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Ultrasensitive detection and quantification of soluble, secreted and cell surface-bound proteins is 

critical for advancing our understanding of cellular systems, enabling effective drug 

development, novel therapies, and bio-diagnostics. However, exiting technologies are largely 

limited by their sensitivity, making the detection and quantification of low-abundant proteins 

extremely challenging. This forms a major barrier in various fields of biology and biomedical 

sciences.   

In this work, we introduce novel cellular analysis methodologies based on plasmon-enhanced 

fluorescence for analyzing cell structure and probing surface and secreted proteins from cells.  In 

the first part, we introduce plasmon-enhanced expansion microscopy and demonstrate the 

effectiveness of employing an ultrabright plasmonic nanolabel in probing hippocampal neurons 
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and quantifying the morphological markers at high resolution.  In the second part of this thesis, 

we introduce plasmon-enhanced FluoroDOT assay for ultrasensitive detection of cell secreted 

proteins.  The plasmonic nanolabels enabled significantly improved signal-to-noise ratio 

compared to conventional fluorophores, therefore enabling detection and quantification of cell 

secreted proteins at extremely low concentrations of chemical or biological stimuli.  In the third 

part, we establish plasmon-enhanced flow cytometry as a novel methodology to probe and 

analyze cellular surface proteins, enhancing the sensitivity of the approach in delineating cell 

populations with different protein levels.  Overall, we establish the proof-of-concept for various 

plasmon-enhanced cellular analysis and biodetection methods that can be potentially useful in 

advancing the field of biological and biomedical sciences. 
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Chapter 1: Introduction 
.  

1.1 Background and motivation 

1.1.1 Plasmon-enhanced fluorescence  

Fluorescence-based bio-detection technologies are one of the most widely used methodologies 

employed for understanding biological systems including biomolecules, sub-cellular organelles, 

cells, and tissues.1  For example, fluorescence-based methodologies such as immunoassay, 

immunofluorescence, fluorescence in-situ hybridization, expansion microscopy, flow cytometry, 

etc. are routinely employed in a wide range of biological and life science studies.1-4  Although 

broadly applied, conventional molecular fluorophores often suffer from weak fluorescence signal 

and poor stability.  Therefore, designing ultrabright fluorescent nanolabels that are compatible 

across multiple biodetection platforms will transform the field of fluorescence-based 

technologies for biomedical applications.  

Owing to their unique optical properties, metal nanostructures are known to greatly enhance the 

fluorescence emission from organic and inorganic emitters that are in proximity to their surface.5  

Specifically, the localized surface plasmon resonance of the metal nanostructures enhances the 

excitation field and the radiative decay rates of the fluorophores, both of which enhance the 

fluorescence signal.6   Therefore, interactions between surface plasmon on metallic nanoparticles 

and fluorophores is observed to lead to a decrease in fluorescence lifetime (increase in quantum 

yield), increased photostability, and increased spontaneous emission rate.7  

Metal-enhanced fluorescence can be harnessed to improve the sensitivity of fluorescence-based 

bioassays5,6,8. Therefore, a wide range of novel nanomaterials based on metal-enhanced 
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fluorescence have been explored as biosensing plasmonic substrates enabling fluorescence 

enhancement and reduction in background signal intensities9,10. For example, surface plasmon 

resonance-based biosensors have been developed and employed for sensitive and specific 

detection of RNA, DNA, bacteria, small molecules, and chemical analytes9,11-15. Despite these 

achievements, plasmonic-enhanced fluorescence has been limited to substrate-bound detection 

methodologies, therefore there is an imminent need for designing colloidally stable plasmonic 

fluorescent nanostructure exhibiting excellent fluorescence, photostability and sensitivity. Such a 

novel ultrabright plasmonic nanolabel would be applicable to wide range of cellular analysis 

including bioassays, fluorescence microscopy, and flow cytometry. Though these methodologies 

are routinely employed to investigate cellular structures for surface, cytoplasmic or secreted 

proteins, most of them suffer from weak fluorescence readout, poor sensitivity, high variability, 

and ineffective integration with rare cell populations16-18.  Therefore, ultrabright nanostructures 

offering feasible integration with a wide range of biodetection techniques are considered to be 

valuable.    

1.1.2 Single cell analysis 

 

Sensitive and precise investigation of physiological and pathological processes including cellular 

processes such as signaling, activation, differentiation, etc. and cell-cell interactions is essential 

for understanding biological systems.19  Single cell analysis is of critical importance in 

understanding cellular heterogeneity, characterizing cells, and quantifying sub-populations for 

designing novel diagnostic tools and therapies.  Cellular studies encompass visualization via 

fluorescence-based microscopy imaging, cell sorting and analysis via flow cytometry and 
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DNA/RNA sequencing assays, providing an insight into the cell-cell interactions, interfaces, and 

environments.16,20  

Systematic investigation of cellular heterogeneity in DNA, proteins, and metabolites has been 

instrumental in identification of previously unknown cell populations, advancing the field.21-23   

For example, detection of biomarkers in peripheral fluids, and proteins secreted by cells or 

expressed on cell surface offer a unique insight into cell-to-cell heterogeneity that drives cellular 

processes.24-26  However, identification and quantification are challenged by the limited 

understanding of cell surface proteome. Moreover, the expression of cell proteome can range 

from <100 copy numbers per cell to >10,000 copy numbers per cell highlighting the variability 

in protein abundance, often correlated to their function.27  Therefore, low-abundant cellular 

proteins are often disregarded in commonly employed methodologies including fluorescence 

microscopy, ELISA, mass spectrometry, flow cytometry, and ELISpot owing to their poor 

sensitivity in delineating small differences between cell subpopulations expressing differential 

levels of protein biomarkers. Moreover, cellular analysis faces the pertinent challenge of low 

throughput forbidding the analysis of millions of cells and therefore bypassing rare cell 

populations.  

Though fluorescence-based bio-detection has enabled improved visualization of cellular 

structures by tagging them with fluorescent nanolabels, several challenges remain persistent. The 

qualitative and quantitative analysis of biological specimens is impeded using weak 

fluorophores, insufficient labeling, and high background autofluorescence signal, in addition to 

the poor sensitivity of conventional tools. For example, conventional Recent advancements in 

technology and novel computational insight have resulted in high-resolution techniques 

including cytometry by time-of-flight (CyTOF), super-resolution microscopes (e.g., STED, 
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STORM, MINFLUX), however require long analysis times and lack in sensitivity, ease of 

availability, and low throughput.28-31   Therefore, analyzing cells at singular level necessitates the 

use of powerful tools that must encompass bright fluorescent nanolabels, sensitive detection and 

analysis platforms, and advancements in computational expertise. 
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1.2  Research goals and objectives 

 

This research aims to harness metal-enhanced fluorescence in plasmonic nanostructures to 

establish novel nanolabels and overcome limitations associated with conventional fluorophores 

for high-resolution imaging and analysis of cellular systems. Toward this goal, we have pursued 

the following three main objectives: 1) Introduce plasmon-enhanced expansion microscopy to 

overcome the signal dilution associated with conventional fluorophores; 2) Introduce plasmon-

enhanced FluoroDOT assay for ultrasensitive and high-resolution imaging of cell-secreted 

proteins; 3) Introduce plasmon-enhanced flow cytometry for ultrasensitive detection and 

quantification of cell surface antigens via. Taken together, these sensitive and specific 

methodologies may be applicable in probing a wide variety of cellular systems, further 

advancing the field of biological and molecular sciences. We have accomplished several specific 

technical tasks noted below to realize these objectives.   
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1.2.1 Objective 1 

Introduce plasmon-enhanced expansion microscopy to overcome the signal dilution associated 

with conventional fluorophores 

Task 1: Introduce ultrabright plasmonic nanostructure as a universal fluorescent nanolabel in 

expansion microscopy (ExM) 

Task 2: Validate the compatibility of plasmonic-fluors in ExM. 

Task 3: Determine the improvement in the quantification of morphological maturation 

parameters of neurons using plasmon-enhanced ExM (p-ExM). 

