition 

capability AuNR-IgG bioconjugates decreased to ~8% for all conditions, while the polymer-

encapsulated bioconjugates retained ~90%, ~83% and ~70% of the biorecognition capability when 

subjected to 100 ng/ml, 1 μg/ml and 10 μg/ml for 24 hours, respectively (Figure 4.4A).  These 

results suggest that the organosilica layer significantly lowers the accessibility of the immobilized 

antibody to the protease, rendering excellent biological stability against proteolytic digestion. 
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Figure 4. 4: (A) (%) Retained biorecognition capability of pristine and polymer encapsulated AuNR-IgG 

based biosensors after it had been subjected to different conditions of proteolytic degradation at room 

temperature. LSPR wavelength shift after alternate exposure of polymer encapsulated biosensors to anti-

IgG and NaOH (B), PA (C) and glycine buffer (D). Error bar represents standard deviation from three 

independent samples. 

4.11 Other chemical regeneration agents to Refresh polymer 

encapsulated biosensors 

To further ascertain the universality of polymer encapsulation strategy, we explored the 

compatibility of the polymer encapsulation with different regeneration techniques. We performed 

multiple capture/release cycles using the following chemical regeneration agents: (i) acid-

mediated regeneration using 0.1 M phosphoric acid (PA) solution;209 (ii) base-mediated 
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regeneration using 50 mM sodium hydroxide (NaOH);210 and (iii) 10 mM Glysine/HCl buffer (pH 

2.8).211 We investigated these chemical regeneration approaches by subjecting the polymer-

encapsulated plasmonic biochips to repeated cycles of capture (exposure to analyte) and release 

(10 mins exposure to aforementioned regeneration agents). Figure 4.4B, C and D depicts the 

LSPR wavelength shift obtained after alternate exposures of analyte and regeneration agent. The 

polymer-encapsulated biosensors exhibited ~85% of biorecognition capability after treatment with 

different regeneration agents, including SDS, even after multiple wash cycles. We also exposed 

pristine plasmonic biosensors (i.e. unencapsulated) to these regeneration agents. As expected, 

these biosensors exhibited significant loss in biorecognition capability after treatment with 

aforementioned regeneration agents. These results underscore the universality of polymer 

encapsulation of the immobilized antibodies rendering stability against various regeneration agents 

for achieving refreshability. 

4.12 Universality of polymer encapsulation strategy 

Finally, to verify the generality of polymer encapsulation strategy for achieving refreshable 

biosensor, we employed gold nanorattles (AuNRT) as plasmonic nanotransducers and neutrophil 

gelatinase-associated lipocalin (NGAL), a urinary biomarker for acute and chronic kidney injury, 

as target analyte.77 Figure 4.5A shows the TEM image of AuNRTs with an edge length of 34.2±1.3 

nm. Similar to IgG, anti-NGAL was conjugated to AuNRT and the conjugation was confirmed by 

an ~10 nm redshift in the LSPR wavelength of AuNRT. Subsequently, AuNRT-anti-NGAL 

bioconjugates were immobilized on MPTMS-functionalized glass substrates. After PEGylation, 

the plasmonic biochips were exposed to NGAL (5 μg/ml) resulting in ~20 nm red shift in LSPR 

wavelength of AuNRT (Figure 4.5B). 
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To determine the refreshability, the biochips were treated with SDS to release the captured 

NGAL from AuNRT-anti-NGAL bioconjugates. The complete removal of NGAL was evidenced 

by ~20 nm blue shift in the LSPR wavelength. However, SDS treatment resulted in an ~56% loss 

in biorecognition capability. Following the SDS treatment, AuNRT exhibited LSPR shift of only 

~9.5 nm upon exposure to NGAL (5 μg/ml), as opposed to ~20 nm observed before the SDS 

treatment. This loss in biorecognition capability was observed over a broad range of NGAL 

concentrations, which is consistent with that observed in the case of AuNR-IgG bioconjugates 

(Figure 4.5B). To overcome this loss in the biorecognition ability, we employed polymer 

encapsulation as a strategy to protect immobilized biorecognition elements against SDS treatment.  

The monomer concentration was optimized to attain a balance between biopreservation 

and antibody availability for target antigen capture. The polymer encapsulated AuNRT-NGAL 

antibody bioconjugates were exposed to different concentrations of NGAL.  Although the LSPR 

shift exhibited by polymer encapsulated biosensors was ~50% compared to those without polymer 

encapsulation, the polymer encapsulated biosensors exhibited excellent preservation of 

biorecognition capability after SDS treatment (Figure 4.5C). For instance, polymer encapsulated 

AuNRT-NGAL antibody bioconjugates exhibited nearly similar LSPR redshift (~10 nm) upon 

exposure to NGAL (5 μg/ml), both before and after SDS treatment, suggesting excellent stability 

and refreshability.  

Similar results were observed for different concentrations of NGAL suggesting 

refreshability of the biosensors over a large range of concentrations (Figure 4.5D). The polymer 

encapsulated bioconjugates retained nearly 80% of the biorecognition ability after eight 

capture/release cycles, which is in stark contrast with less than 20% retained recognition capability 

of unencapsulated bioconjugates after just three capture/release cycles (Figure 4.5E).  Finally, as 
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for IgG, we probed the thermal stability of these biosensors by storing the biosensors at different 

temperatures (room temperature, 40 and 60 °C) for different durations (1, 2, 3 and 7 days). As 

expected, polymer-encapsulated biosensors retained >60% of biorecognition capability even after 

storage for 7 days at 60 °C, whereas, pristine biochips lost more than 80% of biorecognition 

capability within one day (Figure 4.5F). These results attest to the generality of polymer 

encapsulation method in preserving and refreshing the biorecognition capabilities of immobilized 

antibodies.  

 

Figure 4. 5: (A) Representative TEM image of Au nanorattles (AuNRT) used as nanotransducers. (B) 

LSPR shift upon exposure of AuNRT-NGAL antibody bioconjugates to different concentrations of NGAL 

before (black) and after SDS (red) treatment. (C) Extinction spectra corresponding to each step involved in 

the polymer encapsulation strategy of AuNRT-NGAL antibody bioconjugates. Inset shows zoomed in 

spectra highlighting the shifts in the LSPR wavelength. (D) LSPR shift upon exposure of polymer 

encapsulated AuNRT-NGAL antibody bioconjugates to different concentrations of NGAL before (black) 

and after SDS (red) treatment. (E) Retained biorecognition capability of biosensors with and without 

polymer encapsulation over multiple capture/release cycles of NGAL. (F) Retained biorecognition 

capability of AuNR-IgG bioconjugates with and without polymer encapsulation stored at room temperature, 

40 and 60°C for different durations. Error bar represents standard deviations from three different samples. 
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4.13 Conclusions and Outlook 

In summary, we have introduced a facile and universal method based on in situ 

polymerization of an organosilica layer for preserving the biorecognition capabilities of 

immobilized antibodies.  Polymer encapsulated antibodies on plasmonic nanostructures exhibited 

remarkable stability over multiple capture/release cycles, thus enabling refreshability of the 

biochips. The thickness of the polymer layer, controlled by the concentration of the monomers and 

the polymerization time, plays a critical role in determining the balance between the preservation 

of the recognition ability of the antibody and the availability of the antibody binding sites for 

antigen capture.  Although, in this study, we have employed a plasmonic biosensor as a 

transduction platform and SDS treatment as a method to overcome the antibody-antigen 

interaction, the encapsulation approach can be easily extended to other transduction platforms and 

other possible sensor refreshing methods.  More specifically, although the SDS-based sensor 

refreshing strategy offers a rather narrow application window, primarily limited to implantables in 

the oral cavity, the polymer-based preservation method demonstrated here is universal. The 

encapsulation-based preservation method demonstrated overcomes a critical challenge in wearable 

and implantable biosensors and is expected to advance the design and implementation of wearable 

biosensors for long-term monitoring of protein biomarkers. 
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Chapter 5: Plasmonically-active Tissue 

Analogs for Rapid and Ultrasensitive 

Quantification of Inflammatory Disease 

Burden 

The results reported in this chapter are part of unpublished manuscript – Gupta, R., et al, & 

Singamaneni, S. “Plasmonically-active Tissue Analogs for Rapid and Ultrasensitive 

Quantification of Inflammatory Disease Burden”. Manuscript under preparation. 

5.1 Abstract 

Collagenases are the group enzymes which are responsible for the degradation of most of the 

extracellular matrix proteins such as collagen. They also play important roles in many pathological 

situations.92-93 For example, collagenase can degrade collagen, which is the major component of 

gingival fluid. Moreover, several studies have shown that collagenases are biomarkers of various 

diseases, particularly tumor invasion, metastasis,96-97 periodontitis, osteoarthritis and rheumatoid 

arthritis.98 Therefore, development of new rapid and sensitive and selective detection of 

collagenase is of great significance in the diagnosis of collagenase relevant diseases. Collagenase 

activity measurements based on the use of ninhydrin mediated reaction require multiple steps, and 

the fluctuating formation of purple color makes the assay somewhat unreliable. Physical changes 

resulting from the enzymatic reaction of collagen with collagenases, e.g., turbidity and viscosity 



76 

 

measurements have also been used in assays.101 Other methods for measuring collagenase activity 

are mentioned above in the background section. All of these methods have their own limitations 

of being lengthy, or uneconomical, or potentially unsafe to handle (in case of radiolabels), or they 

suffer from a lack of sensitivity. Most of them cannot be extended to use with other proteases. 

Therefore, it is imperative to develop a cost effective assay for rapid and sensitive detection of 

collagenase activity. Therefore, in the research task we aim to develop a collagen plasmonic foam 

based collagenase sensor for rapid and ultrasensitive detection of collagenase. 

5.2 Materials and Methods 

Materials: Gold(III) chloride trihydrate (HAuCl4.3H2O, ≥99.9%), ascorbic acid (AA, ≥99.0%), 

silver nitrate (>99%), sodium borohydride (NaBH4, 98%), cetyltrimethylammonium bromide 

(CTAB, ≥99%), 3-(mercaptopropyl)trimethoxysilane (MPTES), (3-aminopropyl)trimethoxysilane 

(APTMS), 10X phosphate buffer saline (PBS), collagenase, collagenase colorimetric assay, 

calcium chloride, N-[Tris (hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES) and 

trimethoxy(propyl)silane (TMPS), sodium dodecyl sulfate (>99%) (SDS), albumin from human 

serum (Mw = 65 kDa) were obtained from Sigma-Aldrich. Collagen wound dress was purchased 

from HeliTape. NHS-800 CW was purchased from LI-COR. Desalting column and NHS-PEG-

Biotin were purchased from Thermo Scientific.  

Synthesis of AuNRs: AuNR of LSPR wavelength of 760 nm was prepared by a seed mediated 

method.212-213 Au seed was synthesized by adding 0.6 ml of ice-cold NaBH4 solution (10 mM) 

into a solution containing 0.25 ml 10 mM of HAuCl4 and 9.75 ml CTAB (0.1 M) under vigorous 

stirring at room temperature for 10 min. The color of the solution changed from yellow to brown 

indicating the formation of Au seed. For the synthesis of AuNR, the growth solution was prepared 

by the sequential addition of aqueous HAuCl4 (0.01 M, 2 ml), CTAB (0.1 M, 38 ml), AgNO3 



77 

 

(0.01 M, 0.5 ml), HCI (1M, 0.8 ml) and ascorbic acid (0.1 M, 0.22ml) followed by gentle inversion 

to homogenize the solution. The AgNO3 and HCI volume ratio may vary to obtain the right 

wavelength. Subsequently, 5 μl of the seed solution was added into the growth solution and left 

undisturbed in the dark for 24 hours. AuNR solution was centrifuged at 7000 rpm for 40 minutes 

to remove the supernatant and the AuNR was re-dispersed into nanopure water to achieve a final 

peak extinction ~2.0.  

Conjugation of Biotin and 800CW: Biotin and 800CW were sequentially conjugated to BSA 

through EDC/NHS chemistry. In pH 7-9 buffers, NHS esters react efficiently with primary amino 

groups (-NH2) by nucleophilic attack, forming an amide bond and releasing the NHS. Specifically, 

2 mg of NHS activated biotin (NHS-PEG4-Biotin) was added to 2.2 ml of BSA solution (5 mg/ml 

in 1X PBS). The mixture was incubated at room temperate (~22°C) for 1 hour to complete the 

reaction. Excess NHS-PEG4-Biotin was removed from the solution using a desalting column 

(5mL, 7000 MWCO) pre-equilibrated with 1X PBS. Next, 800CW was conjugated to BSA-biotin. 

0.1 ml of 1M potassium phosphate buffer (K2HPO4, pH=9) was added into 1ml of purified BSA-

biotin solution to raise the pH. Next, 25 μl of 4 mg/ml NHS-800CW was added to the mixture and 

the solution was incubated at 23°C for 2.5 hours. Free NHS-800CW was then separated from the 

conjugate using a Zeba desalting column pre-equilibrated with nanopure water. 

Synthesis of plasmonic-fluor: To synthesize plasmonic-fluor with high fluorescence 

enhancement efficacy, it is extremely important to choose an “on-resonant” plasmonic 

nanostructure for a given fluorophore. For 800CW, AuNR-760 (length and diameter of 83 and 24 

nm, respectively) was employed as the nanoantenna. 1 μl of MPTMS was added to 1 ml AuNR 

with extinction ~2.0 and the mixtures was shaken for 1 hour allowing the formation of an 

interfacial layer on the AuNR. MPTMS modified AuNR was further mixed with different volumes 
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of APTMS and TMPS (from 0.5 μl to 2 μl) to form the polymer spacer layer on AuNR. Finally, 

AuNR/polymer solution was centrifuged twice each at 6000 rpm for 10 minutes to remove the free 

monomer. After second centrifugation, AuNR/polymer was concentrated into a final volume of 10 

μl. Next, BSA-biotin-800CW conjugate was coated around AuNR/polymer. We have adopted 

previously reported method to coat BSA around metal nanostructures with a few modifications.214 

Specifically, 1 μl of 20 mg/ml citric acid was added into 100 μl of BSA-biotin-800CW (~4 mg/ml) 

to lower the pH. Concentrated AuNR/polymer solution was subsequently added into this mixture 

and sonicated for 20 minutes under dark condition. The nanostructures were then collected using 

mild centrifugation (5000 rpm for 3 minutes). Subsequently, the AuNRs were incubated with 0.5 

ml BSA-biotin-800CW (~0.4 mg/ml, pH=10) for 3 days under dark condition in 4°C. Finally, the 

nanostructures were washed four times using nanopure water (pH=10) by centrifugation at 6000 

rpm. After the last washing step, the particles were re-dispersed into 1% BSA (buffered with 1X 

PBS). 

Material characterization: Transmission electron microscopy (TEM) images were obtained 

using a JEOL JEM-2100F field emission (FE) instrument. A drop of aqueous solution was dried 

on a carbon-coated grid, which had been made hydrophilic by glow discharge. SEM images were 

obtained using a FEI Nova 2300 field-emission scanning electron microscope at an acceleration 

voltage of 10 kV. The extinction spectra of plasmonic nanostructures were obtained using a 

Shimadzu UV-1800 spectrophotometer. Fluorescence imaging were recorded using LI-COR 

Odyssey CLx imaging system. Confocal Fluorescence images were collected using Olympus 

FV1000 LSM confocal laser scanning microscopy under 10X water-immersion objective. 

Synthesis of Collagen foam with plasmonic fluor: Collagen wound dresser obtained from 

Helitape was first washed thoroughly with water, then freeze dried to form collagen aerogel. Then 
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the collagen aerogel was incubated in 1 μg/ml solution of streptavidin conjugated 800CW 

fluorophore in 1X PBS for 1 hour. The thus obtained collagen foam is then thoroughly rinsed with 

water to remove free fluorophore. Collagen foam obtained after this step is called CF_Strep-

800CW. Next, the collagen foam is incubated in plasmonic fluor (PF) solution to allow bonding 

between streptavidin, which is on the collagen foam and biotin, which is on the PF. After 1 hour 

incubation the foam is washed again to remove free PF from the foam. The thus modified collagen 

foam is called CF_PF. 

Measurement of collagenase concentration dose response: To measure the concentration of 

collagenase, CF_PF or CF_Strep-800CW foams are added to the TESCA buffer. The TECSA 

buffer was prepared using 0.36 mM calcium chloride and 50 mM TES. Before addition of these 

foams in TESCA buffer solution it was ensured that the foams are thoroughly washed and there is 

no leakage of the PF or fluorophore in the solution. This is ensured by subjecting these foams to 

multiple washing cycles. Then the required concentration of collagenase is added to 10 ml of 

TESCA buffer solution containing CF_PF or CF_Strep-800CW foam. Then at regular interval of 

2 mins (until 10 mins) 100 μl of solution is taken out to the 96 well plate to measure the 

fluorescence intensity using fluorescence imaging system. The rate of increase of fluorescence 

intensity vs time was measured for different concentration of collagenase to generate the dose 

response curve. 

Measurement of collagenase concentration in saliva samples: To measure the concentration of 

collagenase in saliva samples, first, the saliva samples are diluted 10 times in TESCA buffer 

solution. Then to this diluted saliva solution CF_PF is added. The TECSA buffer was prepared 

using 0.36 mM calcium chloride and 50 mM TES. Before addition of CF_PF in TESCA buffer 

solution it was ensured that CF_PF is thoroughly washed and there is no leakage of the PF in the 
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solution. This is ensured by subjecting CF_PF to multiple washing cycles. Then at regular interval 

of 2 mins (until 10 mins) 100 μl of solution is taken out to the 96 well plate to measure the 

fluorescence intensity using fluorescence imaging system. The rate of increase of fluorescence 

intensity vs time was measured and by using the dose response curve generated earlier the 

concentration of collagenase in saliva was determined. 

5.3 Plasmonic-fluor as reporter element 

Collagenases are important proteolytic tools for extracellular matrix remodeling during 

tissue regeneration and organ development215. However, an excess production of collagenase can 

destroy extracellular matrix and lead to pathological conditions, particularly periodontal disease216, 

tumor invasion and metastasis, etc..96-97 Therefore, rapid, sensitive and selective detection of 

collagenase is of great significance in the diagnosis of collagenase-relevant diseases. Traditional 

techniques involve resource extensive and multistep detection process which makes the whole 

procedure time consuming and tedious. For instance, current detection methods of periodontal 

disease rely on mechanical assessment of pocket depth and radiographic detection of bone 

deterioration.217 By the time the disease is diagnosed, it is often too late to reverse the condition 

making the process both laborious and not sensitive enough. We hypothesized that the collagen 

foam loaded with optically readable reporter element offers not only much simpler and faster 

detection technique but also high sensitivity. 

Figure 5.1D displays the schematic illustration plasmonic of collagen foam based 

detection of collagenase present in any biospecimen. Upon exposure to biospecimen solution 

containing collagenase, the foam degrades resulting in release of reporter elements in the solution. 

Subsequently, the fluorescence signal of the solution increases which can be measured to 
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quantitively determine collagenase concentration as the degradation of foam or the release of 

reporter element depends on the collagenase concentration. To enable ultrasensitive detection of 

collagenase, we employ plasmonically enhanced ultrabright fluorescent nanoscale labels called 

plasmonic-fluor167 as optically readable reporter element (Figure 5.1A, B and C). Collagen 

plasmonic foam was synthesized by first incubating freeze dried collagen foam in streptavidin-

800CW solution which binds non-specifically to collagen fibers via non-covalent interactions. The 

thus realized collagen hydrogel is then incubated in biotinylated PFs solution, enabling loading of 

PFs on collagen foam owing to high affinity of the biotin-streptavidin complex.218 The morphology 

and the porous structure of the collagen foam (Figure 5.1E) was not compromised after loading 

of PF (Figure 5.1F). Scanning electron microscope (SEM) image depicted in Figure 5.1G reveals 

dense and uniform loading of PFs on collagen foam. Figure 5.1H shows individual collagen fibers 

decorated with PFs. 

5.4 Collagen plasmonic foam characterization 

To demonstrate the efficacy and importance of fluorescence measurement over absorbance 

of plasmonic-fluor, we measured the limit-of-detection (LOD) of plasmonic-fluor with different 

readout (Figure 5.2A). It was observed that the LOD of plasmonic-fluor detected by a fluorescence 

scanner is ~1000 fold better than when it is detected via absorbance. Further, the fluorescence 

intensity of collagen plasmonic foam (collagen foam decorated with plasmonic-fluor) is ~ 1000 

times higher than the fluorescence intensity of the collagen foam loaded with conventional 

fluorophore (Figure 5.2B). The fluorescence signal from the PF or conventional fluorophore 

remains stable even when exposed to high concentration of collagenase, thus, suggesting stability 

of reporter elements (Figure 5.2C). The confocal fluorescence image of collagen foam loaded 

with conventional fluorophore (Figure 5.2D) and plasmonic-fluor (Figure 5.2E and F) 
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demonstrates clear difference between their fluorescence intensities thus justifying the significance 

of plasmonic-fluors. 

 

Figure 5. 1: (A) Schematic illustration of plasmonic-fluor, employed as the reposter element, comprising 

of gold nanorod as plasmonic core, polymer layer as spacer, molecular fluorophores (800CW), and biotin 

as recognition element. (B) Transmission electron microscopy image of plasmonic-fluors. (C) UV-vis 

absorbance spectra of plasmonic-fluor in solution. Inset depicts the UV-vis absorbance of the collagen foam 

loaded with plasmonic-fluors. (D) Schematic illustration of collagen foam based approach for quantitative 

detection of collagenase. SEM images of (E) freeze dried collagen foam, (F) collagen foam after pre-

treatment, (G) collagen plasmonic foam and (H) individual collagen fibers decorated with PFs (inset shows 

photograph of collagen foam with (right) and without (left) plasmonic-fluors).  
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Figure 5. 2: (A) Dose-dependence of plasmonic-fluor with respect to its fluorescence intensity (black) and 

extinction (blue). (B) Fluorescence intensities of collagen foams (n=20) with conventional fluorophore 

(CF_strep-800CW) and PF (CF_strep-800CW_PF). (C) The fluorescence intensity from both plasmonic-

fluors and conventional fluorophore over period of time when exposed to high concentration of collagenase 

(1mg/ml). Confocal fluorescence image of collagen foam loaded with (D) conventional fluorophores and 

(E and F) plasmonic-fluors. 

5.5 Specificity and kinetics of collagen plasmonic foam  

Next, we investigated the release kinetics of PF from collagen plasmonic foam into the 

solution by immersing collagen plasmonic foam in the reservoir of TESCA buffer solution (15 

ml), spiked with known concentration of collagenase. After regular intervals, small volume (100 

μl) of solution is taken out in 96 well plate to measure fluorescence intensity of the solution. It was 

observed, as shown in Figure 5.3A, that with time the fluorescence intensity of solutions 

containing collagen plasmonic foam and spiked with collagenase increased before saturating and 

the rate of increase of fluorescence intensity was dependent on collagenase concentration. In 

contrast, the increase in fluorescence intensity corresponding to collagen foam loaded with 

conventional fluorophore and spiked with similar collagenase concentration was not significant, 
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further emphasizing the importance of PF over conventional fluorophore. Further it should be 

noted that the fluorescence intensity of the solution not spiked with collagenase did not change 

over a period of time suggesting no release/leakage of PF in absence of collagenase (Figure 5.3A). 

We also sampled the resultant solution after exposure to collagenase via for the presence of 

plamonic-fluors (Figure 5.3B).  

 

Figure 5. 3: (A) Kinetics study of action of collagenase on different collagen foams. Change in fluorescence 

intensities with respect to time at different concentration of collagenase. (B) TEM image of the solution 

obtained after degradation of collagen plasmonic foam in collagenase solution. (C) Change in fluorescence 

intensity with respect to time at different concentration of trypsin and collagenase, corroborating specificity 

of collagenase action on collagen foam. (D) Fluorescene intensity obtained from the solution containing 

collagen plasmonic foam and same concentration of collagenase over a period of time. n=3.  
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Figure 5. 4: (A) Change in fluorescence intensities with respect to time at different concentration of 

collagenase when measured using collagen plasmonic foam. (B) Change in absorbance with respect to time 

at different concentration of collagenase when measured using commercially available collagenase 

colorimetric kit. (C) Dose response curve to determine collagenase concentration, depicting increase 

fluorescence intensity in 10 minutes with respect to different concentration of collagenase. (D) Dose 

response curve to determine collagenase concentration, depicting change in absorbance in 10 minutes with 

respect to different concentration of collagenase. (E) Change in fluorescence intensities with respect to time 

and different human saliva samples when measured using collagen plasmonic foam. (F) Change in 

absorbance with respect to time and different human saliva samples when measured using commercially 

available collagenase colorimetric kit. 

It is known that the undenatured, insoluble soft tissue collagens are not degraded by trypsin. 

Indeed, this property has been employed to establish the integrity of substrates intended for use in 

the study of collagenase activity.219-221 We also investigated the specificity of the collagen foam 

towards the action of collagenase. The collagen plasmonic foams were subject to relatively higher 

concentration of trypsin. It was observed, as depicted in Figure 5.3C, that the upon exposure of 

trypsin to collagen foams the rate of increase in fluorescence intensity is very low as compared to 

that observed in case of collagenase even at much lower concentration of collagenase. This 

suggests the specificity of collagen plasmonic foam towards collagenase. Next, to determine the 
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stability and shelf life of collagen plasmonic foam, we prepared 24 collagen plasmonic foam and 

exposed them with similar concentrations of collagenase but at different time points, as shown in 

Figure 5.3D. We observed that the fluorescence intensity of the solution after exposure to similar 

concentration remained consistent over a long period of time, suggesting long-term stability and 

shelf life of collagen plasmonic foam. 

Table 5. 1: Comparison of bioanalytical parameters of commercial colorimetric assay and collagen 

plasmonic foam-based assay. 

Bioanalytical 

parameter 

Commercial 

colorimetric assay 

Collagen 

plasmonic foam-

based assay 

Limit-of-detection ~ 25 µU 0.087 µU 

Dynamic range 25 µU-5 mU 0.087 µU-10 mU  

5.6 Comparison with commercial kit and real-world 

applicability 

Significantly, the difference in the rate of increase of fluorescence intensity corresponding 

to different concentrations of collagenase is discernable even within few minutes (Figure 5.4A), 

thus, enabling rapid and quantitative detection of collagenase. The limit of detection (LOD defined 

as: mean + 3 σ of blank) of the aforementioned assay was found to be ~4 pg/ml (Figure 5.4C). 

We compared the LOD of collagenase detection with commercially available colorimetric 

collagenase kit (Figure 5.4B). We observed that the LOD attained by commercial kit is ~ 300 fold 

inferior than that obtained by our collagen plasminc foam (Figure 5.4D). The bioanalytical 
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parameters obtained for collagen plasmonic foam and commercial colorimetric kit is tabulated in 

Table 5.1.  

Table 5. 2: Collagenase activity of healthy volunteer samples determined using commercial colorimetric 

assay and collagen plasmonic foam-based assay. 

Sample no. Measured collagenase activity 

Colorimetric assay Collagen plasmonic-

foam based assay 

1 Not detectable 1.51 µU 

2 164.28 µU 38 µU 

3 Not detectable 0.89 µU 

4 Not detectable 0.09 µU 

6 187 µU 80.5 µU 

7 Not detectable 0.019 µU (<LOD) 

 

We anticipate that the discussed methodology could be employed not only in clinical 

diagnostic field but also for fields related to food analysis and environment. Therefore, next we 

tested the performance of our collagen plasmonic foam and commercially available collagenase 

colorimetric kit with human saliva samples. It was observed that with collagen plasmonic foam 

collagenase concentration of all of the samples were detectable (Figure 5.4E and Table 5.2), 

whereas with commercial kit only two of them were detectable (Figure 5.4F and Table 5.2).  
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5.7 Conclusions and Outlook 

Collagenase can degrade collagen, which is the major component of gingival fluid. 

Moreover, several studies have shown that collagenases are biomarkers of various diseases, 

particularly tumor invasion, metastasis,96-97 periodontitis, osteoarthritis and rheumatoid arthritis.98 

Therefore, development of new rapid and sensitive and selective detection of collagenase is of 

great significance in the diagnosis of collagenase relevant diseases. Collagenase activity 

measurements based on the use of ninhydrin mediated reaction require multiple steps, and the 

fluctuating formation of purple color makes the assay somewhat unreliable. Physical changes 

resulting from the enzymatic reaction of collagen with collagenases, e.g., turbidity and viscosity 

measurements have also been used in assays.101 Other methods for measuring collagenase activity 

are mentioned above in the background section. All these methods have their own limitations of 

being lengthy, or uneconomical, or potentially unsafe to handle (in case of radiolabels), or they 

suffer from a lack of sensitivity. Most of them cannot be extended to use with other proteases. 

Thus, it is imperative to develop a cost-effective assay for rapid and sensitive detection of 

collagenase activity. 

The collagen plasmonic foam suggested in this chapter offers highly sensitive and rapid 

detection of collagenase present in biospecimen and can help in determination of early progression 

of pathological conditions. We anticipate that the discussed methodology could be employed not 

only in clinical diagnostic field but also for fields related to food analysis and environment. 
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Chapter 6: Digital fluoroimmunoassay for 

Sub-Femtomolar Detection of Protein 

Biomarkers 

The results reported in this chapter are part of unpublished manuscript – Seth, A., Gupta, R.*, 

Wang, Z.*, et al, & Singamaneni, S. “Disease Burden Chapter 6: Digital fluoroimmunoassay for 

Sub-Femtomolar Detection of Protein Biomarkers”. Manuscript under preparation. 

6.1 Abstract 

Current antigen rapid detection tests for diagnosing COIVD-19 are scalable and convenient 

but less sensitive than molecular tests.  For this reason, current COVID-19 guidelines recommend 

the use of RNA tests over antigen tests for diagnostic purposes. Harnessing an ultrabright 

fluorescent nanoconstruct, plasmonic-fluor, as digital nanolabel, we demonstrate a partition-free 

digital fluoroimmunoassay for ultrasensitive, multiplexed, quantitative detection of SARS-CoV-2 

proteins in nasopharyngeal swab and saliva samples from COVID-19 patients.  The digital 

plasmon-enhanced fluorescence-based immunoassay (p-FLISA) enabled the simultaneous 

detection SARS-CoV-2 nucleocapsid protein, spike protein in free form and on the surface of live 

intact virions. Compared to the “gold standard” enzyme-linked immunosorbent assay (ELISA), 

the digital p-FLISA exhibited nearly 7000-fold lower limit-of-detection with virtually no change 

in the biorecognition elements or assay workflow.  The digital assay outperformed a commercial 

antigen test with more than 5000-fold improvement in analytical sensitivity and was also able to 
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detect nucleocapsid protein from SARS-CoV-2 variants-of-concern. This ability to detect and 

quantify extremely low concentrations of target proteins can have a transformative impact in 

diagnosing infectious diseases such as COVID-19 and is broadly applicable to various other viral 

infections and future pandemics. 

6.2  Materials and Methods 

Plasmonic-fluor procurement and characterization: Streptavidin-conjugated Cy3-plasmonic-

fluor (PF550TM ultrabright fluor) and streptavidin-conjugated Cy5-plasmonic-fluor (PF650TM 

ultrabright fluor) was purchased from Auragent Bioscience LLC (St. Louis, USA). The extinction 

was measured using a Shimadzu UV-1800 spectrophotometer. SEM images were obtained using 

a FEI Nova 2300 field-emission scanning electron microscope at an acceleration voltage of 10 kV. 

Fluorescence intensity was recorded using Azure Biomolecular Imager: Sapphire RGBNIR (Azure 

Biosystems, Inc. Dublin, USA) and the images were analyzed using Licor Image Studio Lite. 

Human IL-6 plasmon-enhanced fluorescence immunoassay (p-FLISA): Human IL-6 DuoSet 

ELISA kit (R&D systems, catalog number DY406, lot number P256911), was used to perform the 

assays. Glass-bottom 96-well black plate (P96-1.5H-N, Cellvis, Mountain View, USA) was first 

coated with capture antibodies as per manufacturer’s instructions (100 µl/well) and incubated 

overnight at 4oC. The plate was washed three times with 1x PBST (1x PBS with 0.05% Tween-

20) and then blocked with 200 µl of reagent diluent (1x PBS in 1% BSA, 0.2µm filtered). After 

blocking the plates were washed three times with PBST, and serial dilutions of standard protein 

was added to different wells in duplicates and incubated for 2 hours at room temperature. The 

plates were washed three times with PBST and then incubated for 2 hours with 100 µl of 

biotinylated detection antibody as per the manufacturer’s instructions. The plates were washed 
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three times with PBST and streptavidin Cy5-plasmonic-fluor (extinction 0.5) for 30 minutes at 

room temperature in dark. Finally, the plates were washed three times in PBST and imaged using 

Nikon TsR2 epifluorescence microscope. 

N protein and S protein plasmon-enhanced fluorescence immunoassay (p-FLISA): 

Nucleocapsid recombinant protein: 40588-V08B, and antibodies: capture- 40143-MM08 and 

detection- 40143-R004 (SinoBiologicals, Wayne, USA) were used to perform the digital p-FLISA. 

For S protein recombinant protein (R&D systems, catalog number 10561-CV-100) was used as a 

standard. Capture (B04) and detection (E06) antibody for S protein were kindly provided by Ali 

Ellebedy’s group. ACE-2 mimic was kindly provided by Rohit Pappu’s group. The detection 

antibody for N protein and S protein were biotinylated using the commercial kit (ThermoFisher, 

catalog number: A39259). Glass-bottom 96-well black plate (P96-1.5H-N, Cellvis, Mountain 

View, USA) was first coated with capture antibodies (100 µl/well) at the following concentrations 

for different assays: ACE-2 mimic: 700 ng/ml, B04: 4000 ng/ml and N protein: 100 ng/ml and 

incubated overnight at 4oC. The plate was washed three times with 1x PBST (1x PBS with 0.05% 

Tween-20) and then blocked with 200 µl of reagent diluent (1x PBS in 1% BSA, 0.2µm filtered). 

After blocking the plates were washed three times with PBST, and serial dilutions of standard 

protein was added to different wells in duplicates and incubated for 2 hours at room temperature. 

The plates were washed three times with PBST and then incubated for 2 hours with 100 µl of 

biotinylated detection antibody at the following concentrations for different assays: E06: 100 

ng/ml and N protein detection: 200 ng/ml. The plates were washed three times with PBST and 

streptavidin Cy5-plasmonic-fluor (extinction 0.5) for 30 minutes at room temperature in dark. 

Finally, the plates were washed three times in PBST and imaged using Nikon TsR2 

epifluorescence microscope. The N protein and S protein specific to HCoV-HKU1 
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(SinoBiologicals, catalog number 40642-V07E, 40606-V08B) and MERS-CoV (Abclonal, 

Woburn, USA, catalog number RP01297LQ, RP01303) were used as a standard to test the 

specificity. Recombinant N protein from D3L, S235F variant (SinoBiologicals, catalog number 

40588-V07E8) and T205I variant (SinoBiologicals, catalog number 40588-V07E9) as used to 

assess the detection of antigens from variants. For spatial multiplexing NanoPlotter 2.0 (GeSim, 

Radeberg, Germany) was used to coat 2.7 nl of capture antibody (50 µg/ml) in predefined 7x7 

microarray. ACE-2 mimic was used a capture element for S protein, SinoBiologicals antibody 

(40143-MM08) was used as capture for N protein and biotinylated human TNFα antibody 

(Biolegend, 502903) was used as a positive control. The other steps of multiplexing assay were 

performed as described above. At the end of the assay the plate was read using Auragent 

Bioscience Fluorescence plate reader and digital images were collected using an epifluorescence 

microscope. 

Epifluorescence Microscopic imaging: All images were acquired on a Nikon Eclipse Ts2R-FL 

epifluorescence illumination microscope with a 20x, 0.75–numerical aperture (NA) lens and 60x, 

1.4-NA. The microscope is attached to Hamamatsu digital camera (ORCA-Flash 4.0) with aura 

light engine. We used NIS-Elements AR 5.11.01 64-bit software to acquire images. Fluorescence 

images were collected in channels corresponding to Cy5 and TRITC. 200 ms exposure time was 

used. All images were saved as .jpeg files and further processed using particle counting algorithm. 

Enzyme-linked immunosorbent immunoassay: ELISA corresponding to the above p-FLISA 

was performed in a similar manner as described above, except in the last step instead of Strep-

plasmonic fluor, Streptavidin liked horse radish peroxidase (Strep-HRP) was added followed by 

TMB and stop solution as per manufacturer’s instructions. 



93 

 

SARS-CoV-2 Virion p-FLISA: SARS-CoV-2 strain 2019 n-CoV/USA_WA1/2020 was obtained 

from the Department of Internal Medicine, Washington University in St. Louis (a gift from Dr. 

Mike Diamond). Virus was passaged in Vero CCL81 cells grown in DMEM supplemented with 

10% fetal bovine serum and 1% Pen/Strep and titrated by plaque assay on Vero E6 cells. Virus 

was propagated in Vero E6 cells after inoculating at an MOI (multiplicity of infection) of 0.01 and 

incubating for 72 hours. Virus titer was determined by plaque assay and stored at -80°C. Briefly, 

virus was diluted serially in UTM and used in place of recombinant standard for different assays. 

For N protein assay the virus was diluted in UTM containing 0.05% Tween-20 to disrupt the virus 

and release the N protein. All work with infectious SARS-CoV-2 was approved by the Washington 

University School of Medicine and conducted in approved BSL3 facilities using appropriate 

powered air purifying respirators and personal protective equipment. 

Cloning, purifying, and conjugating the capture element for spike protein of SARS-CoV2 

detection (ACE2-mimic): The ACE2-mimic protein is a conjugate of one-to-several copies of the 

protein LCB1 and BSA. To generate LCB1, DNA encoding the LCB1 (modified to include a C-

terminal cysteine) was synthesized (International DNA Technologies – IDT; custom gBlock 

synthesis) and subcloned into a pET28b vector (in-house) using Gibson cloning and custom 

primers (IDT).222 The plasmid was confirmed to be accurate by sequencing (Genwiz). Expression 

of the LCB1 protein was carried out in e. coli (BL21 cells, New England Biolabs - C2530H) grown 

in 1-liter quantities in 1xLB Broth (Sigma: L3522) at 37˚C. When cells reached an optical density 

at 0.6 (600nm) they were subjected to 20min cold shock, then induced with 0.5mM Isopropyl-β-

D-thiogalactoside (IPTG) and grown for an additional 4 hours. Cell lysates were prepared via 

sonication (Lysis buffer: 25 mM HEPES, 300mM NaCl, 20 mM imidazole, 6mM 2-

mercaptothanol, 1mM PMSF, pH 8) and LCB1 was affinity purified using a gravity column with 
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Ni-NTA HiPur® resin (Fisher: PI88222) - Wash Buffer: 25 mM HEPES, 600mM NaCl, 20 mM 

imidazole, pH 8; Elution buffer: 25 mM HEPES, 150mM NaCl, 500 mM imidazole, pH 8.  Eluted 

LCB1 was further cleaned and buffer-exchanged by size exclusion chromatography (Superdex 

75pg – 16/600 on an ÄKTA Pure FPLC) – storage buffer: 20mM NaPO4, 150mM NaCl, pH = 7.4.  

A 1-liter growth typically yielded 5 to 10 milligrams of >95% pure LCB1 (purity calculated by 

SDS-PAGE densitometry). Freshly purified LCB1 proteins were conjugated to BSA (Sigma: 

A7030) using sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-

SMCC) (Thermo Scientific: A39268), according to manufacturer instructions.  LCB1 proteins 

were included at 20-fold molar excess of BSA in the conjugation reaction. The resulting ACE2-

mimic (i.e., LCB1 proteins conjugated to BSA) was purified by size exclusion chromatography 

(Superdex 75pg – 16/600) - storage buffer: 20mM NaPO4, 150mM NaCl, 0.02% v/v NaN3, pH = 

7.4.  SDS-PAGE analysis of the purified product revealed 4 to 5 discrete bands of uniformly spaced 

15 kDa intervals, ranging in apparent MW from about 80 to 170 kDa.  We infer that these bands 

correspond to one or multiple LCB1 proteins conjugated to a single BSA protein (LCB1 MW = 

11 kDa (apparent MW 15 kDa), BSA MW = 66 kDa). No unconjugated BSA was observed. 

ACE2-mimic solutions were concentrated to ≥1mg/mL using Amicon® spin-concentrators 

(Sigma: UFC900396) and stored at 4˚C until use. 

LCB1 Synthesized Gene: 

GTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGAT

ATACCATGTCTCATCATCATCACCATCACCACCACTCGGAAAACTTGTATTTCCAAA

GCGGCTCGGCATCTCACATGGGTGGGTCGGGGGGTTTGGACAAAGAATGGATCTTA

CAAAAGATCTACGAGATTATGCGTTTGCTTGACGAACTTGGACATGCCGAAGCGAG
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CATGCGCGTGTCCGACTTAATCTATGAGTTTATGAAGAAAGGCGACGAACGTCTGTT

AGAAGAAGCCGAGCGCTTGCTGGAGGAGGTAGAAGGTAGCGGCGGCTCGGGTTTGG

AAGGTGGCGGTTCCTGCTAACTCGAGCACCACCACCACCACCACTGAG 

LCB1 Protein: 

MSHHHHHHHHSENLYFQSGSASHMGGSGGLDKEWILQKIYEIMRLLDELGHAEASMRV

SDLIYEFMKKGDERLLEEAERLLEEVEGSGGSGLEGGGSC 

Analysis of Patient samples: The clinical samples used in the study was from a repository of 

nasopharyngeal and saliva samples collected from individuals with suspected and or confirmed 

COVID-19 disease at Washington University School of Medicine in St Louis, and remnant 

COVID-19 positive NP swab samples from the Barnes Jewish Clinical Microbiology Laboratory. 