1.2.2 Objective 2 

Introduce plasmon-enhanced FluoroDOT assay high-resolution imaging and quantification of 

cell-secreted proteins 

Task 1: Compare the brightness and signal-to-noise ratio of plasmonic-fluors to conventional 

fluorophores as nanolabels in cell secretion assay. 

Task 2: Demonstrate multiplexed FluoroDOT assay for simultaneous detection and 

quantification of multiple secreted proteins. 

1.2.3 Objective 3 

Introduce plasmon-enhanced flow cytometry for ultrasensitive detection and quantification of 

cell surface antigens 
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Task 1: Determine the improvement in bioanalytical parameters of plasmon-enhanced flow 

cytometry compared to conventional flow cytometry using BMDCs as a model system 

Task 2: Design and optimize antibody-conjugated plasmonic-fluor for multiparameter flow 

cytometry 
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Chapter 2: Plasmon-enhanced expansion 

microscopy 
 

2.1 Introduction 
Understanding the structure and structure-function relationships at various length scales is of 

paramount importance in various fields of biology and life sciences.  Optical microscopy is one 

of the most commonly used techniques to probe the structure and function of biological systems. 

The resolution of conventional optical microscopes, largely governed by the wavelength of the 

light, refractive index of the surrounding medium and the numerical aperture of the lens,  is often 

limited to ~250 nm32,33.  Electron microscopes, on the other hand, can achieve a spatial 

resolution of a few Å, which enables the visualization of ultra-fine structural details of cellular 

and sub-cellular structures34. However, the sample preparation for electron microscopy is 

complex, involving fixation to stabilize the sample under high vacuum, microtoming to achieve 

thin sections for electron penetration, and staining for better visualization. Additionally, electron 

microscopy imaging often involves long imaging and analysis times resulting in low throughput 

and can be very expensive.  

Advances in optical microscope technology, detection methods, and novel computational 

methodologies led to the advent of super-resolution microscopy techniques such as stimulated 

emission depletion (STED) microscopy, stochastic optical reconstruction microscopy (STORM), 

and minimal photon fluxes (MINFLUX), which allow spatial resolution below the diffraction 

limit of light29,35,36. For example, STED microscopy works by reducing the excitation volume 

that minimizes the area generating fluorescence and introducing a donut-shaped laser beam that 
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selectively quenches the fluorescence from surrounding regions through stimulated emission 

depletion29,35,37. Therefore, only molecules at the center of the donut beam will emit light 

resulting in a higher resolution image, overcoming diffraction-limitation. STORM involves 

stochastically turning on specific fluorescent molecules within the diffraction-limited volume at 

specific time points, therefore unraveling the molecular localization over time and generating a 

super-resolution image30,38. MINFLUX combines fundamental approaches from STED and 

STORM, enabling high precision and high-resolution imaging31,39. These powerful imaging tools 

overcome the optical diffraction limit with a spatial resolution of ~20-120 nm36,40. However, 

limited availability of these tools (often in centralized facilities), low throughput, and longer 

imaging and analysis time scales hinder their wide-spread and routine use.   

Expansion microscopy (ExM) is a super-resolution technique compatible with existing optical 

microscopes that has received wide attention, since its introduction in 20154,41. ExM is based on 

the physical expansion of fluorophore-labeled biological specimens anchored to a swellable 

polymer gel, enabling ~70 nm lateral resolution4,41. The simple, inexpensive, and accessible 

nature of ExM has allowed biology and biomedical researchers to rapidly adopt this method and 

develop modified versions for their specific needs42-44. ExM relying on conventional molecular 

fluorophores suffers from significant degradation in fluorescence intensity (>50%) following the 

expansion process owing to (i) degradation of fluorescent dye when treated with proteinase K 

during digestion step in ExM protocol; and (ii) the physical expansion as a result of ExM, which 

results in the dilution of the fluorescence signal41,45,46. This reduction in the volumetric density of 

fluorophores significantly diminishes the quantitative and qualitative applications of ExM. In 

addition, commonly used fluorophores such as Alexa fluor 647 and Cy5 are known to be 

completely damaged during ExM process, precluding their use in ExM.4,41  These considerations 
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highlight the need for ultrabright fluorescent labels in ExM that can mitigate the signal dilution 

challenges and promote more widespread adoption of the technology. 

Here, for the first time, we demonstrate plasmon-enhanced expansion microscopy (p-ExM) by 

harnessing an ultrabright, fluorescent nanolabel, called plasmonic-fluor (PF). We investigate the 

compatibility of PFs with the ExM and stability of individual PFs against signal dilution after 

sample expansion. We also show the high fidelity and isotropic expansion of the sample 

comprised of hippocampal neurons labelled with PFs. p-ExM enabled improved spatial 

resolution and more accurate quantification of morphological parameters of the neuronal 

network compared to conventional confocal fluorescence microscopy. P-ExM complements 

conventional ExM (relying on molecular fluorophores) in overcoming the challenges associated 

with signal dilution and imaging low abundant cell surface markers. 

2.2 Results and discussion 
We have recently introduced an ultrabright nanoconstruct termed a plasmonic-fluor that exhibits 

~7000-fold brighter fluorescence signal compared to its conventional counterpart47. Plasmonic-

fluor is comprised of a plasmonic nanostructure as a fluorescence enhancer, molecular 

fluorophores as light emitters, a polymer spacer layer to avoid metal-induced quenching of the 

fluorescence, and bovine serum albumin (BSA) on the surface to minimize non-specific binding 

in bioassays, and a universal bio-linker (e.g., biotin, streptavidin) (Fig. 1A).  We have 

demonstrated that plasmonic-fluors can replace conventional molecular fluorophores in various 

bioassays to enable nearly 1000-fold improvement in the limit-of-detection without significantly 

changing the workflow or read-out devices25,26,47,48. Plasmonic-fluors can be realized with any 

molecular fluorophore of choice by tuning the localized surface plasmon resonance (LSPR) 

wavelength of the plasmonic nanostructure to match the excitation/emission wavelength of the 
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fluorophore25,47. As such, plasmonic-fluors can be designed and synthesized to emit over a broad 

range of electromagnetic wavelength.   

In this study, we harnessed negatively charged plasmonic-fluors comprised of IR-650 (called PF-

650 henceforth) to demonstrate plasmon-enhanced expansion microscopy49. It has been 

previously reported that negatively charged nanostructures, irrespective of their size, shape and 

composition, specifically bind to neurons50. Plasmonic-fluor-650 is realized using Au@Ag 

nanocuboids with LSPR wavelength at ~650 nm as plasmonic nanoantenna (Fig. 1B). The 

resulting PFs are negatively charged with a ζ-potential of -28 ± 3 mV, owing to the presence of 

BSA on the outer surface (Fig. S1). Transmission electron microscopy (TEM) image shows PF-

650 with a length of 110 ± 7 nm and a width of 62 ± 3 nm (Fig. 1D).  

Briefly, expansion microscopy (ExM) protocol comprises of labeling biological specimens and 

anchoring them to a swellable polyelectrolyte gel, which when exposed to water, undergoes 

uniform physical expansion resulting in physical separation between labeled biomolecules4,41. 

We harnessed the specific interactions between the negatively charged PFs and hippocampal 

neurons to realize plasmon-enhanced expansion microscopy (Fig. 1E). Neuronal culture labelled 

with PFs, immunostained and fixed is introduced to an anchoring molecule (Acryloyl-X) in the 

first step of ExM (Fig. 1F). The anchor covalently binds with the tagged biomolecules and PFs. 

Subsequently, the PF-labelled neurons are exposed to a swellable polyelectrolyte gel precursor 

solution comprised of monomer precursors (sodium acrylate, acrylamide), cross-linker (N-

N’methylenebisacrylamide), free-radical initiator (ammonium persulfate) and accelerator 

(tetramethylethylenediamine) resulting in the formation of a crosslinked polymer network4,42. 