Control specimens were obtained by written consent and collection of NP swab samples from 

asymptomatic healthy adults / volunteers. For evaluating cross reactivity with seasonal 

coronaviruses we obtained samples from adult patients at Barnes-Jewish Hospital who are found 

to have any of the four seasonal coronaviruses in through routine clinically warranted testing of 

NP samples in the clinical laboratory. This study was approved by the Washington University 

School of Medicine Human Research Protection Office (HRPO).  A waiver of consent was 

obtained for data on COVID-19 PCR results, and for the clinical information collected from 

medical records. All clinical data pre-existed at the time of data collection; no COVID-19 PCR 

tests on patients were performed for the purposes of this study.    

Antibody conjugation on plasmonic-fluor: Streptavidin-conjugated Cy3-plasmonic-fluor (40 µl, 

extinction 32) and streptavidin-conjugated Cy5-plasmonic-fluor (40 µl, extinction 30) was added 

to 50 µl of 4.5 µg/ml biotinylated detection antibody for N protein and biotinylated detection 
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antibody for S protein, respectively. The mixture was incubated for 30 minutes at room 

temperature and then washed twice with pH 10 water. For washing, Cy3-plasmonic-fluor was 

centrifuged at 4,000 revolutions per minute (rpm) for 10 minutes, and Cy5-plasmonic-fluor was 

centrifuged at 6,000 rpm for 10 minutes. Finally, the pellet was resuspended in 1% BSA in 1x PBS 

and stored in 4oC until further use.  

Commercial antigen assay: BD Veritor kit was used to analyze the patient samples and serial 

dilutions of recombinant N protein. Veritor System – For Rapid Detection of SARS-CoV-2. BD 

Veritor System for Rapid Detection of SARS-CoV-2 assay, in conjunction with the BD Veritor 

Plus Analyzer, for swabs in Universal Transport Media (UTM) and Aimes (ESwab) transport 

medium was used. The Barnes Jewish Clinical Microbiology Laboratory did an internal validation, 

and the assay precision was deemed acceptable for testing on clinical samples.  

Code availability: A Python code was used to count the number of particles and number of 

clusters. The latest version of the code is available at https://github.com/singamaneni/Counting-

single-plasmonic-nanoparticles. 

Statistical Analysis: All values are expressed as mean ± standard deviation. GraphPad Prism 6 

was used for all statistical analysis. 4-parameter logistic (4-PL) was used to calculate the R2 values 

and LOD in the standard curves of immuno-assays. The LOD is defined as the analyte 

concentration corresponding to the mean fluorescence intensity of blank plus three times of its 

standard deviation (mean+3σ).  

6.3 Digital plasmonic fluor-linked immunosorbent assay 

The ability to image individual reporter elements is critical for implementing a simple and 

partition-free digital immunoassay. The one-to-one correspondence between the individual 

https://github.com/singamaneni/Counting-single-plasmonic-nanoparticles
https://github.com/singamaneni/Counting-single-plasmonic-nanoparticles
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plasmonic-fluor-Cy5 observed in the scanning electron microscopy (SEM) images and 

fluorescence images confirm that the individual plasmonic-fluors can be imaged with high signal-

to-background ratio (~10) using a standard epifluorescence microscope under a 20x objective 

(Figure 6.1B).  We first set out to establish a simple theoretical model for the expected 

improvement in sensitivity of digital plasmonic-fluor linked immunosorbent assay (p-FLISA) in 

comparison to its analog counterpart. We assumed that all the analyte molecules incubated in 

sample wells are captured and each captured analyte molecule is labeled with one plasmonic-fluor 

to complete the sandwich assay. In an analog assay the signal intensity is determined by taking the 

average fluorescence signal from all the pixels. Two factors play a critical role in determining the 

analog signal intensity - spatial resolution of the image and the ratio of brightness of the label to a 

background pixel. We derived dose-response curves for labels with different brightness and for 

images acquired at different spatial resolution. For a given resolution, the LOD, defined as the 

concentration of the analyte at which signal-to-noise (SNR) is equal to 3, of the analog assay 

improved (i.e. concentration value decreases) as the brightness of the labels with respect to 

background pixel increased (Figure A-1A). Further, the LOD of the analog assay and the 

brightness of the labels with respect to the background pixel depend on the resolution of the image 

(Figure A-1B). While higher resolution improves the sensitivity of the analog assay, the finite 

contribution of background intensity in the mean pixel intensity still limits the LOD of the assay 

(Figure 6.1C). For lower resolution (higher pixel size) images, multiple labels or analyte 

molecules are required within one pixel to produce discernable signal (SNR ≥ 3), as illustrated in 

Figure 6.1D, thus precluding the detection of analytes at low concentrations. This limitation is 

mitigated in the digital assay as there is no contribution of background signal and the signal 

intensity is determined by simply counting the number of labels and disregarding the background 



98 

 

signal below a pre-set threshold. Thus, the digital assay signal exhibits a detectable increase 

proportionate to the analyte concentration, enabling detection of ultralow analyte concentrations 

(Figure 6.1C). Therefore, theoretically, the digital assay offers the capability to detect every single 

target analyte molecule over a broad dynamic range. It is important to note that the model presented 

above ignores the non-specific binding of the detection antibodies and labels on the assay surface, 

which determines the ultimate LOD of the digital assay. Nevertheless, the model predicts 

significantly improved LOD with the digital assay compared to the analog assay with identical 

non-specific binding. 

Next, we set out to investigate the feasibility of implementing a partition-free digital 

immunoassay using plasmonic-fluors as digital nanolabels.  Using human IL-6 (a pro-

inflammatory cytokine) as a representative analyte, we compared the performance of ELISA, 

analog p-FLISA and digital p-FLISA. For the analog assays (ELISA and p-FLISA), conventional 

optical density or ensemble fluorescence intensity vs. concentration was analyzed using a four-

parameter logistic (4PL) curve to determine the LOD and limit-of-quantification (LOQ). We tested 

a broad range of antigen concentrations (10 log orders) 5 ng/ml to 0.81 ag/ml to determine the 

analytical parameters (LOD, LOQ and dynamic range) of the digital p-FLISA. The LOD is defined 

as the signal from the blank well + 3 × standard deviation (3σ) of the blank and was used as a 

parameter to compare the performance of the assays.  

The digital assay protocol is essentially identical to analog p-FLISA except that the 

microtiter plate is imaged using an epifluorescence microscope and the images are analyzed using 

a custom-developed algorithm.  The number of plasmonic-fluors at the bottom of the well 

monotonically increased with an increase in the concentration of IL-6 (Figure 6.22A-D). We 

found that the LOD of the digital p-FLISA (283 ag/ml) was more than 7000-fold lower than ELISA 
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and 60-fold lower than analog p-FLISA (Figure 6.2D-G).  The significant improvement in 

sensitivity of the digital p-FLISA compared to the analog counterpart stems from the ultrahigh 

brightness of plasmonic-fluors, which enables single particle counting. When compared to analog 

p-FLISA, digital p-FLISA can sensitively detect changes in the concentration over a broader 

dynamic range, starting from sub-femtomolar concentration as compared to femtomolar 

concentration for analog p-FLISA (Figure 6.2F). We investigated if a similar digital assay can be 

performed using existing bright nanolabels such as semiconducting quantum dots (Figure A-2). 

Under a 20x objective lens, with quantum dots as nanolabels we did not observe any discernable 

dose-dependence for analog or digital assay. At higher magnification (60x objective), we observed 

individual particle-like features, which increased in number with an increase in concentration of 

the analyte. However, these features suffered from fluorescence intermittency (blinking) making 

them unsuitable for digital imaging (Figure A-2).223 The LOD (~14 pg/ml) of the quantum dot-

linked immunosorbent assay was nearly 1000-fold inferior compared to even analog p-FLISA. 

These findings underscore the importance of ultrabright nanolabels, such as plasmonic-fluors, for 

realizing a partition-free ultrasensitive digital assay, which is not feasible with moderately bright 

nanolabels such as quantum dots. 
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Figure 6. 1: (A) Schematic illustration comparing ELISA, Analog p-FLISA and Digital p-FLISA. (B) 

Confirmation of single particle fluorescence by correlating scanning electron microscopic images (left) and 

epifluorescence microscopy images (right) of the same plasmonic-fluor nanolabel. Scale bar: 5 µm. (C) 

Theoretical model for comparing analog and digital p-FLISA and its effect on the slope of the standard 

curve for low concentration of analyte. (D) Schematic illustration representing the effect of background on 

the signal for analog and digital imaging. Confirmation of single particle fluorescence by correlating 

scanning electron microscopic images (left) and epifluorescence microscopy images (right) of the same 

plasmonic-fluor nanolabel. Scale bar: 5 µm. 
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Figure 6. 2: Sensitivity of Human IL-6 digital p-FLISA is better than analog p-FLISA and ELISA (A) 

Fluorescence image of analog p-FLISA, (B) Epifluorescence microscopic images of digital p-FLISA, (C) 

zoomed-in epifluorescence images of digital p-FLISA for 0.512 fg/ml and 1.6 fg/ml of human IL-6. (D) 

Particle count vs. concentration plot of digital p-FLISA of human IL-6. n=2 (5 images per well). (E) 

Fluorescence intensity vs. concentration plot for analog p-FLISA. n=3. (F) Comparison of analog vs. 

digital. (G) ELISA (n=3). Digital R2= 0.9939, Analog R2= 0.9995, ELISA R2=0.9992. 
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Figure 6. 3: Left panel (A), (B), (C) shows the schematic illustration representing different 

combinations of biorecognition elements used for detecting SARS-CoV-2 virus and protein. 

Middle panel: Fluorescence intensity vs. concentration plot (analog p-FLISA) for detection of (A) 

spike protein on the intact virus, (B) recombinant spike protein, (C) recombinant nucleocapsid 

protein. n=2. Right panel: Particle count vs. concentration plot (digital p-FLISA) of A spike protein 

on the intact virus, (B) recombinant spike protein, (C) recombinant nucleocapsid protein. n=2 (5 

images per well). Spike protein on virus: analog  R2= 0.9901, digital R2= 0.9932, recombinant 

spike protein: analog  R2= 0.9989, digital R2 = 0.9875, recombinant nucleocapsid protein: analog 

R2  = 0.9967, digital R2 = 0.9953. 
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6.4 Ultrasensitive detection of SARS-CoV-2 antigens using 

plasmon-enhanced digital assay 

Next, we set out to detect SARS-CoV-2 specific protein antigens (spike (S) protein and 

nucleocapsid (N) protein) and intact virion. We employed different combinations of affinity 

reagents to capture and detect antigens both in free form and on the whole virion. Ideally, the 

affinity reagents should have high specificity (low cross-reactivity), high affinity (low dissociation 

constant) with non-overlapping epitopes of the protein targeted by capture and detection 

antibodies. We determined the optimal concentration of capture and detection antibodies for 

attaining the highest sensitivity in p-FLISA. 

The capture element of S protein is comprised of multiple copies of a rationally-designed 

protein that mimics the surface of angiotensin converting enzyme 2 (ACE2) and is termed 

LCB1.222 LCB1 is conjugated to bovine serum albumin (BSA) and herein we refer to this 

conjugated protein as the ACE2-mimic. The LCB1 protein is a 56-amino-acid three-helix-bundle 

with additional N- and C- terminal flexible linkers that enable facile affinity purification (via an 

N-terminal 8xHis-tag) and maleimide-based covalent conjugation to BSA (via a sole cysteine 

residue genetically encoded to the C-terminal end). An individual LCB1 protein is comparable to 

a nano-body in terms of size (10kDa) and affinity (1’s-100’s of pM).224 Furthermore, each ACE2-

mimic contains several LCB1 proteins and this multivalency could provide high avidity. Lastly, 

the facile production and thermal stability of LCB1 (Tm ≥95˚K), and by extension, the ACE2-

mimic (BSA Tm ~60˚K), makes it an economical and resilient capture element.222, 225  Monoclonal 

antibodies were generated in mice immunized with SARS-CoV-2 S protein and the neutralizing 

properties were confirmed using a focus reduction neutralization test (FRNT) and SARS-CoV-2 
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challenge.226 Both E06 and B04 had strong binding to SARS-CoV-2 S protein and minimum or no 

cross-reactivity for S protein from SARS-CoV and MERS. B04 also exhibited strong neutralizing 

activity. 

6.5 ACE-2 and E06 bind to non-overlapping epitopes of the 

spike protein 

Using these elements as capture and detection antibody respectively, we detected serially 

diluted intact SARS-CoV-2 virion (diluted in universal transport media, UTM) down to 38 PFU/ml 

using digital p-FLISA as compared to 758 PFU/ml using analog p-FLISA (Figure 6.3A).  The 

fluorescence images revealed that the number of plasmonic-flours increased monotonically with 

the concentration of the virions (Figure A-3). For the detection of recombinant S protein and S 

protein on the SARS-CoV-2 virion, we employed B04, a neutralizing antibody, as the capture 

element and E06 as detection antibody. The LOD of digital p-FLISA (49 fg/ml) was nearly 15-

fold lower compared to analog p-FLISA (703 fg/ml) (Figure 6.3B). Similarly, for the spike protein 

on the SARS-CoV-2 virion the LOD of digital p-FLISA (1.6 PFU/ml) was nearly 95-fold lower 

compared to that of the analog p-FLISA (152 PFU/ml) (Figure A-4). With an alternate pair of 

capture (LCB1) and detection (E06) elements, the LOD of recombinant S protein of digital p-

FLISA improved to 10 pg/ml compared to 59 pg/ml of analog p-FLISA (Figure A-5).  

A capture and detection antibody pair for detection of nucleocapsid (N) protein was 

procured from SinoBiologicals. We tested 9 combinations of capture and detection antibody 

concentrations to determine the optimal assay conditions (Figure A-6, see Experimental section). 

Under optimal assay conditions, the analog p-FLISA exhibited an LOD of 110 pg/ml, which was 

further improved by digital p-FLISA to 9 pg/ml, which is 870-fold lower than ELISA (LOD of 7.9 
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ng/ml) (Figure 6.3C and A-7). We also verified the detection of N protein in serial dilutions of 

SARS-CoV-2 virus stock (diluted in UTM with 0.05% Tween to disrupt the virus and release N 

protein). Digital p-FLISA enabled the detection of N protein in virus solutions diluted down to 100 

PFU/ml compared to 1364 PFU/ml for analog p-FLISA (Figure A-8).  

6.6 Testing clinical samples 

Finally, we set out to investigate the applicability of the digital assay in analyzing 

nasopharyngeal (NP) swab and saliva samples obtained from COVID-19 patients (RT-PCR 

positive) and non-COVID-19 respiratory illness (RT-PCR negative) (Figure 6.4A). The NP swabs 

from patients were eluted in UTM, which is designed to transport and maintain the viral particles 

at room temperature. In order to mimic the patient sample, we tested the performance of N protein 

digital p-FLISA by diluting the recombinant standard N protein in UTM as opposed to reagent 

diluent (1% BSA) describe above. We observed a 4-fold improvement in LOD (2 pg/ml) with 

UTM as the standard diluent compared to 1% BSA (Figure A-9). We analyzed 60 PCR positive 

patient samples and 30 PCR negative patient samples. We observed that the digital p-FLISA for 

N protein exhibited analytical sensitivity of 82% and specificity of 100% (negative percent 

agreement) and the digital p-FLISA for S protein exhibited 68% sensitivity and 100% specificity 

(Figure 6.4B, A-10). The low analytical sensitivity of S protein digital p-FLISA is in agreement 

with the significantly lower concentration of S protein compared to N protein. It is worth noting 

that most of the commercial antigen tests detect the presence of N protein. The receiver operating 

characteristic (ROC) curve analysis for N protein showed that at a cut-off value of >2.363 pg/ml 

the digital pFLISA assay exhibited 81.67% sensitivity and 100% specificity (Area under the curve 

(AUC)=0.983, p<0.0001) (Figure A-11). 
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Figure 6. 4: (A) Schematic illustration representing the collection of human nasopharyngeal (NP) swabs 

and saliva samples followed by digital pFLISA. (B) Concentration of nucleocapsid protein in PCR-positive 

and PCR-negative human swabs and saliva, **p=0.0041, unpaired t test (two-tailed) with Welch’s 

correction, (C) Concentration of nucleocapsid protein and spike protein in PCR-positive and PCR-negative 

human NP swabs and saliva. and (D) Correlation between the concentration of nucleocapsid protein and 

spike protein in PCR-positive patient samples (Pearson’s correlation r= 0.4254). Lack of cross-reactivity of 

(E) nucleocapsid protein  and (F) spike protein assay against recombinant protein from HCoV-HKU1 and 

MERS-CoV. Particle count corresponding to concentration of G) nucleocapsid protein and H) spike protein 

in patient samples tested positive for seasonal coronaviruses and other respiratory viruses. 
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We also analyzed SARS-CoV-2 positive patient samples (as determined by RT-PCR) for 

the presence and concentration of both antigens in the same sample. We observed detectable 

signals for both N protein and S protein for 17 out of the 25 PCR-positive samples (Figure 6.4C). 

Out of the 17 antigen-positive samples, 16 had higher concentration of N protein than 

concentration of S protein, which is consistent with previous findings.227 Interestingly, we did not 

detect the presence of N protein or S protein in the remaining 8 samples (average Ct value 36.8 ± 

6.4), indicating either the absence of antigen in these samples or antigen levels below the LOD of 

the assay. We did not observe any detectable signal for both N and S protein from PCR negative 

(n=11) NP swabs and saliva, establishing the specificity of the digital p-FLISA. Although there is 

moderate correlation between the concentration of N protein and S protein (Pearson correlation r: 

0.4254), for most of the samples (14 out of 17), the concentration of S protein increased with the 

concentration of N protein (Figure 6.4D). 

The SARS-CoV-2 N and S protein digital assay did not exhibit detectable cross reactivity 

with N and S proteins from two other coronaviruses: MERS-CoV and HCoV-HKU1 virus (Figure 

6.4E and F). The mean particle count in blank sample + 3σ was set as the threshold for detectable 

signal. Samples positive for other common respiratory viruses (HCoV OC43, HCoV NL63, 

rhinovirus, and adenovirus) exhibited no detectable signal, establishing the high specificity of 

digital p-FLISA for SARS-CoV-2 N and S proteins (Figure 6.4G and H).  
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Figure 6. 5: (A) Digital assay for nucleocapsid protein derived from SARS-CoV-2 variants B.1.1.7 (alpha) 

and B.1.351 (beta). (B) Concentration of nucleocapsid protein in samples positive for SARS-CoV-2 variant 

B.1.617.2 (delta). (C) Comparison of the performance of commercial antigen kit (BD VeritorTM) with that 

of nucleocapsid protein digital assay (n=2). (D) Detected nucleocapsid protein by digital assay (black bars) 

and BD Veritor kitTM (marked with #) in PCR positive patient samples (n=19). 

6.7 Comparison with commercial antigen kit and the ability 

to detect variants: 

Mutations in SARS-CoV-2 have led to emergence of variants of concern (VOCs) that are 

more transmissible, and with alterations to the protein or physical structure that could impact 

diagnostic accuracy of antigen tests.114, 228-230 Most mutations in the VOCs involve the S-gene. 

Although fewer N-gene mutations exist, some can escape antigen detection tests.231-232 A 

diagnostic test that misses variants can potentially lead to the spread of those variants by failing to 

identify individuals needing isolation and hindering contact tracing efforts. We determined the 

applicability of the digital p-FLISA in detecting antigens from two SARS-CoV-2 variants 

classified as VOCs: B.1.1.7 (Alpha, first detected in U.K), and B.1.351 (Beta, first detected in 
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South Africa).233 The recombinant N protein from B.1.1.7 has mutation D3L and S235F and the 

recombinant protein from B.1.351 has mutation T205I. The D3L and T205I, S235F mutations in 

the N protein take place outside the RNA interaction and dimer interfaces, in the unstructured 

regions of the N-terminal domain (NTD) and linker regions, respectively.234 The N protein antigen 

corresponding these variants were obtained from SinoBiologicals and were serially diluted and 

LOD was assessed using digital p-FLISA. The N protein assay for prototypic N protein was found 

to have preserved the sensitivity for detection of B.1.1.7 and B.1.351 variant with a small 

degradation in LOD to 60 pg/mL and 203 pg/ml, respectively (Figure 6.5A). We also tested 16 

PCR-positive patient samples which were confirmed to be positive for B.1.617.2 (delta) variant 

using gene sequencing. All of the samples showed a positive signal for N protein using the digital 

pFLISA (Figure 6.5B). Thus, we conclude that the digital p-FLISA holds the potential to serve as 

a universal method for detection of prototypic SARS-CoV-2 as well as current and widely 

circulating variants.  

The higher sensitivity of digital p-FLISA was further validated by analyzing serially 

diluted recombinant N protein using digital p-FLISA and a commercially available antigen kit BD 

VeritorTM. BD VeritorTM is approved by FDA EUA for SARS-CoV2 antigen testing. Digital p-

FLISA detected N protein down to 10 pg/ml, but the BD VeritorTM antigen kit indicated samples 

with concentrations below 50 ng/ml as “Presumptive Negative.” This indicates nearly 5000-fold 

better analytical sensitivity of p-FLISA compared to the commercial antigen test (Figure 6.5C). 