Next, the polymer network-sample composite is subjected to proteinase K solution that cleaves 

non-anchored regions in the PF-labeled neuron sample to ensure isotropic expansion and 
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homogenization. Finally, the homogenized polymer network sample is immersed in water, 

resulting in swelling and isotropic physical expansion of the PF-hydrogel.  

Conventional molecular fluorophores such as DyLight 405, AF546, and CF633 and fluorescent 

proteins such as GFP exhibit ~50% loss of fluorescence after subjecting to ExM protocol4,41,45. In 

some cases such as AF647 and Cy5, proteinase K digestion causes severe degradation of the 

fluorophores, forbidding their use in ExM41.  Hence, it is important to probe the compatibility of 

PF with ExM protocol.  To quantify the fluorescence retention of PFs following ExM protocol, 

PF-650 were sparsely immobilized on glass coverslip using biotin-streptavidin interaction (see 

Experimental section). Confocal fluorescence microscopy images revealed bright fluorescence 

signals from sparsely adsorbed individual PF-650 (Fig. 2A, B). Scanning electron microscopy 

imaging confirmed the uniform and sparse distribution of individual PF-650 on the surface (Fig. 

2C). Glass coverslip substrate with such sparse distribution of PFs were subsequently subjected 

to standard expansion protocol and imaged using confocal microscope (Fig. 2D, E). We 

quantified the fluorescence signal retention by comparing the signal-to-noise ratio (SNR) in pre-

ExM and post-ExM conditions. The SNR PF-650 was found to be 515 ± 52 in pre-ExM and 433 

± 45 in post-ExM conditions (Fig. 2F).  The post-ExM fluorescence intensity accounts to nearly 

85% retention in fluorescence signal, which confirms their applicability as labels in ExM.  In 

contrast to many conventional molecular fluorophores, the PFs retained nearly 85% of the 

fluorescence signal after ExM protocol.  This large retention of the fluorescence signal of PFs 

can be ascribed to the unique design of the fluorescent nanoconstruct in which the molecular 

fluorophores are protected against the harsh (bio)chemical conditions during gelation and 

swelling by the BSA coating. 
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Following the sample expansion, as expected, we noted a larger physical separation between PFs 

immobilized on the glass coverslip. It is worth noting that the fluorescence signal from PFs is not 

spatially diffused after ExM process as the molecular fluorophores are conjugated to the polymer 

spacer on the plasmonic core and remain intact after the ExM process. PFs serve as “digital 

nanolabels” allowing digitization of fluorescence signal from individual PFs.26 Overall, excellent 

stability of fluorescence signal and localization of fluorescence signal of PFs after ExM makes 

them attractive nanolabels for ExM. 

Next, we set out to demonstrate plasmon-enhanced ExM using PF-labeled hippocampal neurons 

wherein PFs specifically and spontaneously bind to neruons in a maturation-dependent manner 

(Fig. 3, S2).49,50 SEM imaging revealed random orientations of PFs on the soma, and higher 

alignment along the length of neurites (Fig. 3A)49. As expected, we observed bright fluorescence 

signal from PFs adsorbed on the neuronal cell body and neurites with minimal background, 

indicating the specific binding of PFs to neuronss (Fig. 3B). Following the ExM procedure, 

confocal microscopy images revealed excellent retention of the structural details across a large 

sample size (~ 500 x 500 m2 in pre-ExM scale) (Fig. 3C, E). We observed a remarkable 

correlation of PF-labelled neurons in post-ExM with pre-ExM conditions over dimensions of 

5300 X 2500 m2 (Fig. S2). Owing to the high density of PFs along the neurites, zoomed-in 

images of the neurites in the pre-ExM state showed a diffuse and continuous fluorescence signal 

along the neurites (Fig. 3D). On the other hand, zooming into the same region of interest in the 

post-ExM image revealed highly resolved individual PFs (Fig. 3E). In contrast to the pre-ExM 

image, the cross-sectional profile across the neurites obtained from the post-ExM image 

exhibited three distinct fluorescence signal peaks (Fig. 3E, F).  
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Next, we set out to determine the fidelity of p-ExM images by performing registration and 

distortion analysis, which provides quantitative correlation between pre-ExM and post-ExM 

images. We identified ~100 m2 arbitrary region on a PF-labelled neurons in pre-ExM and post-

ExM images (Fig. 3 A-D). Using Elastix, we first performed a similarity transformation on post-

ExM image to be matched and aligned to pre-ExM through iterations of isotropic scaling, 

rotation, and translation along the x- and y- directions (Figure S4)42. By incorporating the scaling 

factor derived from similarity registration in Elastix, we determined the corrected expansion 

factor (physical magnification factor) to be 4.0 ± 0.2 X (n=4), which closely matches with the 

established protocols4,41. Next, we performed a non-rigid b-spline transformation to further 

correct local deformations in the similarity-transformed post-ExM for better alignment with the 

pre-ExM condition (Fig. 4E). Subsequently, we plotted the distortion vector field between pre-

ExM and post-ExM (Fig. 4F-I). We noted an excellent overlap between pre-ExM and 

transformed post-ExM images, highlighting the need for minimal deformation correction (Figure 

S5). The RMS error quantification revealed distortions of ~1.5 m over length scales up to ~100 

m, corresponding to ~1.5% error (Fig. 4J).    

As demonstrated above, PFs are highly compatible with ExM and exhibit excellent fluorescence 

retention and p-ExM offers a significant improvement in the spatial resolution compared to 

conventional confocal fluorescence microscopy. Building on these results, we set out to harness 

the improved spatial resolution of p-ExM to identify the previously unresolved fine structure of 

neurons and neural network. Towards this goal, we employed the filament tracer module in 

IMARIS software (Oxford Instruments) to quantify the morphological parameters of the neurons. 

We performed filament tracking analysis on pre-ExM and post-ExM images of the same set of 

PF-labelled neurons (n=5) (Fig. 5A, D). Filament tracking revealed a higher density of filaments 
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in post-ExM image compared to the pre-ExM image (Fig. 5B, E). Zoomed-in images reveal the 

improved spatial resolution offered by ExM, which enabled improved delineation of the fine 

neuronal features and analysis of the morphological parameters (Fig. 5C, F).  We observed a 

significant increase in the total neurite length, total neurite area, and the number of neurite 

terminals in the post-ExM condition, indicative of the higher density of filaments being tracked 

and recognized (Fig. 5G-I).  A 4-fold expansion of the sample led to nearly 1.7-fold increase in 

total neurite length and nearly 6-fold increase in total neurite area in post-ExM condition. We 

observed ~2.5-fold increase in the number of neurite terminal points in post-ExM condition 

owing to enhanced resolution. As opposed to ExM with conventional fluorophores that suffers 

from severe signal dilution, the fluorescence signal of individual plasmonic-fluors remains 

undiluted, thus enabling improved quantification of the morphological parameters.  These results 

highlight the efficacy of p-ExM in tracing and mapping the structure of neurons and neuronal 

networks.  

One of the important considerations in using bulky nanoparticles as labels is their slower 

diffusion compared to conventional molecular fluorophores, which prevents efficient labeling 

(Fig. 6A)51,52 53. The characteristic diffusion coefficient (D) relates inversely with the nanolabel 

size, therefore the use of bulky nanolabels leads to slower diffusion and the formation of a 

depletion zone immediately above the surface, consequently poor binding kinetics on the surface 

54. Therefore, on-surface bioassays and immunohistochemistry labeling often require 

significantly longer incubation times.  To address diffusion limitations associated with the bulky 

nature of PFs and improve labeling efficiency of PFs in neuron cell culture, we adapted recently 

introduced cyclic draining and replenishment (CDR) method (Fig. 6A)55. Briefly, the substrate 

with the neuronal network is rotated during the PF labeling step resulting in cyclical draining and 
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replenishing of the PFs at the surface. After each CDR cycle, the concentration of the PFs at the 

neuronal surface is replenished to the bulk concentration of nanolabels, thus overcoming the 

depletion zone and accelerating the labelling process. We exposed the neural culture to PFs for 

different durations (2, 5, and 10 min) under static and rotation conditions. The ensemble 

fluorescence intensity was observed to increase by ~37% for 2 minutes, ~44% for 5 minutes, and 

~83% for 10 minutes of rotational incubation when compared with static conditions (Fig. 6B). 

With an increase in the incubation time, we observed a rapid increase in the fluorescence from 

PF-labelled neurons in the rotation condition (Fig. 6C-H). 

2.3 Conclusion 
In conclusion, we introduced plasmon-enhanced expansion microscopy by harnessing the 

recently introduced PFs as nanolabels in expansion microscopy. Plasmonic-fluors, which are 

nearly 10,000-fold brighter compared to corresponding conventional fluorophores, exhibited 

excellent compatibility with expansion microscopy protocol. In contrast to most conventional 

molecular fluorophores, PFs retained nearly 85% of the fluorescence signal after gelation and 

swelling steps of ExM.  We demonstrate that individual PFs that can be easily imaged using 

conventional epifluorescence microscopes are not prone to signal dilution, making them 

attractive digital nanolabels in ExM.  Harnessing the selective binding of the negatively charged 

PFs to hippocampal neurons, we demonstrate the high fidelity of p-ExM over large areas of the 

sample. p-ExM enabled better visualization and analysis of the morphological features of the 

neural network as evidenced by the nearly 2.5-fold increase in the number of neurite terminal 

points identified by the filament tracking analysis.  In addition to the passive labeling of the 

neurons harnessed here, antibody-conjugated PFs can serve as powerful nanolabels for imaging 

and analyzing low-abundant and sparsely dispersed cell surface markers, which cannot be 
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imaged using conventional molecular fluorophores due to their weak fluorescence signal. The 

high fidelity of p-ExM and remarkable uniformity of sample expansion makes this methodology 

attractive for probing the structure of neurons and neural networks. 

2.4 Experimental section 
Materials 

Bovine serum albumin (BSA >98%, A7030), paraformaldehyde (PFA), 0.1% (w/v) poly-L-

lysine (P982), triton X-100 (X-100), EDTA, disodium (E5134), 

tris(hydroxymethyl)aminomethane hydrochloride (Tris.Cl), sodium chloride (NaCl, S9888) were 

acquired from Sigma. NHS-PEG4-biotin, mouse anti-MAP2 primary antibody (2 µg/ml, 

monoclonal, MA5-12826) and Alexa Fluor 568 labelled Donkey anti-Mouse secondary antibody 

(2 µg/ml, A10037), 6-((acryloyl)amino)hexanoic acid, succinimidyl ester (acryloyl-X, SE 5 mg 

A20770), tetramethylethylenediamine (TEMED, 17919), ammonium persulfate (APS, 17874), 

proteinase-K recombinant (EO0492) were acquired from Thermo Fisher Scientific, USA). 

Sodium acrylate (R624) was acquired from AK Scientific. Acrylamide (1610140), N, N’-

methylenebisacrylamide (1610201) were acquired from Bio-Rad. 

Cell culture and nano-neuro interaction 

All procedures have been approved by the Institutional Animal Care and Use Committee 

(IACUC) at Washington University in St. Louis. Briefly, hippocampal tissues were isolated from 

day E18 embryos of pregnant Sprague Dawley rat brains (Charles River, USA) and the isolated 

neurons were cultured as previously described49. Glass-bottom petridish were used for expansion 

microscopy experiments. 24-well polystyrene plates were used for studying labeling efficiency 

of PF under static vs rotational condition.  
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PF-650 with IR-650 dye were provided by Auragent Bioscience, MO, USA.  The PFs were 

synthesized according to previously described procedure with slight modifications47. Negatively 

charged PF-650 dispersed in NbActiv4 medium were added to neuron culture on DIV 20 and 

later at a final concentration of O.D. ~5 and incubated for 1 hour at 37oC and 5% CO2. The cells 

were then fixed with PFA for 30 minutes, followed by washing with PBS three times. The 

nucleus was stained using DAPI as previously described49.  

Protocol for plasmon-enhanced expansion microscopy (p-ExM) 

PF-labelled neuron cells after fixation and immunostaining on glass-bottom Petri dish were 

incubated with Acryloyl-X SE (0.1mg/mL in 1X PBS) for 1 hour at room temperature (RT) and 

overnight in 4 oC fridge. Prior to gelation step, samples were washed 2 times with fresh 1X PBS, 

with each wash lasting 15 minutes. In preparation for gelation step, Stock X, APS and TEMED 

were thawed and chilled in ice. The gelation solution was prepared by mixing Stock X, water, 

TEMED stock solution and APS stock solution in the ratio of 47:1:1:1 for a total of 150 l to 

fabricate the gel in glass-bottom petridish. The solution was gently vortexed for 1-2 seconds and 

quickly added on top of the sample region. A coverslip wrapped in fresh, clean parafilm was 

gently placed on top of the sample region to prevent evaporation. Gelation step was allowed to 

proceed for 2 hours at 37oC. Following the formation of gel, the Petri dish was filled with 3 ml of 

digestion buffer comprising of freshly added ~8mg/mL Proteinase K. Digestion was allowed to 

occur for overnight (>8 hours) at RT. Post-digestion, gels were transferred to larger Petri dish 

and immersed completely in water for a total of 2 hours, including 3-4 exchanges of water until 

expansion was complete. For post-ExM imaging and to prevent gel from slipping, the sample 

gels were mounted on glass slide coated with 0.1% (w/v) poly-L-lysine (PLL) solution. PLL was 
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drop-casted on clean glass slides and set aside for 20 minutes, followed by rinsing with water 

and drying with N2 flow. The gel was then transferred to PLL-coated glass slide for confocal 

microscopy and imaging. 

Confocal fluorescence microscopy 

Specimens in pre-ExM and post-ExM conditions were imaged using BioTek Lionheart FX 

Automated Microscope with 10X objective. The imaging conditions were kept constant 

throughout the analysis of each specimen. 

Material characterization 

Transmission electron microscopy (TEM) micrographs were acquired using JEOL JEM-2100F 

field emission microscope. A drop of PF-650 aqueous dispersion was casted and dried onto a 

copper grid (Carbon Type-B, 200 mesh, Ted Pella, USA). The extinction spectra of plasmonic 

nanostructures were recorded using Shimadzu UV-1800 spectrophotometer. The zeta potential 

measurements were performed using Malvern Zetasizer (Nano ZS). Large area fluorescence 

images were obtained using LI-COR Odyssey CLx imaging system. Scanning electron 

micrographs (SEM) were acquired using a JEOL JSM-7001 LVF Field Emission scanning 

electron microscope. SEM images of PF-labelled neuron cells were acquired according to 

previously described procedure49.  

Determining the fidelity of p-ExM using Elastix 

We used Elastix via a custom-written Python script for understanding the effect of PF on ExM 

by determining the correct expansion factor and analyzing expansion-associated distortions42. 

We first identified specific regions of interest from a large-scale pre-ExM and post-ExM image 
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for analysis through Elastix. Pre-ExM image was interpolated to achieve the estimated expansion 

as seen in post-ExM image. Gaussian blur was applied to the post-ExM image to remove the 

disparity between pre- and post-expansion images (blur size = 2.5). Next, similarity 

transformation was performed on blurred post-ExM image that modified four degrees of 

freedoms (DOF), namely expansion factor, rotation, translation in x, and translation in y. 

Therefore, it compensated for the isotropic scalation and location mismatch between the images. 

Any remaining distortions in the output of similarity transformation result were further subjected 

to non-rigid b-spline registration, to be matched and aligned to pre-ExM. Finally, the B-splined 

transformed points were used to generate the distortion maps between the pre-B-spline and post-

B-spline images. 

RMS error is defined as the absolute value of the difference of the distance between a pair of 

points in pre-ExM and the distance between same pair of points in post-ExM4,42. To calculate the 

RMS error, a set of coordinates were generated from the binary skeleton of the pre-ExM image 

using a gaussian blur. Then the points were deformed using custom-written Python script for 

Transformix and distance between the same sets of points were calculated. To create deformation 

vector plot, the x-y coordinates from b-spline registered image were plotted at the interval of 10 

pixels42. 