Digital p-FLISA outperformed the FDA-approved BD VeritorTM antigen kit when analyzing PCR-

positive COVID-19 patient samples. BD VeritorTM detected antigen in only 8 of 19 PCR positive 

samples, while digital p-FLISA detected N protein in 16/19 (p=0.017, using two-tailed Fisher’s 

exact test). Among patients in the acute stage of illness (duration of symptoms <10 days), 13/14 
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samples tested positive by p-FLISA (93% sensitivity), compared to only 7/14 by BD VeritorTM 

(50% sensitivity) (p=0.032, using two-tailed Fisher’s exact test) (Figure 6.5D). Among the 

remaining five, three patients were tested on day 14 of illness and two patients were asymptomatic. 

Among the three patients who were tested on day 14 of illness, the p-FLISA antigen test was 

negative in 2 patients who had moderate COVID-19 illness whereas it remained positive in one 

patient who has poorly controlled HIV and potentially had prolonged active viral replication 

because of immunocompromised status. Interestingly, this patient with poorly controlled HIV 

tested positive with BD VeritorTM and had a low RT-PCR cycle threshold (CT) value (21.8) which 

supports the possibility of active viral replication. Among the two asymptomatic patients, the p-

FLISA antigen test was positive, but it is unclear if they have active viral replication. Previous 

studies reported that the majority of patients (>95%) with mild to moderate COVID-19 continue 

to shed SARS-CoV-2 RNA from the nasopharynx ≥10 days after symptom onset; however, no 

replication competent virus was identified beyond 9 days 122. 123. whereas replicating virus was 

cultured through day 20 among critically ill and immunocompromised patients.124 p-FLISA digital 

assay accurately tested positive in 13 out of 14 patients during acute phase of illness when they 

were expected to have replicating virus,  tested negative as expected in two patients after 10 days 

of moderate COVID-19 illness and tested positive as expected in immunocompromised patient 

even after 10 days. These results warrant further evaluation of p-FLISA antigen test with larger 

patient samples to confirm its role in identifying infectious patients as there is urgent need for 

point-of-care non-culture-based tests for decision making regarding hospital infection prevention 

measures and removing quarantine on patients who are beyond transmissible stage of the illness. 

Future attempts to optimize the antigen concentration thresholds of the p-FLISA using ROC curve 

to accurately capture samples in the infectious stage of illness (samples with low cycle threshold 
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(CT) values and positive viral cultures) while retaining sufficient sensitivity would help in 

development of p-FLISA antigen test as a surrogate to identify replication–competent virus. 

6.8 Conclusions and Outlook 

We introduced a simple and ultrasensitive digital fluoro-immunoassay for the detection of SARS-

CoV-2 antigens. The partition-free digital assay that is implemented in standard microtiter wells 

relies on an ultrabright fluorescent nanolabel, plasmonic-fluor, that can be imaged and counted 

using standard fluorescence microscopes.  The digital assay with a workflow that is identical to 

that of ELISA exhibited over 5000-fold lower limit-of-detection across multiple protein analytes.   

As such, digital p-FLISA designed to detect SARS-CoV-2 antigens has the potential to alleviate 

the bottlenecks of molecular tests, including expensive equipment, technological expertise, and 

inherent difficulty to scale up. The digital assay demonstrated here represents an ultra-sensitive 

detection of SARS-CoV-2 antigens and live virion reported to date. The assay is capable of 

detecting both S and N proteins in single-plex and multiplex formats without any cross-reactivity 

to seasonal coronaviruses and other respiratory viruses. It outperformed a commercial antigen test 

in terms of sensitivity, and proved to be highly effective in detecting SARS-CoV-2 variants of 

concern. We believe this ultrasensitive antigen test can potentially distinguish individuals with 

actively replicating virus (who are thus more likely to be contagious) from patients who are past 

the infectious stage of illness. This simple, ultrasensitive, and widely deployable test can expand 

testing capacity and improve disease surveillance and control COVID-19 and other infectious 

disease outbreaks.  

6.9 Supplementary information 

Supplementary information for chapter 6 is provided in appendix A. 
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Chapter 7: Plasmon-enhanced, Quantitative 

Lateral Flow Assay for Femtomolar 

Detection of Protein Biomarkers in Point-of-

care Settings 

The results reported in this chapter have been accepted in – Gupta, R., et al, & Singamaneni, S. 

(2019). “Plasmon-enhanced, Quantitative Lateral Flow Assay for Femtomolar Detection of 

Protein Biomarkers in Point-of-care Settings” Nature Biomedical Engineering, 2022, accepted. 

7.1 Abstract 

Lateral flow assays (LFAs) are the cornerstone of point-of-care diagnostics. Although rapid and 

inexpensive, they are nearly 1000-fold less sensitive than laboratory-based tests and cannot be 

used for definitive negative diagnosis. Here, we overcome this fundamental limitation by 

employing plasmonically-enhanced nanoscale fluorescent labels. Plasmon-enhanced LFAs (p-

LFAs) enabled standard-free, ultrasensitive quantitative detection of low abundance analytes, 

without compromising the direct visual detection capability of conventional LFAs. Fluorometric 

p-LFA, completed in 20 min, attained 30-fold improvement in dynamic range and limits of 

detection over the 4 hour-long, “gold standard” enzyme-linked immunosorbent assay (ELISA), 

and achieved 95% clinical sensitivity and 100% specificity for SARS-CoV-2 antibodies and 

antigens. This improvement over ELISA could be achieved with either a standard benchtop 

fluorescence scanner or an inexpensive, portable scanner that we developed. Concentrations of 
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interleukin-6 (IL-6) in human serum samples and SARS-CoV-2 nucleocapsid (N) protein in 

nasopharyngeal swab samples determined using our portable scanner exhibited strong correlation 

with those determined using a benchtop scanner. p-LFAs offer potential as a broadly adaptable 

point-of-care diagnostic platform that outperforms standard laboratory tests in sensitivity, speed, 

dynamic range, ease of use, and cost. 

7.2 Materials and Methods 

Synthesis of plasmonic-fluors: Plasmonic-fluors consists of plasmonically active core, gold 

nanorod synthesized by seed-mediated method,235 a polymer spacer layer, fluorophores and 

universal biorecognition element (biotin). Plasmonic-fluors were synthesized following the similar 

procedure described in our previous study.167 Detailed stepwise procedure is discussed in the 

supplementary information. 

Synthesis of gold nanoparticles (AuNPs): Citrate-stabilized AuNPs were synthesized using seed-

mediate synthesis method and using citrate as reducing agent. Au seeds (~15 nm) were synthesized 

as described previously by Frens et al.236  Briefly, 20 ml 0.25 mM of HAuCl4 (Sigma Aldrich, 

520918)  was brought to boil under vigorous stirring, 800 rpm. Immediately after the solution 

started boiling, 0.2 ml of 3% (w/v) sodium citrate (Sigma Aldrich, 1613859) aqueous solution was 

added and maintained under boiling condition until the solution color changed to wine red, 

indicating the formation of Au seeds. Next ~100 nm AuNPs were synthesized using hydroquinone 

(Sigma Aldrich, H9003) as reducing agent for reduction of ionic gold. 

Materials characterization: TEM images were obtained using a JEOL JEM-2100F field emission 

instrument. The extinction spectra of plasmonic nanostructures were obtained using a Shimadzu 

UV-1800 spectrophotometer. Fluorescence mappings were recorded using LI-COR Odyssey CLx 

imaging system. Digital camera (Sony cybershot DSC HX300) and imaging software, ImageJ were 
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employed to characterize mean gray intensities. SpectraMax iD3 (Molecular Devices) plate reader 

was used to measure the optical density in ELISA. 

Functionalization of nanolabels: To functionalize nanolabels with streptavidin (Sigma Aldrich, 

SA101), 1 µl 10 mg ml-1 of streptavidin (or BSA-Biotin or detection antibody) was added to 1 ml 

OD1 of nanolabels and incubated for 1 h on a shaker at room temperature. To stabilize the particles, 

1 ul 10 mg ml-1 of BSA (Sigma Aldrich, A7030) was added to the solution and further incubated 

for 20 min. Unbound protein was removed by washing the solution four times with pH 10 nanopure 

water (1 µl NaOH in 10 ml of water). Finally, nanolabels were redispersed in 1% BSA in 1X PBS 

solution for use in the LFAs. To functionalize nanolabels with antibodies (IL-6 and N protein 

detection antibody and anti-human IgG), similar process was employed. 

Lateral flow immunoassay assembly and preparation procedures: Nitrocellulose test 

membrane and absorbent pads with adhesive backing material (GE healthcare, FF120HP) were 

employed for fabricating the LFA strips. The test membrane and absorbent pad was cut into 4 mm 

wide strips using a paper trimmer. For preparing the LFA strip, biorecognition element (e.g., 

capture antibody) solution was pipetted onto the test membrane and dried at room temperature for 

30 min. Subsequently, the test membrane was blocked using 3% BSA in 1X PBS solution. Next, 

strips were washed with PBST (1X PBS and 0.5% Tween20 (Sigma Aldrich, P9416), followed by 

drying at room temperature in a vacuum desiccator for 1 h. After drying, absorbent pads (GE 

healthcare, CF5) were assembled onto the polystyrene adhesive backing next to nitrocellulose test 

membrane. To ensure efficient transfer of the solution from the test membrane to the absorbent 

pad, we ensured an overlap of 1-2 mm between both strips. Experiments were performed by 

dipping LFAs into 96-well plates filled with 100 µl of sample/standard solutions for 20 min. The 

visual signals of LFAs were obtained by a digital camera. The images were converted to 8-bit gray 
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scale image using ImageJ. Mean gray values of the test spot were calculated by averaging the test 

spot grayscale intensities obtained from ImageJ. The fluorescence signals were obtained by 

averaging test dot fluorescence intensities obtained using LI-COR Odyssey CLx fluorescence 

scanner using the following scan parameters: laser power~L2; resolution 21 µm; channel 800 nm; 

height 0 mm. 

Optimization of lateral flow immunoassay parameters: To determine the optimum 

concentration of biotinylated BSA on the test spot, different LFA strips with varying 

concentrations of biotinylated BSA (100 µg ml-1 to 5 mg ml-1) were prepared in duplicates. LFAs 

were then subjected to the same concentration of streptavidin (1000 ng ml-1 for AuNP-LFA and 1 

ng ml-1 for p-LFA) and biotinylated nanolabels. To determine the optimal concentration of the 

nanolabels, LFA strips with the same concentration of biotinylated BSA (5 mg ml-1) were prepared 

in duplicates. These LFA strips were then subjected to the same concentration of streptavidin (1000 

ng ml-1 for AuNPs and 1 ng ml−1 for plasmonic-fluors) but different numbers of biotin-

functionalized nanolabels (4.45x106 to 3.56x1010 for AuNPs and 1.2x104 to 6x106 for plasmonic-

fluors). The optimum number of nanolabels for colorimetric AuNPs-LFA and p-LFA, and 

fluorometric p-LFA was determined by subtracting the background signal from the test spot signal. 

Biotin-streptavidin lateral flow immunoassay: Test spots were formed by pipetting 0.5 µl of 5 

mg ml-1 biotinylated-BSA onto the nitrocellulose membrane. The LFA strips were assembled as 

described above. For AuNP-based and plasmonic fluor-based Biotin-streptavidin LFA, 1 µl of 

biotinylated AuNPs and 1 µl of biotinylated plasmonic-fluors, respectively, were mixed with 99 

µl of different concentrations of streptavidin standard solutions (0.1 pg ml-1 to 1000 µg ml-1) in 96-

well plates to allow the binding of streptavidin with the biotinylated nanolabels. LFA strips in 

duplicates were then exposed to the sample/standard solution for 20 min. 
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Human IL-6 immunoassays: Human IL-6 DuoSet ELISA kit (R&D systems, DY206) was 

utilized in the study. For AuNP-based IL-6 LFA, AuNPs were conjugated with IL-6 detection 

antibody for the test spot and with anti-sheep IgG (R&D systems, BAF016) for the control spot. 

For p-LFA, plasmonic-fluors were conjugated with IL-6 detection antibody for the test spot and 

AuNPs were conjugated with anti-sheep IgG for the control spot, respectively. To prepare LFA 

strips for IL-6 immunoassay, 0.5 µl of 2 mg ml-1 IL-6 capture antibody and 0.5 µl of 2 mg ml-1 

sheep IgG (R&D systems, 5-001-A) was pipetted onto the nitrocellulose membrane at different 

spots to create test and control spot, respectively. Subsequently similar steps, mentioned above, 

were followed for LFA preparation and assembly. For AuNP-based IL-6 LFA, 1 µl of IL-6 

detection antibody-conjugated AuNPs and 1 µl of anti-sheep IgG conjugated-AuNPs for test and 

control spot, respectively, were mixed with 98 µl of different concentrations of human IL-6 

standard solutions (64 fg ml-1 to 5 ng ml-1) in 96-well plates to allow the binding of the analyte 

with the detection antibody-conjugated nanolabels. LFA strips in duplicates were then exposed to 

the sample/standard solution for 20 min. For IL-6 p-LFA, 1 µl of IL-6 detection antibody-

conjugated plasmonic-fluors and 1 µl of anti-sheep IgG conjugated AuNPs were mixed with 98 µl 

of human IL-6 standard solutions (1 fg ml-1 to 1 ng ml-1) in 96-well plates. The visual signals and 

the fluorescence signals were obtained according to the procedure described above. 

Human IL-6 ELISA was carried out according to the procedure described in DuoSet ELISA 

kit manual and is discussed in detail in supplementary information. Plasmonic fluor-linked 

immunosorbent assay (p-FLISA) was performed by adopting a similar approach, expect that the 

HRP-labeled streptavidin was replaced by streptavidin-functionalized plasmonic-fluor. Instead of 

streptavidin-HRP, 100 µl of streptavidin-plasmonic-fluors (OD 1) was incubated for 30 min, and 

then the plate was washed three times with PBST. Both ELISA and p-FLISA were conducted in 
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duplicates. The fluorescence signal was obtained by averaging the fluorescence intensities from 

the microtiter wells obtained using LI-COR Odyssey CLx with the following scan parameters: 

laser power~L2; resolution 169 µm; channel 800 nm; height 4 mm. 

Lateral flow immunoassay quantitation study: Four p-LFA IL-6 standard curves (1 fg ml-1 to 1 

ng ml-1) were generated over a span of 6 months and samples with varying IL-6 concentrations 

(0.5 pg ml-1 to 62.5 pg ml−1) were tested in duplicates in a standard-free manner. Their 

experimental concentrations were determined using each standard curve, and deviation from actual 

concentrations were calculated. 

SARS-CoV-2 S1 antibody immunoassays: We pipetted 0.5 µl of 2 mg ml-1 recombinant SARS-

CoV-2 S1 protein (R&D systems, 10522-CV) and 0.5 µl of 2 mg ml-1 sheep IgG onto the 

nitrocellulose membrane as test and control spot, respectively. Subsequently, we followed the 

same steps described above to prepare the LFA strips. For detecting SARS-CoV-2 S1 antibodies, 

AuNP-LFA and p-LFA, AuNPs and plasmonic-fluors were conjugated with biotinylated anti-

human IgG (Rockland, 609-4617) for test spots, respectively. In both cases, AuNPs were 

conjugated with anti-sheep IgG for control spot. For AuNP-based SARS-CoV-2 S1 antibody LFA, 

1 µl of anti-human IgG conjugated-AuNPs and 1 µl of anti-sheep IgG conjugated-AuNPs were 

mixed with different concentrations of standard solutions (16 pg ml-1 to 25 µg ml-1) in 96-well 

plates, prior to exposure to LFA strip for 20 min. For plasmonic-fluor-based SARS-CoV-2 S1 

antibody LFA, 1 µl of anti-human IgG conjugated-plasmonic-fluors and 1 µl of anti-sheep IgG 

conjugated-AuNPs were mixed with different concentrations of standard solutions (16 pg ml-1 to 

1 µg ml-1) in 96-well plates, prior to exposure to LFA strip for 20 min. Plasma samples were diluted 

500-fold in reagent diluent (1X PBS containing 3% BSA, 0.2 µm filtered) before use. All 
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experiments were done in duplicates. The visual signals and the fluorescence signals were obtained 

by employing the same procedure mentioned above. 

SARS-CoV-2 S1 antibody ELISA was carried out according to the following procedure. 

Microtiter wells in duplicates were coated with 100 µl of 5 µg ml−1 (in 1X PBS) recombinant 

SARS-CoV-2 S1 protein via overnight incubation at room temperature. For blocking, 300 µl of 

reagent diluent was added to the wells for a minimum of 1 h. Next, 100 µl of serially-diluted 

standard samples were incubated for 2 h, followed by incubation of 100 µl of 100 ng 

ml−1 biotinylated anti-human IgG for 2 h. Next, 100 µl of 500 ng ml-1 streptavidin-labelled HRP 

(Thermo Fisher scientific, N100) was incubated for 20 min, followed by the addition of 100 µl of 

substrate solution for 20 min. The reaction was stopped by addition of 50 µl of 2N H2SO4 (R&D 

Systems, DY994) and immediately the optical density at 450 nm was measured using a microplate 

reader. p-FLISA was carried out by adopting a similar procedure, expect that the HRP-labelled 

streptavidin was replaced by streptavidin functionalized-plasmonic-fluor. Instead of HRP, 100 µl 

of plasmonic-fluors (OD 1) were incubated for 30 min, and then the plate was washed three times 

with PBST. The fluorescence signal was obtained by averaging the fluorescence intensities from 

the microtiter wells obtained using LI-COR Odyssey CLx.  

SARS-CoV-2 antigen (nucleocapsid protein) immunoassays: We pipetted 0.5 µl of 2 mg ml-1 

nucleocapsid protein capture antibodies (SinoBiologicals, 40143-MM08) and 0.5 µl of 2 mg ml-1 

sheep IgG onto the nitrocellulose membrane as test and control spots, respectively. For N protein 

p-LFA, plasmonic-fluors were conjugated with biotinylated N protein detection antibody 

(SinoBiologicals, 40143-R004) for the test spots. AuNPs conjugated with anti-sheep IgG were 

employed for control spot. Subsequently, similar steps mentioned above were followed to prepare 

and assemble the LFA strips. For plasmonic-fluor-based N protein LFA, 1 µl of detection 
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antibodies conjugated-plasmonic-flours and 1 µl of anti-sheep IgG conjugated-AuNPs were 

incubated with different concentrations of standard solution (12 pg ml-1 and 1 µg ml-1; 

SinoBiologicals, 40588-V08B) spiked in universal transport media in 96-well plates prior to 

exposure to LFA strips for 20 min. p-LFAs were employed for the detection of N protein present 

in patient NP swab samples. The NP swab samples were in universal transport media and were 

used without any dilution or processing. All experiments were performed in duplicates. The visual 

signals and the fluorescence signals were obtained employing the similar process described above. 

N protein ELISA was carried out by first coating the microtiter wells in duplicates with 

100 µl of 100 ng ml−1 N protein capture antibodies (in 1X PBS) via overnight incubation at room 

temperature. For blocking, 300 µl of reagent diluent was added to the wells for a minimum of 1 h. 

Next, 100 µl of serially-diluted standard samples were incubated for 2 h, followed by incubation 

of 100 µl of 200 ng ml−1 biotinylated N protein detection antibody for 2 h. Next, 100 µl of 500 ng 

ml-1 streptavidin-labelled HRP (Thermo Fisher scientific, N100) was incubated for 20 min, 

followed by the addition of 100 µl of substrate solution for 20 min. The reaction was stopped by 

addition of 50 µl of 2N H2SO4 (R&D Systems, DY994) and immediately the optical density at 450 

nm was measured using a microplate reader. p-FLISA was carried out by adopting a similar 

procedure, expect that the HRP-labelled streptavidin was replaced by streptavidin-functionalized 

plasmonic-fluor. Instead of HRP, 100 µl of plasmonic-fluors (OD 1) were incubated for 30 min, 

and then the plate was washed three times with PBST. The fluorescence signal was obtained by 

averaging the fluorescence intensities from the microtiter wells obtained using LI-COR Odyssey 

CLx. 

Commercial antigen test: BD Veritor kit, Veritor System – For Rapid Detection of SARS-CoV-

2, was used to analyze the presence of N protein in the patient samples. BD Veritor System was 
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used in conjunction with the BD Veritor Plus Analyzer. NP swabs were eluted in Universal 

Transport Media (UTM) and Aimes (ESwab) transport medium. Internal validation and the assay 

precision was conducted and deemed acceptable for testing on clinical samples by the Barnes 

Jewish Clinical Microbiology Laboratory. 

Patient sample acquisition: The clinical samples used in the study were acquired from the 

repository of saliva, serum, plasma and nasopharyngeal swab samples from individuals 

confirmed/suspected with COVID-19 disease, located at Washington University School of 

Medicine in St Louis, and from the Barnes Jewish Clinical Microbiology Laboratory, and 

supported by: the Barnes-Jewish Hospital Foundation; the Siteman Cancer Center grant P30 

CA091842 from the National Cancer Institute of the National Institutes of Health; and the 

Washington University Institute of Clinical and Translational Sciences grant UL1TR002345 from 

the National Center for Advancing Translational Sciences (NCATS) of the National Institutes of 

Health (NIH). This repository was developed and is maintained by Jane O’Halloran, MD, PhD; 

Charles Goss, PhD, and Phillip Mudd, MD, PhD. Control NP swab samples from asymptomatic 

healthy volunteers were obtained with prior written consent. For evaluation of cross reactivity with 

seasonal coronaviruses, samples were obtained from adults at Barnes-Jewish Hospital who were 

tested positive with either of the four seasonal coronaviruses or respiratory diseases via clinically 

warranted NP samples tests. Washington University School of Medicine Human Research 

Protection Office (HRPO) approved the study. All clinical data pre-existed at the time of data 

collection. A prior waiver of consent was obtained for the clinical information and data on COVID-

19 PCR results. 

Preparation and assembly of full-strip LFAs: Full strip p-LFA components include - NC 

membrane: FF80HP on polystyrene backing (cat: 10547020, from Whatman, Cytiva) Sample pad: 
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Fusion 5 (cat: 8151-9915, from Whatman, Cytiva) Conjugate pad: Whatman STANDARD 14 

(8133-2250, Cytiva) Absorption pad: CF5 (cat: 8115-2250, Cytiva). Sample and conjugate pads 

were subjected to following pre-treatment process. Sample pad was soaked in 5% BSA, 0.5% 

Tween 20, 1X PBS and then dried in 37 °C oven for 2 h. Conjugate pad was soaked in 5% BSA, 

10% sucrose, 0.5% Tween 20, 1X PBS and then dried in 37 °C oven for 2 h. After pre-treatment, 

sample and conjugate pad were cut into a strip of 15 mm * 25 mm and 13 mm * 25 mm dimensions, 

respectively. Absorption pads were used as received and were cut into 18 mm * 25 mm dimensions. 

To prepare nanolabels for test line, 1-3 µl of biotinylated SARS-CoV-2 N protein or human 

IL-6 detection antibody of 1 mg ml-1 concentration were added to 1 ml of streptavidin 

functionalized plasmonic-fluors of extinction 2. After 30 min incubation, 100 µl of 10% BSA in 

1X PBS was added to this antibody-conjugated plasmonic fluor solution. After another 30 min 

incubation, the conjugated nanolabel solution was centrifuged three times to remove unbound 

detection antibodies and the subsequent solution was dispersed back to 2 mM sodium borate, pH 

8.5 with 10% sucrose. For preparation of nanolabels for control line 1-5 µl of biotinylated anti-

goat IgG of 2 mg ml-1 concentration was added to 1 ml of streptavidin plasmonic-fluors of 

extinction 2. After 30min incubation, 100 µl of 10% BSA in 1X PBS was added to this antibody-

plasmonic fluors conjugate solution. After another 30 min incubation, the conjugated nanolabel 

solution was centrifuged three times and dispersed back to 2 mM sodium borate of pH 8.5 

consisting of 10% sucrose. 

Next, the nanolabel for test and control line were mixed in 1:1 ratio. Thereafter, the 

resulting solution was sprayed on to the pre-treated conjugate pad. The nanolabel solution was air-

jet sprayed with a dispense rate of 5 µl cm-1 employing a reagent dispenser (XYZ Platform 

Dispenser HM3030, Kinbio, Shanghai). After spraying conjugate pads were dried in 37 °C oven 
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for 2 h. Next, the test membrane were prepared by printing the capture antibodies specific to test 

and control lines. For test line SARS-CoV-2 Ag and human IL-6 capture antibody of 1mg ml-1 

concentration, and for control line goat IgG of 2 mg ml-1 concentration were simultaneously 

printed on FF80HP nitrocellulose test membrane at a dispense rate of 0.5 µl cm-1 and speed of 50 

mm s-1 by a reagent dispenser (XYZ Platform Dispenser HM3030, Kinbio, Shanghai). Thereafter, 

the membranes were dried in 37 °C oven for 2 h. 

Finally, the pre-treated sample pad, the conjugate pad after spraying of nanolabels, and the 

membrane pad after printing of capture antibodies were assembled with a 2 mm overlap between 

each pad and cut to strips with a width of 3 mm using a strip cutter (Programmable Strip Cutter 

ZQ2002, Kinbio, Shanghai). For the schematic illustration of the design of p-LFA please refer to 

Figure B-48. 

Portable fluorescence scanner: An 80 mW 785 nm diode laser (Zlaser , Z80M18S3-F-785-pe) 

was used as an excitation source. The laser beam was attenuated with an ND 2.0 neutral density 

filter and shaped into a 4 mm wide line using the combination of the laser focus control and a 30 

mm focal length cylinder PCX lens. Fluorescence was collected with a 30 mm focal length PCX 

lens (12.5 mm diameter) and passed through an 832/37 nm emission filter (Edmund Optics, 84-

107). A 45 mm focal length achromatic doublet lens (Edmund Optics, 49-355) was used to form a 

1.5x magnified image of the lateral flow strip on the sensor of the camera (ZWO ASI462MC). 

Fluorescence was measured at a 45° angle relative to excitation.  Measurements from lateral flow 

cassettes were carried out by translating the sample (using Actuonix L16-R 50 mm travel actuator) 

through the optical system at 1 mm/s while streaming the camera video. Video was collected with 

100 ms exposure (10 images per second). The average pixel value from each 10 images was used 
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for analysis and corresponded to one point in the trace produced by this instrument. A Raspberry 

Pi 4 single board computer was used for controlling all hardware components of the instrument. 

7.3 Plasmonic-fluors increases sensitivity over AuNPs by 

10000-fold in LFAs 

Plasmonic-fluors were first applied to overcome three fundamental limitations of the 30-

40 nm AuNPs used as conventional colorimetric labels in LFAs. AuNPs have low capture rate 

(<5%), low signal-to-background ratio, and thus relatively low sensitivity.237-238 Even with use of 

100 nm AuNPs, shown recently to improve LFA sensitivity,239 these problems persist. Because of 

these three limitations, color changes in AuNP-based LFAs are limited to qualitative analysis or 

simply a binary output, indicating the presence or absence of the target analyte.  

To assess whether plasmonic-fluors (length 98 ± 8.7 nm; diameter 29.2 ± 3.1 nm) could 

overcome these limitations, we compared their performance to AuNPs (diameter 104 ± 13.4 nm) 

on a nitrocellulose membrane. The localized surface plasmon resonance (LSPR) wavelength of 

plasmonic-fluors (and the gold nanorod (AuNR) core) was tuned to match the excitation and 

emission wavelengths of the molecular fluorophores167 by modifying their aspect ratios240-241, and 

the optimal dimensions of the nanostructures were chosen to maximize fluorescence enhancement, 

based on our previous study242. We set out to determine the minimum number of AuNPs and 

plasmonic-fluors required to produce a detectable visible or fluorescence signal. When serially 

diluted AuNPs (Figure 7.1B, B-1) and plasmonic-fluors (Figure 7.1C, B-1) of known 

concentration were drop-casted onto nitrocellulose membrane, accumulations of ~106 AuNPs and 

plasmonic-fluors were needed to produce a discernable visible signal (Figure 7.1D, B-2, B-3). 

However, only ~102 plasmonic-fluors were required to produce a detectable fluorescence signal 
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(Figure 7.1E, B-3). Further, accumulations of ~0.6x106 molecular fluorophores (800CW, the 

fluorescent unit of plasmonic-fluors) were required to produce detectable fluorescence signal 

(Figure 7.1F), indicating ~6000-fold lower concentration threshold for a detectable fluorescence 

signal with plasmonic-fluors compared to molecular fluorophores. 

Plasmonic-fluors exhibited colorimetric signal nearly identical to that of AuNPs (Figure 

B-4). The colorimetric signal enabled qualitative visual detection (by naked eye), obviating the 

need for specialized read-out equipment at a relatively high concentration of the target analyte, 

while the fluorescence signal enabled ultrasensitive detection and quantification of low abundance 

analytes. Thus, plasmonic-fluor function as a bimodal nanolabels (colorimetric+fluorescent) and 

offers ultrasensitive detection in a biological assay representative of LFAs. 

Next, to compare the performance of plasmonic-fluors and AuNPs in LFA format, we 

employed the well-characterized biotin-streptavidin conjugate pairing, known to exhibit extremely 

high binding affinity.243 Both AuNPs and plasmonic-fluors were functionalized with streptavidin 

and biotinylated bovine serum albumin (BSA) was used as a capture-ligand. LFA strips were then 

subjected to different known concentrations of streptavidin-conjugated AuNPs and plasmonic-

fluors for 20 min (Figure B-5). Nanolabels flows along the nitrocellulose membrane by capillary 

force and gets captured by the capture-ligand, leading to the accumulation of nanoparticles at the 

test spot. Accumulation of sufficient number of nanolabels converts the color at the test site to red, 

indicating a positive result and the presence of the target analyte. The average grayscale intensity 

of the colorimetric signal at the test site with AuNPs and the fluorescence signal with plasmonic-

fluors monotonically increased with the concentration of the nanolabels (Figure 7.1G and H). 

Significantly, for both AuNPs and plasmonic-fluors, approximately ~107 nanoparticles are needed 

to produce a discernable visible signal, however, only ~103 plasmonic-fluors are enough to 
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produce a detectable fluorescence signal. The four-order magnitude lower concentration threshold 

for a detectable signal with plasmonic-fluors compared to AuNPs in the LFA format is consistent 

with the drop-casting approach discussed above. These results manifest the fundamental basis that 

plasmonic-fluors can serve as ultrabright nanolabels for ultrasensitive detection of target analytes 

in an LFA. 

 

7.4 Bioanalytical parameters of p-LFA compared to LFA 

We optimized the bioanalytical performance of LFA by tuning concentration of capture 

ligand and nanolabels. We employed biotin-streptavidin as a model system. Both AuNPs and 

plasmonic-fluors were biotin functionalized, streptavidin and biotinylated BSA were utilized as 

target analyte and capture ligand, respectively (Figure B-6). It was observed that as the 

concentration of capture-ligand (i.e., biotinylated BSA) increased, both mean grayscale intensity 

and fluorescence intensity of the test spot corresponding to AuNPs (Figure B-7) and plasmonic-

fluors (Figure B-8), respectively, increased. These results suggest that higher concentrations of 

capture-ligand results in better signal intensity. Further, as the number of nanolabels increased, 

both mean grayscale intensity and fluorescence intensity of the test spot corresponding to AuNPs 

(Figure B-9) and plasmonic-fluors (Figure B-10), respectively, increased, implying better signal 

intensity with higher number of nanolabels. However, in both cases, the background signal (signal 

from the LFA strip outside the capture spot) also increased with the number of nanolabels. 

Therefore, the optimum number of nanolabels for both AuNPs-based LFA and p-LFA was 

determined by subtracting the background signal from the test spot signal. As expected, the 

optimum number of plasmonic-fluors (1.2 x 106) was four-orders magnitude lower than the AuNPs 

(1.78 x 1010). 
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Next, we compared the bioanalytical parameters (limit-of-detection (LOD), limit-of-

quantitation (LOQ) and dynamic range) of biotin-streptavidin AuNPs-based LFA and p-LFA. It is 

worth noting that colorimetric signal, obtained from the 8-bit ImageJ processed images of LFA 

strips, from both AuNPs and plasmonic-fluors exhibit similar LOD, suggesting no loss in visual 

detection capabilities in p-LFAs (Figure B-11). The LOD (defined as mean + 3σ of the blank) of 

colorimetric LFA was calculated to be 4.8 ng ml-1 (Figure B-12, five-parameter logistic). In 

contrast, the fluorometric p-LFA enabled the detection down to 2.3 pg ml-1 (Figure B-13, five-

parameter logistic fit), representing ~2000-fold improvement in the LOD. The LOQ (defined as 

mean + 10σ of the blank) of fluorometric p-LFA is ~2500-fold better than the LOQ of colorimetric 

LFA. Further, the fluorescent component of plasmonic-fluor augmented the dynamic range of the 

assay by three orders of magnitude. Therefore, owing to the ultrabright fluorescence signal of the 

plasmonic-fluors, the p-LFAs enable ultrasensitive detection of target analyte over a much broader 

range of analyte concentration. 



127 

 

 

Figure 7. 1: Gold nanoparticles and plasmonic-fluors as nanolabels for LFA. (A) Schematic 

illustration of plasmonic-fluor, employed as a bimodal nanolabel (colorimetric+fluorescent) in 

LFAs, comprising of gold nanorod as plasmonic core, polymer layer as spacer, molecular 

fluorophores (800CW), and biotin as recognition element. Transmission electron microscopy 

image of (B) AuNPs and (C) plasmonic-fluors. (D) Mean gray values obtained from nitrocellulose 

membrane drop-casted with different concentrations of AuNPs. Inset shows the 8-bit ImageJ-

processed image of the nitrocellulose membrane. Fluorescence intensities obtained from 

nitrocellulose membrane drop-casted with different concentrations of (E) plasmonic-fluors and (F) 

molecular fluorophores. Inset shows the corresponding fluorescence image of the nitrocellulose 

membrane. (G) Mean gray values obtained from nitrocellulose membranes, with biotinylated-BSA 

used as capture-ligand at test sites, after exposure to different concentrations of streptavidin-

conjugated AuNPs. Inset shows the schematic illustration of streptavidin-conjugated AuNPs. (H) 

Fluorescence intensities obtained from nitrocellulose membranes, with biotinylated-BSA as 

recognition elements at test sites, after exposure to different concentrations of streptavidin-

conjugated plasmonic-fluors. Inset shows the schematic illustration of streptavidin-conjugated 
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plasmonic-fluors. Purple arrows indicate the direction of flow of the nanoconjugates. Error bars 

represent standard deviations from four different samples (n=4). 

 

Figure 7. 2: Quantitative p-LFA of human IL-6. (A) Schematic illustration of IL-6 LFA strips comprising 

an IL-6 capture antibody test spot and a sheep IgG control spot. (B) Schematic illustration of AuNP-based 

IL-6 LFA, and (C) dose-dependent mean gray values, corresponding to different IL-6 concentrations, 

acquired from these AuNP-based LFAs. (D) Schematic illustration of IL-6 p-LFA and (E) dose-dependent 

fluorescence intensities of IL-6 p-LFA. 8-bit, ImageJ processed images of (F) AuNP-based IL-6 LFAs and 

(G) IL-6 p-LFAs, depicting the visual readout mode. (H) Fluorescence images of the IL-6 p-LFA strips 

depicting the fluorescence readout mode. (I) Resolution of molecular concentration (RMC) curves for 

ELISA, p-FLISA and p-LFA. The dashed lines indicate RMC cutoffs at µ=2 and µ=5; intersections of 

dashed lines and RMC curves indicate the range of concentrations over which a specific quantitative 
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performance of the assay is achieved. For IL-6 p-LFA, µ < 2 over a concentration range over of 0.13–86.0 

pg/mL, suggesting that IL-6 p-LFA can distinguish signals corresponding to any two concentrations within 

that range that differ by at least 100% with at least 99% confidence. The relevant RMC parameters are 

listed in Table S1. (J) Stability of IL-6 p-LFA over 7 months, as evidenced by the error in concentration 

estimates of IL-6 concentration deduced using four different standard curves obtained over a span of seven 

months. 

7.5 p-LFA for quantitative detection of human IL-6 

Cytokines are small (5-26 kDa) proteins, involved in cell signaling and immuno-

modulation and are critical indicators of health and disease.244 Several diseases including cancer, 

sepsis, HIV, chronic inflammation and auto-immune diseases are known to be associated with 

dysregulation of immune system, leading to disruption of the subtle balance between pro-

inflammatory and anti-inflammatory cytokines.245-246 The pro-inflammatory cytokines include IL-

1 (interleukin-1), IL-6, IL-12, TNFα (tumor necrosis factor α) and IFNγ (interferon γ), while the 

anti-inflammatory cytokines include TGFβ (transforming growth factor β), IL-10 and IL-4. Rapid 

monitoring of the immune status by analyzing serum cytokines and early diagnosis of these 

diseases is essential for prompt clinical intervention and for inhibiting disease progression. Though 

few LFAs for IL-6 detection have been introduced recently,247-248 none provide sensitivity and 

quantitation comparable to gold-standard ELISA. Therefore, we employed IL-6 as a model target 

analyte to investigate the applicability of our p-LFA. 

Human IL-6 capture antibodies and sheep anti-immunoglobulin G (IgG) antibodies were 

immobilized on a nitrocellulose membrane to form test and control spots, respectively (Figure 

7.2A, B-14). The LOD of AuNP-based colorimetric LFA (Figure 7.2B) and of molecular 

fluorophore-based LFA was calculated to be 166 pg ml−1 (Figure 7.2C, five-parameter logistic fit) 

and 362 pg ml−1 (Figure B-15), respectively. In contrast, the fluorometric p-LFA (Figure 7.2D) 

enabled the detection down to 93 fg ml−1 (Figure 7.2E, five-parameter logistic fit), which 
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represents a 1785-fold improvement in the LOD compared with conventional AuNP-based LFAs 

and at least an order magnitude higher than the previously reported LFAs 247-250. The LOQ of 

fluorometric p-LFA (298 fg ml−1) is 2288-fold better than the LOQ of colorimetric LFA (682 pg 

ml−1). Further, the plasmonic-fluor improved the dynamic range of the LFA by nearly three-order 

magnitude. The colorimetric signal from both AuNPs and p-LFA exhibited similar LODs, 

suggesting no loss in visual detection capabilities in p-LFAs (Figure 7.2F and G, B-16). 

Additionally, the fluorescence signal from the plasmonic-fluors enabled ultrasensitive detection 

and quantitative analysis over a much broader range of analyte concentration (Figure 7.2E and 

H). 

We also compared the sensitivity and LOD of fluorometric p-LFA with gold-standard 

ELISA and plasmonic-fluor linked immunosorbent assay (p-FLISA) implemented on a microtiter 

plate (Figure B-17). The LOD of p-LFA is nearly 30-fold lower compared to conventional 

sandwich ELISA (2.9 pg ml−1) and only 5-fold inferior to that of p-FLISA (16.8 fg ml−1) (Figure 

B-18). However, the sample-to-answer time for p-LFAs was 20 min whereas ELISA and p-FLISA 

require 4 h. 

To evaluate the ability of fluorometric p-LFA to accurately resolve changes in 

concentration of human IL-6, we quantified the resolution of molecular concentration (RMC), a 

recently introduced metric that indicates whether changes in analyte concentration can be 

discriminated with statistical significance.251 This metric is complementary to LOD: whereas the 

low LOD represents the smallest analyte concentration that can be distinguished from the 

background, RMC represents the smallest fold change in concentration that can be discriminated 

with 99% certainty.251 We compared the RMC of ELISA, p-FLISA and p-LFA for resolution of 

two-fold changes in concentration of human IL-6 (RMC parameter µ=2, meaning a two-fold 



131 

 

change in concentration could be resolved). The RMC curves for p-LFA exhibited µ ≤ 2 over a 

concentration range of 0.13–86.1 pg/mL, two orders of magnitude lower than that of ELISA 

(Figure 7.2I), and nearly identical to that of p-FLISA. This suggests that IL-6 p-LFA can 

distinguish signals corresponding to two concentrations that differ by at least 100% within that 

range with at least 99% confidence. The RMC function and other bioanalytical parameters of p-

FLISA and p-LFA, listed in Table B-1, indicate that the performance of the 20 min POC-

compatible p-LFA is nearly identical to 4 h lab-based p-FLISA. 

Next, to establish the stability of fluorometric p-LFA for quantitative detection without the 

use of standards, multiple IL-6 standard curves were acquired over a span of seven months (Figure 

B-19). All standard curves attained similar RMC (Figure B-20) and bioanalytical parameters, 

suggesting excellent repeatability and reproducibility. Using these standard curves, IL-6 

concentrations ranging from 1 pg ml−1 to 50 pg ml−1 were quantified with less than 20% deviation 

(Figure 7.2J and B-21). 

Overall, the POC assay showed performance comparable to that of the lab-based assay, 

and showed the ability to accurately quantify the analyte concentration in a standard-free manner. 

This has not been reported previously with LFA technology, ascertains that p-LFAs overcome the 

long-standing limitations of LFAs – limited sensitivity, low accuracy and smaller analytical range 

compared to laboratory tests, and limited quantitation ability. 

7.6 Ultrasensitive p-LFA for SARS-CoV-2 serology 

To assess the potential for clinical translation of our p-LFA, we next optimized it for 

detection of SARS-CoV-2 antibodies. A pressing need persists for sensitive, rapid and POC 

serological assays for SARS-CoV-2, both for epidemiological studies and for vaccine efficacy 

against SARS-CoV-2 studies.144, 161 Several LFAs144-145, 252 and other assay methods253 exist that 
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employ SARS-CoV-2 spike protein as recognition element for detection of SARS-CoV-2 

antibodies. Using p-LFA, our goal was to extend the sensitivity and limit of detection beyond the 

range possible with current assays, and into the range of ELISA. 