Neuronal filament tracing in pre-ExM and post-ExM using IMARIS 

Confocal fluorescence images of specific regions of interest were analyzed using filament tracer 

module in the IMARIS software (Oxford Instruments) using the Cy5 channel (PF-650). The 

analysis was performed on sparsely located neuron cells. The starting soma point of the neurons 

were detected by adjusting starting point threshold or provided manually to ensure the inclusion 
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of the specific cell analyzed or remove extra starting points. Next, the seeding points were 

provided by adjusting the seeding points that allow the tracing of all neuronal processes. The 

inclusion of background noise could give rise to erroneous neuronal processes; therefore, the 

thresholds were readjusted to achieve the best fit. For each cell studied in pre-ExM and post-

ExM condition, we recorded morphological parameters for quantification (viz. filament length, 

filament area, and number of terminal points).   

Static vs rotation incubation of neurons with plasmonic-fluors 

DIV 21-25 neuron cells seeded on 24-well plates were labeled with PF-650 (as described above) 

for durations of 2 minutes or 5 minutes or 10 minutes, either under static condition or under 

rotation condition. PF-labeled neuron cells were fixed as per previously described 

methodology49. To place the 24-well plate under rotation, care was given to properly seal and 

separate the wells to prevent spillage. Rotation step was performed using a standard rotatory 

shaker (8 rotations per minute). 

2.5 Figures 
 

 

 

 

 

 

 



22 

 

 

Figure 2.1 Plasmon-enhanced expansion microscopy. (A) Schematic illustration of PF-650 

composed of plasmonic nanostructure (Au@Ag nanocuboid), spacer layer, and BSA-biotin-dye 

conjugate (IR-650), (B) Visible-NIR spectra of PF-650, (C) Fluorescence intensity of 

conventional-fluor-IR650 and PF-650 at different molar concentrations. The difference in slope 

of the two curves indicates that a single PF-650 is 1500-fold brighter than conventional-fluor-

IR650. (D) TEM image of PF-650 with inset image showing the core nanostructure and outer 

shell comprised of polymer spacer and BSA-biotin-dye, (E) Schematic illustration to 
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demonstrate the specific and spontaneous passive binding of negatively charged PFs to 

hippocampal neuron cells, (F) Hippocampal neurons labelled with PFs are fixed, immunostained 

and subjected to standard expansion microscopy protocol steps: (1) anchoring acryloyl-x to serve 

as link between biomolecules and gel, (2) gelation step resulting in the formation of hydrogel, (3) 

digestion step resulting in the breakdown of non-anchored cellular structure while retaining the 

anchored biomolecules including PFs, (4) expansion of gel when exposed to water resulting in 

~4X expansion. (G) Schematic showing improved spatial resolution of clustered PFs upon 

sample expansion. (H) Zoomed-in region depicting closely located PFs in the gel matrix that 

remains unresolved (left) until subjected to water resulting in the creation of physical space 

between PFs allowing enhanced resolution. 
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Figure 2.2 Stability of plasmonic-fluors in expansion microscopy (A) Confocal 10X 

fluorescence image of PF-650 immobilized on BSA-biotinylated glass coverslip in pre-ExM 

condition. (B) Zoomed-in confocal fluorescence image showing the sparsely adsorbed PF-650, 

with occasional occurrences of PFs in close proximity. (C) Scanning electron microscopy 

imaging of PF-650 from (A) showing well-dispersed PF-650, highlighting better resolving power 

of electron microscopy over light microscopy. (D) Confocal 10X fluorescence image of PF-650 

immobilized on BSA-biotinylated glass coverslip in post-ExM condition. (E) Zoomed-in 

confocal fluorescence image highlighting the large physical separation created between 

individual PF-650 allowing them to be resolved and counted as digital nanolabels. (F) Signal-to-

noise ratio (SNR) corresponding to PF-650 in pre-ExM and post-ExM conditions, exhibiting 

~84% fluorescence retention in post-ExM condition.   
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Figure 2.3 Improved spatial resolution of p-ExM.  (A) SEM image depicting PFs decorating 

hippocampal neurons in a random orientation on the soma (left panel) and longitudinal alignment 

along the neurites (right panel). Confocal fluorescence image of cultured hippocampal neurons 

after 1-hour incubation with negatively charged PF-650 (red) (B) pre-ExM and (C) post-ExM. 

Zoomed-in images of (D) pre-ExM, (E) post-ExM corresponding to the highlighted regions in 

panels B and C, respectively. (F) Fluorescence intensity profile along the marked PF-labeled 

neurite region in pre-ExM and post-ExM imaging. 
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Figure 2.4 Fidelity of p-ExM. Confocal microscopy image of PF-labelled hippocampal neuron 

in (A) pre-ExM and (B) post-ExM conditions. Zoomed-in image of (C) pre-ExM condition 

interpolated to achieve the same scale as (D) post-ExM. (E) Image showing similarity 
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transformed and b-spline non-rigid registered post-ExM overlay on pre-ExM. (F) Overlay of 

post-ExM before and after b-spline non-rigid registration with the vector distortion analysis 

showing vector array indicative of transformation required for optimum fitting. (G, H, I) 

Zoomed-in images of arbitrarily identified boxed regions in F to study distortions. (J) RMS error 

measurement as a function of length measurement for post-ExM vs. pre-ExM in PF-labelled 

hippocampal neuron cells. 

 

 

 

 

 



28 

 

 

Figure 2.5 Quantification of neuronal morphological features using p-ExM. Confocal 

fluorescence image of PF-labelled hippocampal neurons at DIV 23 in (A) pre-ExM and (D) post-

ExM conditions. Corresponding filament traced images generated via filament tracer module in 

IMARIS software (Oxford Instruments) for PFs channel in (B) pre-ExM and (E) post-ExM 

conditions. (C) Zoomed-in image of highlighted region in pre-ExM condition (left panel: from A 

and right panel: from B). (F) Zoomed-in image of highlighted region in post-ExM condition (left 

panel: from D and right panel: from E). Green highlighted filament marks the similarly identified 

region whereas red highlighted filament has 80% higher number of neurite terminals being 

identified in (F) post-ExM when compared to (C) pre-ExM condition. Whisker plot representing 

the morphological maturation parameters (G) total neurite length, (H) total neurite area, and (I) 

number of neurite terminal points in DIV 23 neurons in pre-ExM and post-ExM conditions, 
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obtained from filament tracking analysis.  Unpaired two-sample t-test, n = 5 PF-labelled 

neuronal cells from DIV 23, * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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Figure 2.6 Improving PF-binding kinetics in neuron cells. (A) Schematic depicting the effect 

of static vs rotational incubation on labeling efficiency of PFs in neuron cells. Repeat cycles of 

draining and replenishing bulky nanolabels facilitates a reduction in the depletion layer and 

overcoming diffusion limitations. (B) Ensemble mean fluorescence intensity corresponding to 

static and rotational incubation in DIV 25 neuron cells (cell density ~20,000) (n=2). Confocal 

microscopy images (PF-channel) of PF-labelled neuron cells on DIV 25 under static incubation 

for (C) 2 minutes, (D) 5 minutes, and (E) 10 minutes. Confocal microscopy images (PF-channel) 

of PF-labelled neuron cells on DIV 25 under rotational incubation for (F) 2 minutes, (G) 5 

minutes, and (H) 10 minutes. 
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Chapter 3: High-resolution imaging of 

protein secretion at single-cell level using 

plasmon-enhanced FluoroDOT assay 
 

Cell Reports Methods journal (Elsevier) provided copyright clearance and permission for using 

this article in my thesis dissertation. 