Recombinant SARS-CoV-2 S1 subunit of spike protein was immobilized at the test spot 

and sheep IgG was used for control spot (Figure 7.3A and B-22). We first determined the 

bioanalytical parameters of AuNP-based LFA (Figure 7.3B) and p-LFA (Figure 7.3D) for 

detection of SARS-CoV-2 S1 antibody. Using the colorimetric signal obtained from LFA strips, 

the LOD of AuNP-based LFA was determined to be ~ 1.05 µg ml−1 (Figure 7.3C). In contrast, 

fluorometric p-LFA exhibited an LOD of 185 pg ml−1 (Figure 7.3E, five-parameter logistic fit), 

which represents a nearly 5675-fold improvement. Further, as expected, the mean grayscale 

intensities obtained from both AuNP and p-LFA exhibited similar sensitivity, suggesting no 

compromise in the visual detection capabilities (Figure 7.3F and 3G, B-23). However, the 

fluorescence signal from plasmonic-fluors enabled ultrasensitive detection and quantitative 

analysis over a much broader (four-orders of magnitude higher) range of analyte concentration 

(Figure 7.3E and H). Fluorometric p-LFA displayed 165-fold improvement in LOD as compared 

to conventional sandwich ELISA and comparable LOD to p-FLISA (Figure 7.3I). 

To assess the translational potential of fluorometric p-LFAs, we tested 79 plasma samples 

obtained from COVID-19 positive individuals and 48 archived de-identified serum/plasma 

samples which were collected pre-COVID-19 (March-October 2019) under HRPO 201102546254 

for the presence of SARS-CoV-2 S1 antibodies. All 127 plasma samples were diluted 500-fold 

and tested using fluorometric p-LFA. Out of 79 IgG positive samples (tested positive by ELISA), 

76 were tested positive (sample SNR ≥ blank SNR + 3σ of blank) with p-LFA, indicating 96.2% 

sensitivity. All pre-COVID-19 samples tested negative with LFA for SARS-CoV-2 S1 IgGs, 
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indicating 100% specificity (Figure 7.3J). Thus, the p-LFAs for SARS-CoV-2 antibodies 

detection offers POC applicability with accuracy comparable to gold standard ELISA and with 

potential applicability to vaccine efficacy and epidemiological studies. 

 

Figure 7. 3: SARS-CoV-2 serological p-LFA. (A) Schematic illustration of the SARS-CoV-2 S1 antibody 

LFA strips comprising recombinant SARS-CoV-2 S1 protein as capture element at the test spot and sheep 

IgG at the control spot. Schematic illustrations of (B) AuNP-based SARS-CoV-2 S1 antibody LFA and (D) 

p-LFA. (C) Dose-dependent mean gray values, corresponding to different concentrations of SARS-CoV-2 

S1 antibody, acquired from AuNP-based LFA. (E) Dose-dependent signal-to-noise ratio of SARS-CoV-2 

S1 antibody p-LFA performed in 20 min. 8-bit ImageJ processed images of (F) AuNP-based SARS-CoV-
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2 S1 antibody LFA and (G) SARS-CoV-2 S1 antibody p-LFA, depicting the visual readout mode. (H) 

Fluorescence images of SARS-CoV-2 S1 antibody p-LFA strips, depicting the fluorescence readout mode. 

(I) Dose-dependent optical densities and fluorescence intensities, corresponding to different SARS-CoV-2 

S1 antibody concentrations, obtained by standard ELISA (red) and p-FLISA (black) implemented on a 

microtiter plate, performed in 4 h. (J) Table depicting the clinical sensitivity and specificity of the SARS-

CoV-2 S1 antibody p-LFA. 

7.7 p-LFA for SARS-CoV-2 antigen detection 

Next, we evaluated the potential of p-LFAs to fill the critical need for a highly sensitive 

and specific POC SARS-CoV-2 antigen test. In serological testing of virus-specific 

immunoglobulins, the antibody responses to viral antigens are usually detected in the late stage of 

infection (7–14 days after virus exposure), therefore serological antibody tests cannot achieve 

accurate screening of asymptomatic populations or early stages of infection.255 Further, RT-PCR, 

the current gold standard in diagnosing COVID-19, has proven highly successful in identifying 

individuals who have contracted the SARS-CoV-2 virus, however, they may fail to distinguish 

between infectious patients and noninfectious individual, and may yield false positive results for 

months even after a patient has recovered from the disease.115, 117 

Since antigens are expressed only when the virus is actively replicating, the antigen-based 

tests may have better correlation with infectiousness than RNA detection by RT-PCR. Current 

antigen detection tests for diagnosing COIVD-19 are scalable and convenient but are limited by 

their low and wide-ranging accuracy.123, 125, 127-128 LFAs for detection of SARS-CoV-2 antigens 

can be the most important tool in addressing the infection outbreaks owing to their ease of use, 

lower-cost and better correlation with infectivity. Currently, several LFA-based antigen147-148, 256 

assays have been reported and are widely used but none offers the optimal sensitivity,257 thus, a 

negative result with such assays in a symptomatic patient requires a confirmatory RT-PCR test or 
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frequent retesting. Therefore, there is an urgent need for a more sensitive POC antigen assay that 

would be just as reliable and accurate as the RT-PCR method. 

 

Figure 7. 4: p-LFA for SARS-CoV-2 N protein and variants-of-concern. (A) Schematic illustration of the 

nucleocapsid (N) protein p-LFA strips comprising of N protein capture antibody as test spot and sheep IgG 

as control spot. (B) Colorimetric and (C) fluorometric readout modes of p-LFA for N protein detection. (D) 

Dose-dependent mean gray values, corresponding to different concentrations of N protein, acquired from 

colorimetric p-LFA (black) and dose-dependent signal-to-noise ratio of N protein fluorometric p-LFA 
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performed in 20 min (red). (E) Dose-dependent optical densities and fluorescence intensities, corresponding 

to different N protein concentrations, obtained by standard ELISA (black) and p-FLISA (red) implemented 

on a microtiter plate, performed in 4 h. (F) Comparison of fluorometric p-LFA (red) and commercial point-

of-care rapid antigen kit (BD VeritorTM) (black). (G) N-protein signal-to-noise ratio in PCR-positive NP 

swab samples (wild type SARS-CoV-2) determined by colorimetric p-LFA (gray), fluorometric p-LFA 

(black) and BD VeritorTM (marked with #). (H) Comparison of colorimetric (gray) and fluorometric 

(black) p-LFA in terms of their ability to quantify N protein concentrations present in NP swab samples of 

35 PCR-positive samples (19 wild type SARS-CoV-2 and 16 Delta variant). (I) N protein signal-to-noise 

ratio in NP swab samples tested negative for COVID-19 and positive for different seasonal coronaviruses 

and other respiratory viruses. 

p-LFA provided the accuracy and sensitivity needed for this in samples from patients who 

simultaneously had PCR tests performed. Our test focused on the detection of SARS-CoV-2 

nucleocapsid protein (N protein). Test and the control spots on the LFA strips were prepared by 

immobilizing N protein capture antibodies and sheep IgG, respectively (Figure 7.4A, B-24). Both 

colorimetric and fluorescence signals obtained from p-LFAs increased monotonically with an 

increase in the concentration of N protein standard (Figure 7.4B and C). However, the LOD and 

LOQ of fluorometric p-LFA were calculated to be nearly 400-fold better than colorimetric 

counterpart, ascertaining the importance of plasmonic-fluors as ultrabright fluorescent nanolabels 

(Figure 7.4D).  Further, fluorometric p-LFA displayed 37-fold improvement in LOD as compared 

to conventional sandwich ELISA and comparable LOD to p-FLISA (Figure 7.4E). 

Next, to demonstrate the advantage of p-LFAs over an existing commercial FDA EUA 

approved rapid, point-of-care antigen testing method, we compared the analytical sensitivity of p-

LFAs with BD VeritorTM assay, which indicated samples with concentrations below 50 ng/ml as 

“Presumptive Negative” (Figure 7.4F). This implies that the fluorometric p-LFA offers nearly 

235-fold better analytical sensitivity as compared to the commercial antigen test. p-LFA 

outperformed the FDA-approved BD VeritorTM antigen kit when analyzing PCR-positive COVID-

19 patient samples (wild type SARS-CoV-2). BD VeritorTM antigen kit and colorimetric p-LFA 

correctly identified 8 out of 19 PCR-positive NP swab samples (analytical sensitivity: 42.1%), 
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whereas fluorometric p-LFA correctly identified 18/19 samples (analytical sensitivity: 94.7%) 

(Figure 7.4G). 13/14 patient samples in the early stage of illness (<10 days since symptoms onset) 

were tested positive by fluorometric p-LFA (93% sensitivity), while only 7 tested positive by BD 

VeritorTM (50% sensitivity) (Table B-2). Significantly, FDA-approved BD VeritorTM antigen kit 

can only be used in negative/positive format, however, fluorometric p-LFA enabled quantitative 

detection of target analyte in patient samples (Table B-3). We also compared the quantitative 

performance of colorimetric and fluorometric p-LFA. While only 3/19 samples were quantifiable 

(above LOQ) via colorimetric p-LFA, 18/19 samples were quantifiable via fluorometric p-LFA 

(Figure 7.4H).  

To further substantiate the clinical translational potential of fluorometric p-LFAs for the 

detection of N protein, we tested 16 PCR-positive Delta B.1.617.2 variant (confirmed by gene 

sequencing) NP swab patient samples. Colorimetric p-LFA detected N protein in 7/16 Delta 

variant positive samples, of which only 3 were quantifiable. However, fluorometric p-LFA 

detected N protein in all 16 samples, of which 15 were quantifiable (above LOQ) (Figure 7.4H, 

B-26, Table B-4). We also tested 17 PCR-positive Omicron BA.1 (confirmed by gene sequencing) 

samples and observed that fluorometric p-LFA returned positive results for 16/17 Omicron 

(Figure B-27, table B-5) variant samples. All Omicron-positive patient samples were collected 

within a short duration from the onset of symptoms (1-2 days) and all, but one patient had very 

mild illness (Table B-6). These findings establish the efficacy of p-LFA in early detection of N 

protein. 

A total of 52 PCR-positive samples was tested. While only 15/52 returned positive result 

with colorimetric p-LFA, indicating 28.8% clinical sensitivity, 50/52 tested positive with 

fluorometric p-LFA (SNR > mean + 3σ), indicating 96.2% analytical sensitivity. The diagnostic 
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sensitivity of p-LFA for samples with low viral load (cycle threshold (CT) values ≥ 25) was 91.7% 

(11 out of 12) and for samples with high viral load (CT values < 25) was 97.5% (39 out of 40). 

This diagnostic sensitivity was significantly higher than those previously reported for rapid 

antigen/POC SARS-CoV-2 tests (~80% for samples with CT values < 25 and 20-40% for samples 

with CT values ≥ 25).148, 257-259  

Finally, to evaluate the specificity of p-LFA to SARS-CoV-2 N protein, we tested 19 PCR-

negative NP swab samples. The negative NP swab samples comprised a mix of healthy samples, 

and samples tested positive for seasonal coronaviruses and other respiratory viruses. All the 19 

PCR-negative samples tested negative (SNR < mean of blank + 3σ) using p-LFA, suggesting 100% 

analytical specificity to COVID-19 N protein and no cross-reactivity with different seasonal 

coronaviruses and other viruses (Figure 7.4I). These results substantiate that p-LFAs enable 

ultrasensitive, accurate, rapid, inexpensive, and point-of-care diagnosis of COVID-19 antigen and 

antibodies and thus can be a potential tool for rapidly and quantitative diagnosis of symptomatic 

and asymptomatic infections. 

7.8 Point-of-care p-LFA using an inexpensive, portable 

fluorescence scanner 

Finally, to determine the applicability of this biodiagnostic technology in POC settings, we 

validated the performance of p-LFA using a portable, inexpensive fluorescence scanner. Note that 

the Stokes shift corresponding to plasmonic-fluors is much smaller (~15 nm) than those 

corresponding to commonly employed fluorescent nanoparticles such as quantum dots and 

europium nanoparticles (100s of nm)260-261. To the best of our knowledge, no inexpensive, portable 

fluorescence scanner compatible with plasmonic-fluor is available commercially. Therefore, we 
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developed an inexpensive portable fluorescence scanner for reading p-LFA employing plasmonic-

fluors as nanolabels. The scanner prototype, with dimensions 25 x 25 x 19 cm (LxBxH), was built 

using routinely available, off-the-shelf optical components (see Methods section for detailed 

description Figure 5A, S28). The total cost of the scanner is $1429, and the most expensive 

component is the laser, which costs $919. It is worth noting that for all the measurements described 

in this work, the laser (excitation source) power was set to 1% of the maximum power to avoid 

fluorescence signal saturation. Thus, these components can be miniaturized and replaced with less 

expensive components for commercialization. Also, the portable scanner can run from a battery 

and thus can be immediately deployed in resource-limited settings. 

We fabricated full-strip LFAs with separate sample and conjugate pads along with test 

membranes and absorbent pads. The assembled strip was embedded into a standard LFA cassette 

(Figure 5B, S29). Fluorescence measurements were performed by translating the cassette using 

travel actuator along the optical system of the portable scanner in the direction of the blue arrow 

in Figure 5B. This produced trace of pixel value (signal intensity), averaged from 10 images, 

versus the travel length of the test membrane, taken in 100 µm increments (Figure 5C). 

Consequently, a valid positive result has peaks at test and control lines, and a negative result has a 

peak only at the control line. A test without a peak at the control line is considered to be an invalid 

result (Figure B-30). 

First, to compare the performance of the portable scanner with the benchtop scanner, we 

determined the minimum number of nanolabels that could be detected by each scanner. When 

serially diluted plasmonic-fluors (Figure 5D, S31) and 800CW molecular fluorophores (Figure 

B-32, S33) of known concentration were drop-casted on the test membranes, accumulations of 

~100 plasmonic-fluors were needed to produce detectable fluorescence intensity (mean of blank + 
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3σ) when measured using the benchtop scanner, and ~200 plasmonic-fluors were needed for the 

portable scanner (Figure 5D). Accumulations of ~0.6×106 molecular fluorophores (not 

plasmonically enhanced) were needed to produce detectable fluorescence intensity when measured 

using either the benchtop or portable scanner. Data acquired by the portable scanner and 

subsequent data processing methodology is discussed in detail in the supplementary information 

(Figure B-34, S35). These observations indicate nearly identical performance of the benchtop and 

portable scanners in detecting the fluorescence signal from plasmonic-fluors.  

Next, to demonstrate the POC-compatible workflow of p-LFA and compare the 

performance of the portable and benchtop scanners, we employed human IL-6 as a model analyte. 

Human IL-6 capture antibodies and sheep anti-immunoglobulin G (IgG) antibodies were printed 

on a nitrocellulose membrane to form test and control lines, respectively (Figure B-36). The LOD 

of the colorimetric IL-6 p-LFA in full strip format (Figure 5E) was calculated to be ~ 526 pg ml−1 

(Figure B-37). In contrast, the fluorometric p-LFA (Figure 5F, S38) enabled the detection down 

to 813 fg ml−1 (Figure 5G in black, five-parameter logistic fit), measured using the benchtop 

scanner. Significantly, with the portable scanner, the IL-6 p-LFA exhibited similar LOD, 916 fg 

ml−1 (Figure 5G in red, five-parameter logistic fit). The near identical performance of benchtop 

and portable scanners was further confirmed by comparing the N protein dose-response curve 

(Figure B-39-41). Note that the LOD of the full-strip LFAs is higher compared to the half-strip 

format discussed above due to the shorter time (15 min vs 20 min) and smaller analyte volume (70 

µl vs 100 µl) available for binding of the analytes to the capture antibody conjugated-nanolabels 

in the full-strip format. 
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Figure 7. 5: Validation of p-LFA using an inexpensive, portable fluorescence scanner. (A) Photograph of 

the portable fluorescence scanner. (B) Fluorescence intensities (black spheres) and area under the curve 

values (red spheres) obtained from LFA strips, drop-casted with different concentrations of plasmonic-

fluors, scanned using benchtop and portable scanners. (C) Schematic illustration of the LFA cassette 

employed in the study and the workflow of p-LFA. S, C and T correspond to the sample pad, test line and 

control line, respectively. The blue arrow represents the direction of the fluorescence measurements made 

on the LFA cassette using the portable scanner. (D) Representative positive (black) and negative (red) 

signals obtained using the portable scanner. (E) 8-bit ImageJ processed image of the full strip IL-6 

colorimetric p-LFA depicting the visual readout mode. (F) Fluorescence image of the full strip IL-6 

fluorometric p-LFA depicting the fluorescence readout mode. (G) Dose-dependent signal of 15 min IL-6 

fluorometric p-LFA measured by benchtop (black) and portable scanners (red). (H) Linear regression plot 

of IL-6 concentration in serum samples determined by fluorometric p-LFA, and measured benchtop and 

portable scanners. (I) Linear regression plot of IL-6 concentration in serum samples determined by 4 h lab-

based p-FLISA and a benchtop fluorescence scanner, compared to measurements made using 15 min 

fluorometric p-LFA and the portable scanner. (J) Linear regression plot of N protein concentration in NP 

swab samples determined by fluorometric p-LFA and measured using the benchtop and portable scanners. 
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Finally, to demonstrate the clinical translational potential and the possible POC application 

of p-LFA with the portable scanner, we tested 28 serum and 14 NP swab samples from COVID-

19 PCR-positive individuals for detection of IL-6 (Figure B-42, S43) and N protein (Figure B-

44, S45), respectively. These samples were tested by 15 min p-LFAs and measured using benchtop 

and portable scanners. Quantitative results from the benchtop and portable scanners exhibited 

excellent correlation with a Pearson’s r value of 0.97 for IL-6 (Figure 5H) and 0.94 for N protein 

concentrations (Figure 5J, Table S7). Equally important, the IL-6 concentrations determined by 

15 min p-LFA and measured by the portable scanner also exhibited excellent correlation with those 

determined by 4 h long lab-based p-FLISA (Pearson’s r value of 0.91) (Figure 5I, Table S8). 

This observation, along with the nearly identical bioanalytical parameters of the p-LFA 

standard curve generated using the benchtop and portable scanners for IL-6 and N protein, suggests 

that the sensitivity and quantitative detection ability of p-LFA is not compromised by the use of 

an inexpensive, portable fluorescence scanner. Results using this portable scanner were 

comparable to those obtained using the 4 h long, lab-based tests performed using the expensive, 

non-portable benchtop fluorescence scanner. These results highlight the simple workflow of p-

LFA and its potential for biodiagnostics in POC settings. 

7.9 Conclusions and Outlook 

In summary, plasmonic-fluors were demonstrated as a bimodal (colorimetric+fluorescent) 

reporter element for overcoming long-standing limitations of LFAs. Specifically, p-LFA 

overcomes the limited sensitivity, low accuracy, small dynamic range, and limited quantitation 

ability of LFAs compared to laboratory tests. Plasmonic-fluors produced a discernable 

fluorescence signal at densities 10000-fold lower than those needed in conventional colorimetric 

AuNPs. p-LFAs for various analytes (IL-6, SARS-CoV-2 S1 antibodies, and SARS-CoV-2 
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antigen) exhibited ~1000-fold improvement in bioanalytical parameters (LOD, LOQ and dynamic 

range) over conventional LFAs. p-LFAs offered standard-free quantitative detection with over 10-

fold better sensitivity than that of gold standard ELISA, with a much lower sample-to-answer time 

(20 min versus 4-6 hours) and similar ability to resolve molecular concentration as lab-based tests. 

p-LFAs for detection of COVID-19 antibodies and antigens present in plasma and nasopharyngeal 

swab samples achieved >95% sensitivity and 100% specificity, demonstrating clinical 

applicability. The inexpensive and portable fluorescence scanner we developed and optimized for 

reading p-LFA was as effective as the benchtop scanner we used. When applied to human 

specimens of COVID-19 positive individuals, concentrations of IL-6 and N protein measured for 

15 min p-LFAs using the benchtop and portable scanners exhibited excellent correlation with each 

other, and also with concentrations determined by lab-based 4 h p-FLISA. We believe p-LFAs are 

highly attractive for realizing POC biodiagnostics that require accurate and quantitative detection 

of bioanalytes. The technology demonstrated here can be readily adapted for the detection of other 

infectious pathogens and disease biomarkers, and can complement or even replace laboratory-

based tests for the diagnosis of pathogenic infections and other acute conditions. 

7.10 Supplementary information 

Supplementary information for chapter 7 is provided in appendix b. 
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Chapter 8: Conclusions and Outlook 

8.1 Conclusion 

 

This dissertation demonstrates strategies to solve the fundamental limitations associated 

with label-free and labelled biosensors in their applicability as POC biosensors. We demonstrate 

multiple ways to bridge the gap between laboratory-based and at-home or point-of-care (POC) 

diagnosis. At the heart of all solutions and strategies discussed lies plasmonic nanomaterials. For 

instance, in one of our proof-of-concept study, we introduces a novel plasmonic paper MN patch 

for SERS-based detection of molecules present in ISF. The plasmonic paper MN patch is 

minimally invasive, rapid, and simple-to-use. The MN patch also has the capability to perform on-

patch SERS-based detection of molecules in ISF using a paper reservoir that captures molecules 

with functionalized AuNRs. This is significant as it offers a facile two-step process as opposed 

conventional approach such as suction blister, microdialysis and open flow microperfusion cause 

significant skin trauma, which are time consuming and require expert personnel and equipment to 

perform. Thus, a plasmonic paper MN patch could be a low-cost, portable, miniature diagnostic 

device suitable for point-of-care treatment in resource-limited environments. 

Employing another unique optical property of plasmonic nanoparticles, LSPR, we 

demonstrate a simple paper-based biosensor for sensitive and quantitative detection of renal 

cancer. There are no current cost-effective high-throughput means of identifying individuals with 

RCC. Our assay could be of importance in identifying those with RCC in military bases or 

autoworker cohorts or other populations. Additionally, this assay would enable the differential 

diagnosis of imaged renal masses and could be useful in point-of-care settings such as hospital 



145 

 

radiology departments and stand-alone imaging clinics. Therefore, plasmonic paper serves as a 

simple and versatile platform for implementing plasmonic biosensors and fills critical gap in 

diagnosis of renal cancer. 

Employing LSPR-based biosensor, we introduce a solution to overcome a long-standing 

problem associated with POC biosensors – poor long-term stability and usability. We introduced 

a facile and universal method based on in situ polymerization of an organosilica layer for 

preserving the biorecognition capabilities of immobilized antibodies of the biosensor.  The 

encapsulation-based preservation method demonstrated overcomes a critical challenge in wearable 

and implantable biosensors and is expected to advance the design and implementation of wearable 

biosensors for long-term monitoring of protein biomarkers. 

In another unique demonstration of application of plasmonic nanoparticles, we 

demonstrate a novel strategy to quantitatively detect inflammatory disease burden by determining 

the concentration of collagenase in biospecimen. Traditional techniques to determine collagenase 

concentration involve resource extensive and multistep detection process which makes the whole 

procedure time consuming and tedious. For instance, current detection methods of periodontal 

disease rely on mechanical assessment of pocket depth and radiographic detection of bone 

deterioration.217 By the time the disease is diagnosed, it is often too late to reverse the condition 

making the process both laborious and not sensitive enough. We demonstrate that the collagen 

plasmonic foam offers much simpler, faster, and highly sensitive detection technique. 

Finally, in the last two chapters of this dissertation we improve the bioanalytical parameters 

of the labelled (sandwich) immunoassays, again by employing plasmonic nanoparticles. We 

introduced a simple and ultrasensitive digital fluoro-immunoassay for the detection of protein 

biomarkers. The digital assay that is implemented in standard microtiter wells relies on an 
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ultrabright fluorescent nanolabel, plasmonic-fluor, that can be imaged and counted using standard 

fluorescence microscopes.  The digital assay with a workflow that is identical to that of ELISA 

exhibited over 5000-fold lower limit-of-detection across multiple protein analytes.   As such, 

digital p-FLISA has the potential to alleviate the bottlenecks of molecular tests, including 

expensive equipment, technological expertise, and inherent difficulty to scale up.  

We demonstrate that by employing plasmonic nanomaterials we can overcome decade-

long fundamental challenges associated with the lateral flow assays, which are the cornerstone of 

POC diagnosis. We introduced plasmon-enhanced lateral flow assays which exhibited ~1000-fold 

improvement in bioanalytical parameters over conventional LFAs. p-LFAs offered standard-free 

quantitative detection with over 10-fold better sensitivity than that of gold-standard ELISA, with 

a much lower sample-to-answer time (20 min versus 4-6 hours) and similar ability to resolve 

molecular concentration as lab-based tests. We also demonstrated a complete workflow of p-LFA 

in POC and resource-limited settings by use of an inexpensive portable fluorescence scanner. 

When tested with human specimens, our 15 min p-LFA technology exhibited strong correlation 

with lab-based 4 h p-FLISA. This ascertains that p-LFAs overcome the long-standing limitations 

of LFAs – limited sensitivity, low accuracy and smaller analytical range compared to laboratory 

tests, and limited quantitation ability.  

Taken together, these advances are expected to overcome fundamental challenges 

associated with POC biosensors and offers POC diagnostic platform that outperforms standard 

laboratory tests in sensitivity, speed, dynamic range, ease of use, and cost. 

8.2 Outlook 

The plasmonic paper MN patch involves a simple, low-cost design using readily available 

materials. The MN array is fabricated from stainless steel sheets by chemical etching, which can 
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be performed in mass production for pennies per array. The paper reservoir is made of conventional 

filter paper that has high surface area, is low-cost, is biodegradable, is compatible with 

conventional printing approaches and is commonly used in paper-based sensor devices. The 

plasmonic calligraphy method controls test domain size in a simple manner by writing with a pen 

in the desired area. This method also offers the possibility for multiplexed biosensing of multiple 

biomarkers by simply ‘writing’ different test domains with plasmonic nanostructures 

functionalized to target different biomarkers of clinical significance. The manufacturing process 

is scalable due to possibility of inkjet printing of the plasmonic inks onto the paper. The next steps 

in this research include optimization of the MN patch for usability, safety and efficacy and 

development of the sensor for LSPR or SERS-based detection of biomolecules of clinical 

significance in ISF for future possible medical applications. 

Plasmonic paper serves as a simple and versatile platform for implementing plasmonic 

biosensors. Due to the high sensitivity of the assay, and lack of potential interference by 

albuminuria or hematuria, urine PLIN-2 concentrations in normal individuals could be accurately 

measured, and there was a clear difference in urine PLIN-2 concentrations among normal 

individuals, patients with bladder cancer, patients with diabetic nephropathy, and patients with a 

pathologically proven clear cell carcinoma. A limitation of the study is the small number of patients 

in this proof-of-concept analysis. A larger multicenter blinded study incorporating patients with a 

wide variety of noncancerous kidney diseases, more patients with cancerous urologic diseases, and 

many more control individuals would be necessary to validate this assay. Future prospective 

studies are needed to validate this bioplasmonic paper–based assay in population screening and to 

differentially diagnose imaged renal masses on a larger scale. 
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Polymer encapsulated antibodies on plasmonic nanostructures exhibited remarkable 

stability over multiple capture/release cycles, thus enabling refreshability of the biochips. In this 

study, we have employed a plasmonic biosensor as a transduction platform and SDS treatment as 

a method to overcome the antibody-antigen interaction. However, the encapsulation approach can 

be easily extended to other transduction platforms and other possible sensor refreshing methods.  

More specifically, although the SDS-based sensor refreshing strategy offers a rather narrow 

application window, primarily limited to implantable in the oral cavity, the polymer-based 

preservation method demonstrated here is universal and thus can be applied with other biosensors 

especially in case of wearable and implantable biosensors. 

Finally, this dissertation offers a universal solution to improve the bioanalytical parameters 

of LFA by orders of magnitude. We believe that p-LFAs are highly attractive for realizing POC 

biodiagnostics for accurate and quantitative detection of bioanalytes. The technology 

demonstrated here can be readily adapted for the detection of other infectious pathogens and 

disease biomarkers, and can complement or even replace laboratory-based tests for the diagnosis 

of pathogenic infections and other acute conditions. 
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Appendix A: Supporting Information for 

Chapter 6 

 

Figure A- 1: Image of a single plasmonic-fluor collected using an epifluorescence microscope using a 20x 

objective along with line-scan to measure the change in the mean intensity of plasmonic-fluor with respect 

to that of background. 
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Figure A- 2: FLISA of human IL-6 performed using quantum dots (QDs). Fluorescence intensity vs. 

concentration plot for FLISA calculated from (A) 20x images and (B) 60x images, n=2. C) 20x and 60x 

epifluorescence microscopic images of FLISA using quantum dots. 

 

Figure A- 3: (A) Schematic illustration of the digital p-FLISA of spike protein in SARS-CoV-2 virion. (B) 

Epifluorescence microscopic images of digital p-FLISA of SARS-CoV-2 virion. n=2 (5 images per well). 
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Figure A- 4: Analog vs. digital plasmonic-FLISA (p-FLISA) of SARS-CoV-2 virion. (A) Schematic 

illustration of the experiment. (B) Fluorescence image and fluorescence intensity vs. concentration plot for 

p-FLISA. n=2. (C) Particle count vs. concertation plot of digital p-FLISA and (D) epifluorescence 

microscopic images of digital p-FLISA of SARS-CoV-2 virion. n=2 (5 images per well). Analog p-FLISA 

R2= 0.9964, digital p-FLISA R2= 0.9986. 

 

Figure A- 5: Analog vs. digital plasmonic-FLISA (p-FLISA) of recombinant spike protein (S-protein). (A) 

Schematic illustration of the experiment S protein. (B) Fluorescence intensity vs. concentration plot for S 

protein analog p-FLISA. n=2. (C) Particle count vs. concentration plot of S protein digital p-FLISA. n=2 

(5 images per well). Analog p-FLISA R2= 0.9991, digital p-FLISA R2= 0.9994. 
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Figure A- 6: Optimization of N protein capture and detection for implementation in p-FLISA. (n=2) 

Dilution factors tested are mentioned in the table. 

 

Figure A- 7: ELISA of recombinant nucleocapsid protein in SARS-CoV-2 

 

 

Figure A- 8: Analog vs. digital plasmonic-FLISA (p-FLISA) of nucleocapsid protein in SARS-CoV-2 

virion. (A) Fluorescence intensity vs. concentration plot for p-FLISA. n=2. (B) Particle count vs. 

concertation plot of digital p-FLISA. n=2 (5 images per well). Analog p-FLISA R2= 0.9795, digital p-

FLISA R2= 0.9976. 
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Figure A- 9: Analog vs. digital plasmonic-FLISA (p-FLISA) of recombinant nucleocapsid protein in UTM. 

A) Fluorescence intensity vs. concentration plot for p-FLISA. n=2. B) Particle count vs. concertation plot 

of digital p-FLISA. n=2 (5 images per well). Analog p-FLISA R2= 0.9950, digital p-FLISA R2= 0.9978. 

 

Figure A- 10: S protein in PCR-positive and PCR-negative human swabs and saliva. 
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Figure A- 11: Receiver operating characteristic curve for N protein digital pFLISA. 
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Appendix B: Supporting Information for 

Chapter 7  

Human IL-6 enzyme-linked immunosorbent immunoassay 

Human IL-6 ELISA was carried out according to the procedure mentioned in DuoSet 

ELISA kit manual. Specifically, wells were first coated with 100 µl 2 µg ml−1 (in 1X PBS) of 

capture antibodies via overnight incubation at room temperature. Next for blocking, 300 µl of 

reagent diluent (1X PBS containing 3% BSA, 0.2 µm filtered) was incubated in wells for minimum 

of 1 h. Next, 100 µl of serially diluted standard samples were incubated for 2 h, followed by 

incubation of 100 µl 50 ng ml−1 biotinylated detection antibodies for 2 h. Next, 100 µl of 

streptavidin labelled horseradish peroxidase (200-fold diluted using reagent diluent) was incubated 

for 20 min, followed by incubation of 100 µl of substrate solution, 1:1 mixture of color reagent A 

(H2O2) and B (tetramethylbenzidine) (R&D Systems, DY999) for 20 min. The reaction was 

stopped by addition of 50 µl 2N H2SO4 (R&D Systems, DY994) and immediately after the optical 

density at 450 nm was measured using a microplate reader. 

Biotinylation of anti-human IgG 

Using EDC–NHS chemistry, antibodies were conjugated with biotin. First NHS-PEG4-

biotin solution was prepared by addition of 170 µl of nanopure water in 2 mg of NHS-PEG4-biotin 

(Thermo Scientific, 21329). Next, mixture of 1 ml 2 mg ml−1 of anti-human IgG (Rockland, 609-

4617) in 1X PBS and 30 µl NHS-PEG4-biotin solution were incubated at room temperature for 
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1 h. Biotinylated anti-human IgG was purified by 7,000 MWCO desalting column (Thermo 

Scientific, 21329).  

Biotinylation of N protein detection antibody 

Using EDC–NHS chemistry, N protein detection antibodies were conjugated with biotin. 

First NHS-PEG4-biotin solution was prepared by addition of 170 µl of nanopure water in 2 mg of 

NHS-PEG4-biotin (Thermo Scientific, 21329). Next, mixture of 400 µl of as received N protein 

detection antibody (SinoBiologicals, 40143-R004) in 1X PBS and 5 µl NHS-PEG4-biotin solution 

were incubated at room temperature for 1 h. Biotinylated N protein detection antibody was purified 

by 7,000 MWCO desalting column.  

Antibody conjugation on plasmonic-fluor 

Streptavidin-conjugated plasmonic-fluor (40 µl, extinction 32) was added to 50 µl of 4.5 

µg/ml biotinylated anti-human IgG and biotinylated detection antibody for N protein at room 

temperature. The solution was incubated for 0.5 h and washed thrice with pH 10 water. For 

washing conjugated plasmonic-fluor was centrifuged at 6,000 rpm (2800 g) for 10 minutes. 

Finally, the pellet was resuspended in 1% BSA in 1x PBS and stored in 4 C for further use in 

immunoassays. 

RMC calculations 

The RMC is a recently introduced bioanalytical parameter that helps in determining 

whether the signal of an unknown concentration µx can be distinguished from the signal of a 

certain concentration, x, at a certain confidence level for a 2-sided t-test.251  A molecular assay can 

be considered ‘good’ if it can resolve <100% changes in the concentration of analyte along a 
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clinically meaningful concentration range. In other words, the RMC (µ) should be below 2 over 

the desired concentration range.251 In our case, we defaulted to the 99% confidence interval to 

determine the range of concentration for which µ is below 2. This stringent criteria in determining 

the RMC of p-LFA helps us in identifying the working concentration of the p-LFA in a standard-

free manner with 99% certainty. 

For example, a µ value of 1.4511 at x = 2.47 pg/mL (Figure B-47) would mean that at 2.47 

pg/mL, p-LFA can distinguish 45.11% change (i.e. 2.47 to 3.58 pg/mL) in concentration with 99% 

confidence. Furthermore, since the concentration range over which µ < 2 is 0.1292–86.08 pg/mL, 

IL-6 p-LFA can distinguish the signal corresponding to any two concentrations that differ by at 

least 100% within that range with at least 99% confidence. We also evaluated the µ < 5 range 

(0.0281–180.979 pg/mL) because our dose responses were performed with 5-fold serial dilutions 

and this measurement gives another point of evaluation for comparison of assay performance of 

p-LFA, p-FLISA, and ELISA (Figure B-47). 

To calculate the RMC, we first fitted our dose response data with the following Langmuir 

Binding Isotherm function for a signal-on assay using OriginPro’s function builder: 

𝑆(𝑥) = (𝑆𝑚𝑎𝑥 − 𝑆0)
𝑥

𝑥 + 𝐾𝐷
+ 𝑆0 

Next, we calculated the RMC values and parameters according to the equations mentioned 

below:251 

𝑍

√3
=

|𝑆(𝜇𝑥) − 𝑆(𝑥)|

√(𝜎𝑠(𝑥))
2 + (𝜎𝑠(𝜇𝑥))

2
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where is determined via following error propagation equation: 

𝜎𝑠
=√∑ (

𝜕𝑆

𝜕𝑐𝑖
𝜎𝑐𝑖

)2𝑛
𝑖=1

  where ci = {Smax, S0, KD} 

Z is the critical value and is equal to 4.604 for a 2-sided t-test with 4 degrees of freedom 

corresponding to a 99% confidence interval. 

RMC calculations were then performed via Python3. Our code outputs an excel file with x 

(concentration in the same units as original dose response) values, their corresponding µ values 

with an insignificant ± 0.0008 units of uncertainty. The minimum µ value and the range where µ 

is under 2 and 5, are printed in the Python3 shell. The uncertainty in µ comes from how our code 

solves the RMC equation implicitly by incrementing µ by 0.0004 units to estimate what µ value 

equals the constant on the left side of the equation. NumPy262 and Matplotlib263 packages were 

used to aid these calculations. The Python3 Code for RMC can be found at 

https://github.com/seanwangsalad/PythonRMC. 

Data processing on the data acquired by portable scanner: 

The portable fluorescence scanner outputs each data point in the form of the average pixel 

value (signal intensity) versus the travel length of LFA strip through the scanner by 100 µm 

increments. Subsequently, Python3 was used to perform baseline correction, a process that 

normalizes the data and separates the true fluorescence signals from the background noise. This 

correction was performed by using the iModPoly algorithm264 followed by another correction with 

the Mixture Model algorithm265, which were both provided in the pybaselines package (GitHub 

Repository: https://github.com/derb12/pybaselines). For ease of data processing, the first 25 data 

points were truncated as the test/control lines were printed from x=60 to 150 (6 to 15 mm). 

https://github.com/seanwangsalad/PythonRMC
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Truncated regions are represented with 0 signal intensity. For example, in Figure B-32, the region 

of 0-2.5 or 0-25 data points were set to 0. 

After baseline correction, relevant/key local minima and maxima were calculated. Since 

the test line was printed at around 11 mm along the LFA strip, the largest maxima nearest to this 

point is chosen as the signal’s apex. Subsequently, 2 local minima based on the mean of the pairs 

that were closest to that maximum were chosen. The centroid of these 3 points estimates the center 

of the test line’s signal area. These calculations were aided by NumPy262 and SciPy packages266. 

In addition, Matplotlib was used to generate all representations.263 

Data processing for LFA strip drop-casted with known concentrations of nanolabels: To find 

the total signal produced by the test line, integration of the signal intensity curve within a range of 

±2.5mm (plasmonic-fluor) or ±2.0mm (molecular fluorophore, 800CW) from the centroid was 

implemented. These ranges were determined by the range that the highest concentration of drop-

casted nanolabels encompassed (Figure B-32 and 33). For all further tests we used the same range 

for signal integration. As representative examples of data processing in Figure B-32 and 33 we 

show the original and corrected processed data for low and high concentrations, (~106 and ~ 103 

for plasmonic-fluors and ~1011 and ~ 106 for molecular fluorophores) and blank data points 

corresponding to plasmonic-fluor and molecular fluorophore nanolabels, respectively. 

Data processing for p-LFA strip subjected to standard target analyte: p-LFA strips contain 

both test line and fluorometric control line are expected to exhibit either one or two peaks: a 

positive reading will result in two peaks and a negative result would result in one peak occurring 

at the control line. In both cases, our code automatically truncates the data corresponding to the 

region where the control line is printed (x > 125 data points or > 12.5 mm) before baseline 
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correction and integration. However, if a test were to have no signal at the control line, our code 

will report it as an invalid test result. As an example, please refer to Figure B-38 and 40 which 

show the above-described truncation process of the data acquired from p-LFA strip exposed to 

known concentration of IL-6 and N protein, respectively. 

Data processing for p-LFA strip subjected to patient samples: Data processing for p-LFA strips 

subjected to patient samples use the same methods described above. However, due to the varying 

amount of non-specific proteins or debris in the patient samples, there may be varying background 

signal that can interfere with baseline correction. For example, in case of Figure B-45, if there is 

signal downstream of the test line that is greater than 50% of the test line, the code will truncate 

the region after the printed test line (x > 125 data points or > 12.5 mm) before baseline correction 

and integration as shown in Figure B-45. 

The code for the software can be found at: 

https://github.com/seanwangsalad/AreaUnderCurveForLFAReader. 

https://github.com/seanwangsalad/AreaUnderCurveForLFAReader.
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Figure B- 1: Visible-NIR extinction spectra of streptavidin functionalized AuNPs (black) and plasmonic-

fluors (red). 

 

 

Figure B- 2: (A) Digital photograph of a strip drop-casted with different concentrations of AuNPs. (B) 8-

bit ImageJ processed image.  
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Figure B- 3: (A) Digital photograph of the strip drop-casted with different concentrations of plasmonic-

fluors. (B) 8-bit ImageJ processed image. (C) Corresponding fluorescence image of the nitrocellulose 

membrane. 

 

Figure B- 4: Mean gray values obtained from nitrocellulose membrane drop-casted with 

different concentrations of AuNPs (black) and plasmonic-fluors (red).  
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Figure B- 5: Schematic representation of (A) biotin-streptavidin lateral flow assay and (B) corresponding 

work-flow of p-LFA. 

 

Figure B- 6: (A) Image of the LFA strips (after Image J processing), with different concentrations of BSA-

Biotin as capture spot, after exposure to the same concentration of streptavidin as target analyte and biotin-

functionalized AuNPs. (B) Corresponding mean gray values as a function of BSA-Biotin concentration.  
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Figure B- 7: (A) Fluorescence image of the LFA strips, with different concentrations of BSA-Biotin as 

capture spot, after exposure to the same concentration of streptavidin as target analyte and biotin-

functionalized plasmonic-fluors. (B) Corresponding fluorescence intensity as a function of BSA-Biotin 

concentration. 

 

Figure B- 8: (A) 8-bit ImageJ-processed image of the nitrocellulose membranes with the same 

concentration of BSA-Biotin concentration after exposure to different concentrations of biotin 
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functionalized AuNPs, and identical concentrations of streptavidin as target analyte. (B) Corresponding 

mean gray values as a function of AuNP concentrations. 