3.1 Introduction 
Proteins secreted by cells into the extracellular space constitute 13-15% of the entire proteome 

and include growth factors, cytokines, chemokines, antibodies, extracellular matrix proteins, 

enzymes, hormones, and antimicrobial peptides.17,56 Secretory proteins facilitate essential 

physiological and pathological processes such as cell-to-cell communication, cell signaling, 

activation, inflammation, coagulation, hemostasis, differentiation, migration, toxicity, and 

defense.17 Understanding the cell secretome is essential in numerous life sciences disciplines, 

including immunology, oncology, neurobiology, microbiology, endocrinology, and stem cell 

biology. Researchers heavily rely on samples collected from cell culture supernatants and 

conventional immunoassays such as enzyme-linked immunosorbent assay (ELISA) to assess the 

changes in proteins secreted by cells after various physicochemical or biological stimuli. 

However, for attaining a detectable signal in ELISA, one needs to collect supernatant from 

thousands of cells, which have been incubated for an extended duration, typically ranging from 

12 hours to several days. Implicit averaging in these methods results in loss of information 

related to cell-to-cell heterogeneity, cell-cell interaction, and the spatial distribution of secreted 

proteins. This particularly confounds analysis when working with cells having sub-populations 

and multi-modal populations. Furthermore, due to the low sensitivity of these techniques, there is 

little information on the kinetics of protein secretion, particularly at early time-points after 
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stimulation and under low levels of stimulation. A recent technology feature highlights the 

imperative for detecting and measuring proteins secreted at single-cell resolution without having 

to rely on mRNA analysis and mass spectrometry.57  In more than 60% of the cases, mRNA 

levels do not correlate with protein abundance.58,59 On the other hand, mass spectrometry 

requires specialized strategies to isolate and handle single cells and expensive instrumentation 

and training, making it unsuitable for routine single-cell secretome analysis.60 Although ELISpot 

and FluoroSpot have emerged as powerful tools for studying protein secretions at the single-cell 

level, they result in low resolution images. The assay read-out is a colored or fluorescent “spot” 

on a white or dark background, either counted manually or with an ELISpot reader (Figure 1A). 

Each spot, which is often diffused, indicates a protein-secreting cell, and the size of the spot 

provides a qualitative and often vague estimate of the amount of protein secreted by the cell. In 

fact, several shortcomings, including large sample-to-sample and lab-to-lab variability in data 

acquisition and interpretation, and poor accuracy in quantification of the secretion parameters 

obligated extensive efforts to establish standardized and automated data acquisition and analysis 

procedures for evaluation of ELISpot assays.61 Further, the inherently low signal warrants the 

use of specialized membrane-coated plates to retain more protein and long incubation time for a 

discernable signal. The requirement for a dedicated reader further impedes its widespread 

applicability in laboratory settings.  

Here, we introduce an ultrasensitive method for detecting and quantifying protein secretion at a 

single-cell level. The high sensitivity of the assay stems from an ultrabright plasmon-enhanced 

fluorescent nanolabel called plasmonic-fluor and is reported to sensitively detect biomarkers for 

biomedical research and clinical diagnostics.62-65 We and others have demonstrated that 

enhancement of the emission of fluorophores in proximity to plasmonic nanostructures such as 
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gold and silver nanoparticles is largely attributed to (i) the enhanced electromagnetic field at the 

surface of the plasmonic nanoparticles; and (ii) the decrease in the fluorescence lifetime due to 

the coupling between the excited fluorophores and the surface plasmons of the nanoparticles.10,66-

71  The reported plasmon-enhanced method, which we call “FluoroDOT assay” is better than 

conventional approaches as (i) it provides a high-resolution digital signal in the form of dots 

(particles) per cluster (spot) as opposed to analog signal in ELISpot and FluoroSPOT assays; (ii) 

it provides spatial information (directional/polarized secretion) which is lost in the 3D membrane 

of ELISpot and FluoroSPOT assay; iii) due to its high sensitivity, it can detect incipient protein 

secretions within 30 minutes to few hours, as compared to overnight or days of incubation for 

conventional assays; (iii) the assay can be read using a standard epifluorescence microscope with 

a 20x objective as opposed to requirement of a dedicated reader; (iv) the assay is performed on a 

glass-bottom plate and the cells can be fixed, stained and imaged. Retaining the cells and 

correlating their secretion provides significant advantage as it provides opportunity to reveal 

cellular and sub-cellular information (morphology of the cells, activation of fluorescent 

reporters, and/or correlation of functional significance of heterogeneity with protein secretion) 

which is difficult with conventional assays (Figure 1B, Table S1). For example, during innate 

immune responses, macrophages respond to a microbial challenge by inducing a variety of 

cytokines, including TNF-α, IL-1β, and IFN-α/β, amongst others. However, it has been 

challenging to assess whether secretion is driven by the majority of directly infected cells, a 

select subset of infected cells, or uninfected cells in the population. Most previous attempts to 

unravel single-cell protein secretion utilized microfluidics-based assays (micro-/nano-wells, 

micro-troughs, droplet platforms) or hyperspectral imaging. 72-77 A major advantage of droplet-

based microfluidic channels or small volume microchamber system is its ability to assess real-
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time single cell secretion.78,79 Microfluidics based single cell secretion can achieve high-

throughput measurements, however, they are prone to clogging by micron size fragments and 

dust affecting the reliability of the results. 80 Capillary-assisted microfluidics compartments can 

provide spatio-temporal dynamics of the single cell secretion but fail to describe the secretion 

pattern around the cell. 81 Some of these systems also incur high background due to absence of 

washing steps. 82 These methods have not been widely adopted as mainstream tools due to the 

compartmentalization of cells and sophisticated set-up, which hinders or eliminates the 

interaction between cells for orchestrated protein secretion.  

Using an ultrabright and specific fluorescent nanolabel developed in our lab, we can image low 

to high abundant proteins secreted by single cells.62 We extensively validated the assay by 

probing proteins secreted from macrophages, dendritic cells (DCs), and DC-T cell co-culture in 

response to diverse stimuli, including TLR4 stimulation, inflammasome activation, and 

Mycobacterium tuberculosis infection. Here we report high-resolution images of single-cell 

protein secretion, providing insight into cell-to-cell heterogeneity, directionality, and correlation 

with infectivity. 

3.2 Results and discussion 
First, we set out to compare FluoroDOT assay with standard ELISpot and FluoroSPOT assays. 

We used healthy adult human PBMCs (peripheral blood mononuclear cells) and treated them 

with stimulants (phorbol 12-myristate 13-acetate (PMA) and ionomycin) to trigger secretion of 

IFN-γ. To compare the three assays, we used biotinylated detection antibody followed by 

streptavidin-fluor (FluoroSPOT), streptavidin-HRP (ELISpot) and streptavidin-plasmonic-fluor 

(FluoroDOT). We observed clear differences between unstimulated and stimulated wells in all 

three assays (Figure 1C, D, E). Higher magnification images of cells in FluoroDOT assay 
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revealed a digitized “dot pattern,” corresponding to the proteins secreted by single cells. This 

was not apparent with the ELISpot or FluoroSPOT assay. The difference between the assays was 

not due to the distinct substrates the cells were grown on, as the amount of cytokine secreted on 

the glass substrate, used for FluoroDOT assay, and PVDF membrane, used in the 

ELISpot/FluoroSPOT assay, was same. The information deduced from FluoroDOT assay is 

digitized (Figure S1 A, B, C), which allowed us to quantify the signal for the FluoroDOT assay 

using number of particles (dots) per cluster (spot) using a custom developed image processing 

algorithm.  

Next, we determined if the FluoroDOT assay is uniquely attuned for plasmonic-fluors or if it can 

also be achieved using conventional fluorophores or previously known bright nanolabels such as 

quantum dots. For this purpose, we used a dendritic cell line (JAWS II), which secrete the pro-

inflammatory cytokine TNF-α after stimulation with the toll-like receptor 4 (TLR4) agonist, 

lipopolysaccharide (LPS).83 We seeded the cells on a TNF-α capture antibody-coated glass-

bottom 96-well plate followed by LPS treatment at three different concentrations (20 ng/ml, 200 

ng/ml, and 2000 ng/ml). After 90 minutes of incubation, the cells were fixed and incubated with 

biotinylated TNF-α detection antibody. Different wells were then treated with streptavidin-Cy5, 

streptavidin-quantum dot 655 (Strep-Qdot™ 655), or streptavidin-Cy5-plasmonic-fluor, and the 

nuclei were stained with DAPI. Using an epifluorescence microscope, we could not discern a 

signal from the conventional fluorophores, and a very faint signal was observed with Strep-

Qdot™ 655 (Figure S1D, E). In contrast, a robust signal was detected with the plasmonic-fluor, 

and, as expected, there was an increase in TNF-α secretion with increasing LPS concentration 

(Figure S1F). We further performed imaging using a 60x objective. We observed that the 

“secretion dot pattern” obtained using the plasmonic fluor correlated well with the morphology 
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of the cell observed in bright field images. In contrast, no distinct secretion pattern was observed 

with the conventional fluor and the signal-to-noise ratio for both the conventional fluor and 

quantum dot was significantly lower compared to plasmonic-fluors. (Figure 1F). The SNR ratio 

of the plasmonic-fluor was 680 ± 272, nearly 30-fold higher than the conventional fluor (23 ± 4) 

and 8-fold higher compared to quantum dots (78 ± 50) (Figure 1G).  For the conventional fluor, 

the small molecule diffused inside of the cells leading to a small but finite level of non-specific 

signal seen in the absence of biotinylated antibody. We also assessed the performance of Strep-

Qdot™ 655 using a Qdot specific filter cube (Chroma qDOT655 filter cube). Again, we 

observed that the SNR of the Strep-Qdot™ 655 images were significantly lower than the Cy5-

plasmonic-fluor (Figure S2).  Due to compatibility issues of the Qdot specific filter, we used a 

different excitation source for collecting images shown in Figure S2 compared to those shown 

Figure 1F and S2. Thus, the absolute SNR in Figure 1F and Figure S2 are different, but in both 

cases, we observed a 8-15 fold higher SNR with the Cy5-plasmonic-fluor as compared to the 

Strep-Qdot™ 655. In addition, as opposed to Qdots, individual Cy5-plasmonic fluors could be 

resolved using a 20x objective, 0.75 NA. Finally, we observed that quantum dots suffered from 

substantial blinking (fluorescence intermittency), as previously reported. 84,85 To validate that the 

fluorescent dots observed are indeed single plasmonic-fluors, we correlated the fluorescence 

image and scanning electron microscopy (SEM) image obtained from the same location and 

found a one-to-one correspondence (Figure 2A). Transmission electron microscopy (TEM) 

images further revealed the size and shape of individual plasmonic-fluors (Figure 2B).  

We further compared the fluorescence intensity of a defined molar concentration of plasmonic-

fluors with that of conventional fluorophore. The fluorescence intensity increased linearly with 

increasing concentrations of both conventional fluorophore and plasmonic-fluors (both Cy5 and 
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Cy3) with at least three orders of magnitude difference in molar concentrations for similar 

fluorescence intensity. Notably, the slope of Cy5-plasmonic-fluor and Cy3-plasmonic-fluor were 

nearly 16,000- and 26,400-fold steeper than that of Cy5 and Cy3, respectively (Figure 2C, 

Figure S4A).  In our previous work, we have shown that a single plasmonic-fluor is comprised 

of ~200 molecular fluorophores.62 The fold increase in brightness (16,000) is significantly higher 

than the number of fluorophores on a single plasmonic-fluor. This large enhancement in the 

brightness of the plasmonic-fluors compared to their conventional counterparts is critical for the 

high-resolution images in the FluoroDOT assay.  

To confirm the analyte dose-dependent increase in the fluorescent dots, we performed a standard 

fluorescence-based sandwich immunoassay and correlated the particle count with that of 

concentration of the analyte (TNF-α, IL-6, and IFN-γ). We counted the particles using a custom-

build algorithm. We observed excellent particle count-dose dependence with a correlation 

coefficient of >0.99 for all three analytes (limit of detection (LOD) was: TNF-α - 670 fg/ml;  IL-

6-  8 fg/ml, IFN-γ- 3.17 pg/ml) (Figure S4B,C). To conclude, using JAWS II DCs, we 

established the assay’s sensitivity by demonstrating its ability to image cytokine secretion. 

Interestingly, with certain cell types, we did not observe secreted TNF-a in the region overlaping 

the cell body. For tightly adherent cells such as macrophages and dendritic cells, no signal was 

observed beneath the cell body, whereas for loosely adherent or suspension cells (PBMCs), we 

did detect a signal beneath the cell body. This suggested to us that either the adherent cells do not 

secrete in the region in where they are adhered to the surface or that the capture antibody is not 

stable in that area. To distinguish these possibilities, we used JAWS II dendritic cells and 

stimulated them with LPS (200 ng/ml), followed by washing with PBS after 1 hour. We 

performed the experiment with and without fixing the cells (after the cells had secreted the 
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cytokine and before adding the detection antibody). When the cells were not fixed, the cells were 

washed off during the subsequent processing and were not visible in the bright field image. 

Irrespective of whether the cells were fixed or not fixed, the TNFα secretion resembled a 

doughnut, with the empty space corresponding to where the cell body is present in the fixed 

samples, as shown in as shown in Figure S3 A-C.  We defined the boundary of the cell based on 

bright field microscopy images. To determine whether the capture antibody beneath the cell is 

stable after the adhesion of cells, we used the unfixed samples, and we washed away the cells 

prior to adding 100 pg/ml of recombinant TNFα to the well. We observed that the capture 

antibody in the empty space where the cell body had been is still able to bind recombinant TNFα 

(Figure S3D). In contrast, if the cell was fixed onto the plate prior to addition of TNFα, the 

spiked TNFα was not able to access the capture antibody beneath the cells, further confirming 

that the adhesion of the cell  to the substrate prevents the access of secreted protien to capture 

antibody beneath the cell body (Figure S3E). Since the membrane staining was not used to 

define the boundaries of the cell, it is possible that the signal shown as secreted protein is on the 

cellular membrane at the extreme periphery of the cell. A membrane counter stain is required to 

study it in greater detail. 

One of the fundamental questions in many cell biology studies is the degree of heterogeneity in 

cellular responses. When cells are subject to a stimulant, do all the cells respond similarly, or 

does a small subpopulation of cells exuberantly respond, or is it a combination of both and to 

what extent does the heterogeneity depend upon the dose of stimulant? We used the plasmon-

enhanced FluoroDOT assay to examine the dose-response to LPS treatment, with detailed 

assessment of the kinetics and cell-to-cell heterogeneity of the response. Using JAWS II DCs 

and LPS as a stimulant, the FluoroDOT assay revealed no significant secretion of TNF-α for an 
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incubation duration of 90 minutes at 2 ng/ml of LPS.  We observed substantial secretion at 20 

ng/ml of LPS, which continued to increase with increasing LPS concentration (Figure 3A, S5A). 

Similarly, using LPS concentration of 200 ng/ml, we found that TNF-α secretion was detectable 

after 40 minutes and increased at longer incubation time (60 and 90 minutes) (Figure 3C, S5B). 

Based on the images, we observed that both the number of cells secreting TNF-α and the amount 

of TNF-α secretion per cell increased with increasing dose and duration of LPS treatment 

(Figure 3B). This information cannot be derived from ELISA, which relies on the analysis of the 

cell culture medium, as the amount of secretion with low dose and short duration of stimulation 

was below its detection limit (Figure S6). We developed an algorithm to identify clusters of dots 

and count both the number of clusters in an image and the number of dots within each cluster. 