 

Figure B- 9: (A) Fluorescence image of LFAs with the same concentration of BSA-Biotin concentration 

after exposure to different concentrations of biotin functionalized plasmonic-fluors, and identical 

concentrations of streptavidin as target analyte. (B) Corresponding fluorescence intensity as a function of 

plasmonic-fluors concentration. 
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Figure B- 10: 8-bit ImageJ processed images of nitrocellulose membranes corresponding to (A) AuNPs-

based streptavidin-biotin LFA and (B) streptavidin-biotin p-LFA depicting the visual or colorimetric 

readout mode.  

 

Figure B- 11: Dose-dependent mean gray values obtained from nitrocellulose membrane corresponding to 

different concentrations of streptavidin acquired from (A) AuNP-based and (B) plasmonic-fluor-based 

biotin-streptavidin LFA. 
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Figure B- 12: (A) Fluorescence image of the nitrocellulose membranes corresponding to streptavidin-biotin 

p-LFA strips depicting fluorometric readout mode. (B) Dose-dependent mean gray values obtained from 

nitrocellulose membrane corresponding to different concentrations of streptavidin acquired from 

streptavidin-biotin p-LFA.  

 

Figure B- 13: Schematic representation of IL-6 plasmonic-fluor-based lateral flow assay. 

 

Figure B- 14: Dose-dependent fluorescence intensity values obtained from nitrocellulose membrane 

corresponding to different concentrations of IL-6 standards acquired from molecular fluorophore-based 

LFA. 
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Figure B- 15: Dose-dependent mean gray values obtained from nitrocellulose membrane corresponding to 

different concentrations of IL-6 standards acquired from (A) AuNP-based and (B) plasmonic-fluor-based 

IL-6 LFA. 

 

Figure B- 16: Schematic representation of (A) ELISA and (B) p-FLISA. (Bottom) Dose-dependent 

fluorescence intensity maps acquired by p-FLISA for different IL-6 concentrations.  
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Figure B- 17: (A) Dose-dependent fluorescence intensities and optical densities, corresponding to different 

IL-6 concentrations in plasmonic fluor-linked immunosorbent assay (p-FLISA, black circles) and standard 

ELISA (red circles), respectively, implemented on a microtiter plate, performed in 4 h. (B) Dose-dependent 

mean gray values obtained from nitrocellulose membrane corresponding to different concentrations of IL-

6 standards acquired from IL-6 p-LFA strips drop-casted with different capture antibody concentrations. 

(C) Fluorescence intensity obtained for blank and 320 fg/ml human IL-6 standard concentrations from p-

LFA strips as a function of capture antibody concentration. 

 
Figure B- 18: (A-D) Dose-dependent signal-to-noise ratio of multiple IL-6 p-LFA standard curves 

generated on different dates. (E) Overlaid dose-dependent signal-to-noise ratio of different standard curves 
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depicting minimal deviation from one another. (F) Dose-dependent signal-to-noise ratio obtained by taking 

the average values from all four standard curves and its bioanalytical parameters. Error bars in figure F 

represent standard deviations from 8 different samples. 

 

Figure B- 19: (A) Overlaid dose-dependent signal-to-noise ratio of different standard curves depicting 

minimal deviation from one another. (B) Resolution of molecular concentration (RMC) curves for four 

different standard curves. 

 

Figure B- 20: Multiple IL-6 standard curves were generated and samples with varying IL-6 concentrations 

(0.5 pg ml−1 to 62.5 pg ml−1) were tested in standard-free manner. Their experimental concentrations were 

determined using each standard curve, and deviation from actual concentration was calculated. (A) Samples 

were tested in duplicates in standard-free manner and for each test, experimental values were determined 

using 4 standard curves, thus, 8 data points corresponding to each concentration are plotted in the box plot. 

(B) Deviation in the average experimental values of the samples corresponding to each standard curve. 

Center line is median; center square is mean; box limits are first and third quartile which are 25% and 75% 

respectively; 1.5 times of interquartile range is defined by cross marks; the upper whisker is the first number 
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that is less than upper quartile + 1.5 times of inter quartile range; Outliers are the data points located outside 

the 1.5 times of interquartile range. 

 

Figure B- 21: Dose-dependent mean gray values obtained from nitrocellulose membrane corresponding to 

different concentrations of SARS-CoV-2 S1 antibody solutions acquired from (A) AuNP-based and (B) 

plasmonic-fluor-based SARS-CoV-2 antibody LFA. 

 

Figure B- 22: Dose-dependent signal-to-noise ratio of (A) colorimetric and (B) fluorometric p-LFA for 

detection of N protein. (C) Dose-dependent optical density corresponding to different concentrations of N 

protein in ELISA. (D) Dose-dependent fluorescence intensity corresponding to different concentrations of 
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N protein in plasmonic-fluor linked immunosorbent assay (p-FLISA). (C and D) Both the assays were 

implemented on microtiter plate and the sample-to-answer time was 4 h. 

 

Figure B- 23: N-protein signal-to-noise ratio in PCR-positive Delta B.1.617.2 variant NP swab samples 

determined by colorimetric p-LFA (gray bars) and fluorometric p-LFA (black bars). 

 

Figure B- 24: N-protein signal-to-noise ratio in PCR-positive Omicron BA.1 variant NP swab samples 

determined by colorimetric p-LFA (gray bars) and fluorometric p-LFA (black bars). 
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Figure B- 25: Photograph of the portable fluorescence scanner for different angle. The size of the scanner 

is 25 cm x 25 cm x 19 cm (LxBxH). 

 
Figure B- 26: Photographs of LFA cassette employed in the study. S, C and T corresponds to the sample 

pad, test line and control line, respectively. Representative photographs of LFA cassette displaying (A) 

positive and (B) negative result from p-LFA strips with colorimetric control line. Representative 

fluorescence images of the p-LFA strips displaying (C) positive and (D) negative result from p-LFA strips 

with fluorometric control line. 

 

Figure B- 27: Representative invalid tests obtained using the portable scanner. If a test has no signal at the 

control line, it is reported as an invalid test. 
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Figure B- 28: Fluorescence images of the LFA strips drop-casted with 0.5 µl of different numbers of 

plasmonic-fluors (mentioned in parenthesis). 

 

Figure B- 29: Fluorescence images of the LFA strips drop-casted with 0.5 µl of different concentrations of 

molecular-fluorophores (mentioned in parenthesis). 

 

Figure B- 30: (A) Fluorescence intensities and (B) area under the curve values obtained from LFA strips, 

drop-casted with different concentrations of molecular fluorophores, when scanned using benchtop (LI-

COR) and portable scanner, respectively. 
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Figure B- 31: Representative examples of data processing conducted on data acquired by portable scanner 

from LFA strips drop-casted with (A, B) ~106 and (C, D) ~103 number of plasmonic-fluors, and (E, F) 

1XPBS (blank).  
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Figure B- 32: Dose-dependent mean gray values obtained from test line of the nitrocellulose membrane 

corresponding to different concentrations of IL-6 solutions acquired from plasmonic-fluor-based IL-6 LFA. 

 

Figure B- 33: (A) Dose-dependent fluorescence images of the nitrocellulose membrane corresponding to 

different concentrations of N protein solutions acquired from plasmonic-fluor-based N protein LFA and 

measured by (B) benchtop scanner and (C) portable scanner. 
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Figure B- 34: Schematic illustration of the full strip IL-6 p-LFA employed for the quantitative detection 

of IL-6 in the serum of COVID-19 positive (PCR confirmed) individuals. 

 

Figure B- 35: Schematic illustration of the full strip N protein p-LFA employed for the quantitative 

measurement of N protein concentration present in the nasal swab samples of COVID-19 positive (PCR 

confirmed) individuals.  
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Figure B- 36: Schematic illustration of experiment designed to understand the enhancement of fluorescence 

signal using plasmonic-fluors compared to conventional fluorophores. 

 

Figure B- 37: RMC curves for ELISA, p-FLISA and p-LFA calculated via equations listed in 

supplementary information. The blue dashed line indicates the RMC cutoffs that can be used to determine 

the quantitative performance of the assay over a certain range of concentrations. The relevant RMC 

parameters are listed in Table B-1. 
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Figure B- 38: Schematic illustration of assembly of LFA components. The prepared sample pad, conjugate 

pad, membrane, and adsorption pad were then assembled with a 2 mm overlap between each pad and cut 

to strips with a width of 3mm using a strip cutter.  

 

Table B- 1: RMC function and bioanalytical parameters of human IL-6 ELISA, p-FLISA and p-LFA to 

compare the performance of the assays in terms of their ability to resolve  

Parameter ELISA p-FLISA p-LFA 

μmin 1.46 1.56 1.45 

Concentration at μmin (pg ml–1) 83.43 1.99 2.47 

Range of μ < 2 (pg ml–1) 6.71–900.9 0.1–184.1 0.13–86.08 

Range of μ < 5 (pg ml–1) 1.42–1762 0.02–463.8 0.03–181 

Limit-of-detection (pg ml–1) 2900 0.016 0.093 

Limit-of-quantitation (pg ml–1) 9100 0.058 0.298 

 

Table B- 2: Details of the 19-PCR positive patient samples. 

Sample 

# 
Age Comorbidities* 

Duration of 

symptoms 

(days) 

Symptoms 

Radiographic 

findings at 

diagnosis/testing:  

Chest X-ray 

Severity/Critical 

illness/ Intensive care 

requirement 
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(CXR) or 

Computed 

Tomography 

(CT) imaging 

S1 33 Asthma 4 

Chest pain and 

constipation- 

nonspecific 

symptoms. 

clear lungs nil 

S2 57 none 7 

Shortness of 

breath, Hypoxic 

Treated with 

remdesivir 

Bilateral (b/l) 

interstitial 

infiltrates s/o viral 

pneumonia 

nil 

 

S3 49 none 14 

Flu like 

symptoms 2 

weeks ago. 

CT chest : 

Interstitial 

thickening and 

parenchymal 

infiltrates 

nil 

S4 59 none 3 

Cough malaise, 

Shortness of 

breath x 3 days, 

Hypoxia+ 

b/l lower lobe 

infiltrates. 

ICU admit for seizure 

unrelated to COVID 

 

S5 62 COPD 2 
Shortness of 

breath. 
clear lungs nil 

S6 77 HTN, CKD 1 
Shortness of 

breath. 

b/l lower lobe 

infiltrates 

Non – invasive 

ventilation, ICU admit 

S7 27 Psychosis asymptomatic 

None.  COVID 

PCR + 2 weeks 

prior 

clear lungs nil 

S8 55 
HIV (poorly 

controlled) 
14 

Cough, 

Shortness of 

breath 2 weeks. 

Hypoxia+ 

left lower 

pneumonia 
nil 

S9 53 ESRD, DM 2 

Shortness of 

breath, Fever, 

Loss of taste. 

b/l diffuse 

interstitial opacity 
nil 
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S10 37 none asymptomatic 

Presurgical 

screening. 

Tibial fracture 

clear lungs nil 

S11 71 DM 3 

Loss of taste, 

Malaise, 

Shortness of 

breath 

Patchy 

consolidation b/l 
nil 

S12 41 DM 3 

Chest pain- 

diagnosed as 

costochondritis. 

clear lungs nil 

S13 58 DM 3 
Flu like illness, 

fever, myalgia 
clear lungs nil 

S14 69 DM, CAD 3-5 
Few days flu 

like symptoms, 

b/ll diffuse 

interstitial 

opacities 

ICU admit 

Ventilated for hypoxic 

respiratory failure. 

Died 

S15 44 none 14 

Cough, 

Shortness of 

breath for 2 

weeks 

clear lungs nil 

S16 70 none 2 

Fever, Cough, 

Shortness of 

breath 

b/l mild 

interstitial 

opacities 

nil 

S17 61 HTN 6 

Cough, 

Shortness of 

breath 

b/l 

interstitial and 

airspace opacities 

nil 

S18 42 
Obesity 

CHF 
2 

Shortness of 

breath, cough, 

diarrhea, and 

myalgias 

Multifocal PNA 

ICU admit. Increase 

from home vent 

settings 

S19 47 COPD 7 
Shortness of 

breath. 
clear lungs nil 
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*DM= diabetes mellitus, COPD= chronic obstructive pulmonary disease, ESRD = End stage renal 

disease, HIV= human immunodeficiency virus infected, CHF= congestive heart failure, CAD 

coronary heart disease 

Table B- 3: Results of the 19 PCR-positive patient samples (wild type SARS-CoV-2) tested by fluorometric 

and colorimetric p-LFA, and commercial antigen test (BD veritorTM). Table also lists the N protein 

concentration of these samples obtained from fluorometric p-LFA demonstrating its quantitative analysis 

ability. 

Sample # 

CT value 

(average of 

2 tests)  

p-LFA fluorometric 

result (concentration in 

ng/ml) 

P-LFA colorimetric 

result (concentration in 

ng/ml) 

FDA-approved BD 

veritorTM (commercial 

antigen kit) result 

S1 40.7 Positive (20.58) Negative Negative 

S2 19.2 Positive (5.75) Negative Positive 

S3 27.9 Positive (58.93) Positive (below LOQ) Negative 

S4 30.5 Negative Negative Negative 

S5 42.8 Positive (54.72) Positive (below LOQ) Negative 

S6 22.6 Positive (6.93) Negative Positive 

S7 39.5 Positive (4.93) Negative Negative 

S8 21.8 Positive (856) Positive (570.6) Positive 

S9 18.2 Positive (222) Positive (292.3) Positive 

S10 36.3 Positive (1.49) Negative Negative 

S11 18.8 Positive (2.45) Negative Positive 

S12 39.5 Positive (213.9) Positive (268.6) Negative 

S13 20.7 Positive (73.12) Positive (below LOQ) Positive 

S14 23.8 Positive (160.3) Positive (below LOQ) Negative 

S15 32.7 Positive (8.09) Negative Negative 

S16 29.3 Positive (112.6) Positive (below LOQ) Negative 
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S17 27.8 Positive (2.31) Negative Positive 

S18 23.5 Positive (27.47) Negative Positive 

S19 42.3 Positive (7.1) Negative Negative 

 

Table B- 4: Results of the 16 PCR-positive Delta B.1.617.2 variant samples (confirmed by gene 

sequencing) tested using fluorometric and colorimetric p-LFA. Table also lists the N protein concentration 

of these samples obtained from fluorometric p-LFA demonstrating its quantitative analysis ability. 

Sample # CT value 1 CT value 2 
p-LFA fluorometric result 

(concentration in ng/ml) 

p-LFA colorimetric result 

(concentration in ng/ml) 

D1 20.26 20.09 Positive (44.63) Negative 

D2 22.5 24.3 Positive (358.6) Positive (299.3) 

D3 24.8 26.8 Positive (367.5) Positive (233.9) 

D4 25.02 25.15 Positive (1.81) Negative 

D5 22.6 24.3 Positive (348.1) Positive (268.2) 

D6 23.1 24.8 Positive (2.51) Negative 

D7 20.7 22.5 Positive (135.7) Positive (below LOQ) 

D8 18.4 20.1 Positive (63.17) Positive (below LOQ) 

D9 13.3 14.2 Positive (43.56) Negative 

D10 17.98 18.17 Positive (124.5) Positive (below LOQ) 

D11 15.25 15.17 Positive (3.18) Negative 

D12 18.86 18.85 Positive (2.66) Negative 

D13 22.56 22.23 Positive (29.39) Negative 

D14 15.24 15.08 Positive (below LOQ) Negative 

D15 17.59 16.95 Positive (120) Positive (below LOQ) 
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D16 15.9 15.44 Positive (19.05) Negative 

 

Table B- 5: Results of the 17 PCR-positive omicron BA.1 samples (confirmed by gene sequencing) tested 

using fluorometric and colorimetric p-LFA. Table also lists the N protein concentration of these samples 

obtained from fluorometric p-LFA demonstrating its quantitative analysis ability. 

Sample # CT value 1 CT value 2 
p-LFA fluorometric result 

(concentration in ng/ml) 

p-LFA 

Colorimetric Result 

O1 19.22 19.19 Positive (3.74) Negative 

O3 
18.32 17.45 

Invalid test (control line was not 

visible) 
Negative 

O4 19.59 19.28 Positive (1.76) Negative 

O5 18.51 18.25 Positive (below LOQ) Negative 

O6 17.71 17.54 Positive (below LOQ) Negative 

O7 18.81 18.42 Positive (below LOQ) Negative 

O8 20.04 19.98 Positive (below LOQ) Negative 

O9 18.56 18.17 Positive (below LOQ) Negative 

O10 19.08 18.28 Positive (below LOQ) Negative 

O12 18.93 18.53 Positive (2.35) Negative 

O13 19.11 18.51 Positive (2.2) Negative 

O14 18.69 18.42 Positive (below LOQ) Negative 

O15 20.22 19.66 Positive (0.99) Negative 

O16 20.41 19.84 Positive (2.54) Negative 

O17 18.77 18.2 Positive (below LOQ) Negative 

O18 17.94 17.53 Positive (0.99) Negative 

O19 19.97 19.95 Positive (1.13) Negative 

O20 18.2 17.71 Positive (2.71) Negative 
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Table B- 6: Details of 17 PCR-positive omicron BA.1 samples (confirmed by gene sequencing). 

 

 

 

Sample 

# 

Age Comorbidities* 

Duration 

of 

symptoms 

(days) 

Symptoms 

Radiographic 

findings at 

diagnosis/testing:  

Chest X-ray 

(CXR) or 

Computed 

Tomography 

(CT) imaging 

Severity/Critical 

illness/ Intensive 

care 

requirement 

S1 
82  2 

Cough, Runny 

nose 
NA No 

S3 
34  2 

Fever, Runny 

nose 
NA No 

S4 
35  1 

Sore throat, 

Diarrhea 
NA No 

S5 
30  2 

Fever; Cough; 

Muscle Aches 
NA No 

S6 
52  1 

Cough, Sore 

throat 
NA No 

S7 
38  2 

Fever,Cough,Sore 

throat 
NA No 

S8 57  1 Fever, Cough NA No 

S9 50  1 Cough NA No 

S10 
26  2 

Chills, Nasal 

Congestion 
NA No 

S12 

28  2 
Cough Headache, 

Nasal congestion 
NA No 

S13 
63  1 

Headache, Nasal 

congestion 
NA No 
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S14 
51  1 

Fever, Runny 

nose 
NA No 

S15 39  1 Cough CXR : Normal No 

S16 
27  1 

Cough, Sore 

throat 
NA No 

S17 
46  1 

Cough, Sore 

throat 
NA No 

S18 
25  2 

Cough, Fever, 

Muscle aches 
NA No 

S19 

81 
ESRD Lung 

cancer 
2(9) Cough,Dyspnea 

CXR: Multifocal 

Pneumonia 

Moderate disease 

(tested 9 days 

ago negative) 

S20 
30  2 

Headache, Nasal 

congestion 
NA No 

 

Table B- 7: N protein concentration determined by p-LFA strips and measured by portable and benchtop 

scanner. 

Sample # 

N protein conc. determined by p-

LFA and measured by portable 

scanner 

N protein conc. determined by p-LFA 

and measured by benchtop scanner 

S3 36.09 55.62 

S5 41.65 51.81 

S8 216 259 

S9 184.3 201.1 

S12 154.6 197.2 

S13 67.18 62.12 

S14 101.2 154.9 

D2 268.6 325.5 
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D3 253.7 329.5 

D5 267.7 315.1 

D7 138 113.7 

D8 105.8 53.26 

D10 97.9 112.6 

D15 129 110.9 

 

Table B- 8: IL-6 concentration determined by p-LFA strips and measured by portable and benchtop 

scanner; and determined by p-FLISA and measured by benchtop scanner. 

Sample # 

IL-6 conc. (pg/ml) 

determined by p-LFA 

and measured by 

portable scanner 

IL-6 conc. (pg/ml) 

determined by p-LFA and 

measured by benchtop 

scanner 

IL-6 conc. (pg/ml) 

determined by p-FLISA and 

measured by benchtop 

scanner 

1 213.5 245.5 359.5 

2 65.54 88.3 46.97 

3 125.2 99.79 108.8 

4 18.57 28.96 8.75 

5 12.72 16.74 1.61 

7 39.31 29.11 33.87 

8 66.75 52.13 161 

9 66.96 80.88 24.94 

10 55.65 75.74 69.25 

11 58.93 42.50 82.95 

12 58.95 52.89 60.21 
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13 87.02 48.71 51.89 

14 11.66 7.31 60.07 

15 30.07 45.16 34.47 

17 56.75 46.51 63.01 

18 19.92 29.5 28.35 

19 326.6 383.4 17.31 

21 489.3 337.5 549.4 

22 953.2 1046 1003 

23 302.4 379.2 119.9 

24 36.24 27.91 61.91 

25 602.1 749.5 746.3 

26 168 198.9 125.2 

27 101.4 67.92 97.06 

28 61.73 45.75 12.01 

29 56.98 41.42 99.58 

30 70.45 101.7 16.73 

32 348.3 293.1 516.5 
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