Using this algorithm, we quantified TNF-α secreting cells, as indicated by the number of clusters 

(Figure 3D, F), and amount of TNF-α secretion from each cell based upon the number of dots 

(i.e. particles) in each cluster (Figure 3E, G). The quantitative data corroborated our 

observations as the difference between treated and untreated cells was only statistically 

significant when the LPS dose was higher than 20 ng/ml for 90 min incubation or the duration of 

treatment was more than 40 minutes with 200 ng/ml LPS. Interestingly, we observed that 

heterogeneity in cell secretion reflected not only the amount of secretion but also the 

directionality. The presence of capture antibody in the immediate vicinity of the secreting cell 

enables continuous capture of the secreted cytokine, thereby limiting diffusion of the analyte and 

retaining spatial information on the source of secretion. Interestingly, we found that at 20 ng/ml 

dose of LPS, approximately 55% of the cells exhibited isotropic secretion, whereas ~ 45% of the 

cells secreted TNFα preferentially on one side after 90 minutes (Figure S6C and D). There were 

no significant differences in the fraction of cells exhibiting isotropic secretion at 200 ng/ml or 
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2000 ng/ml LPS, suggesting that the phenomena is not related to limiting ligand. The percentage 

of cells with anisotropic secretion was also relatively stable from 20 to 90 minutes. We also 

observed “doublet clusters” from cells that were either seeded close to each other or were 

undergoing cell division (Figure S7E). These intricate details of the secretion pattern revealed 

by the FluoroDOT assay are not achievable by conventional ELISpot and FluoroSPOT assays.  

Next, we set out to investigate if the FluoroDOT assay can reveal proteins secreted through a 

non-conventional pathway in primary cells. IL-1β is secreted in response to activation of the 

NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome 86. IL-1β lacks a classical 

secretion signal and is secreted by a non-conventional transport pathway that involves caspase-

dependent cleavage and Gasdermin-D 87. IL-1β secretion depends upon a priming signal and 

inflammasome activation 88. We treated alveolar macrophages with LPS, followed by nigericin, 

which leads to cleavage of pro-IL-1β and secretion of IL-1β in the extracellular space (Figure 

4A).89  Using the FluoroDOT assay, we detected IL-1β secretion 30 minutes after NLRP3 

activation by nigericin. In contrast, TNF-α secretion was detected in response to 4 hours of LPS 

treatment (Figure 4B, S7 A, B). While most cells secreted TNF-α in response to LPS, less than 

half of the cells responded with IL-1β secretion. As we had seen in the JAWS II cells, the 

alveolar macrophages secreted TNF-α in both isotropic and anisotropic manner. In contrast, the 

majority of cells (82%) showed isotropic secretion of IL-1β. We confirmed the correlation 

between particle count and concentration of IL-1β by plotting a standard curve and found the 

LOD to be 3 fg/ml (Figure S7 C, D). Using the algorithm, we determined the number of IL-1β 

secreting cells along with the amount of IL-1β secreted by each cell as indicated by the number 

of clusters and number of particles/clusters, respectively (Figure 4C, D). The larger amount of 

TNF-α as compared IL-1β secreted was confirmed by measuring the cytokine concentration in 
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cell culture supernatant collected from 150,000 cells using ELISA (Figure S7 E). These results 

suggest that the plasmon-enhanced FluoroDOT assay enables the quantification of the distinct 

and specific secretion of corresponding cytokines without cross-interference after treatment with 

two different stimulants.  

As a proof-of-concept, we investigated the feasibility of spectrally multiplexed analysis of two 

proteins at a single-cell level. For this purpose, we conjugated the detection antibody for TNF-α 

and IL-6 to Cy5-plasmonic-fluors and Cy3-plasmonic-fluors, respectively. We first confirmed 

the specificity of individual plasmonic-flours to their respective analyte by spotting the capture 

antibody for analytes (i.e. IL-6 and TNF-α) within the same well of a microtiter plate (Figure S8 

A). As anticipated, both plasmonic-flours specifically recognized their respective analytes in 

single capture antibody and double-capture antibody-coated regions of the plate (Figure S8 B). 

Further, we performed multiplexed plasmon-enhanced fluorescent immunosorbent assay and 

observed a standard curve with a good correlation (R2 =0.9942, LOD= 15.1 pg/ml for TNF-α and 

R2= 0.9958, LOD= 2.5 pg/ml for IL-6, respectively) between the particle count and 

concentration of the protein analyte (Figure S8 C, D). The multiplexed assay requires coating of 

both capture antibodies in a defined area, while the same area is available for coating a single 

capture antibody for a singleplexed assay. Due to differences in the amount of available capture 

antibody, the sensitivity of multiplexed assay is reduced compared to a singleplex.  Using LPS-

stimulated JAWS II DCs, we assessed the concurrent secretion of TNF-α and IL-6 at a single-

cell level. We observed an increase in the overall secretion of both cytokines with the increasing 

duration of LPS incubation from 30 minutes to 3 hours (Figure 5A). We noted significant 

heterogeneity in the secretion of both cytokines in terms of the amount of secretion (given by the 

number of particles) and temporal dynamics (Figure 5B).  Interestingly, we observed significant 



43 

 

cell-to-cell variation, even after 30 minutes of LPS treatment, such that some cells started 

secreting TNF-α, while no secretion for IL-6 was observed for the same cells (Figure 5C). At 

longer durations (2 and 3 hours), we observed more predominant IL-6 secretion compared to 

TNF-α. Our observations align with previous findings in which mRNA quantification and 

ELISA-based assay showed TNF-α and IL-6 were produced with distinct kinetics in LPS-treated, 

activated DCs 90. Thus, using the multiplexed FluoroDOT assay, we were able to ascertain 

population dynamics of two proteins secreted from single cells simultaneously. While as a proof-

of-concept we have demonstrated cytokine secretion for two proteins, it is worth noting that the 

plasmonic-fluor can be generated with any molecular fluorophore, thus enabling higher 

multiplexing capability (up to 6 colors with minimal spectral overlap) 62,91. The LSPR (localized 

surface plasmon resonance) wavelength of the plasmonic nanostructures is highly sensitive to its 

composition, size, and shape (Figure S4B), and can therefore be tuned over a wide range 

covering visible to near-infrared wavelength.  

While the previous assays revealed heterogeneity when cells were exposed to a homogeneous 

stimulus, during actual infections, only a subpopulation of cells will be infected, and the resultant 

heterogeneity in secretion is likely to be more complex. One of the major advantages of the 

plasmon-enhanced FluoroDOT assay is its ability to retain the cells on the plate by fixing them 

and later imaging. Taking advantage of this feature, we next set out to study the impact of 

infection by Mycobacterium tuberculosis (Mtb) on TNF-α secretion by bone marrow-derived 

macrophages (BMDMs) (Figure 6A). We infected BMDMs with dsRed-expressing Mtb and 

observed increased secretion of TNF-α by Mtb-infected cells compared to uninfected cells 

(Figure 6B). We could readily detect TNF-α secretion by the FluoroDOT assay at 6 hours after 

infection, when TNF-α was undetectable by conventional ELISA, underscoring the sensitivity of 
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the assay. Remarkably, the TNF-α secretion pattern faithfully followed the elongated 

morphology of the BMDMs, and there was significant heterogeneity in terms of the direction in 

which secretion occurred. We observed that some of the infected cells secreted TNF-α, while 

there were other infected cells that did not secrete the cytokine (Figure 6C). Thus, we verified 

the utility of the FluoroDOT assay for studying single-cell protein secretion within the context of 

infection and unraveling the underlying heterogeneity. Detailed investigation of protein 

secretions in single cells will help build enhanced models for understanding host-pathogen 

interaction in immune cells, emphasizing the value of extending the analysis beyond bulk 

measurements 92,93.  

Lastly, we examined the FluoroDOT assay’s applicability in a multi-cellular system by co-

culturing bone marrow-derived dendritic cells (BMDCs) infected with Mtb along with antigen-

specific CD4+ T cells that expressed GFP under control of the Nur77 promoter 94. We used CD4+ 

Th1 effector cells from transgenic mice (called P25 cells) that express a T cell receptor (TCR) 

specific for peptide 25 (amino acids 240-254) of Mtb Ag85B 95. In response to co-culture with 

Mtb-infected BMDCs, the P25 cells secrete IFN-γ and induce GFP expression (Figure 7A). As a 

negative control, we infected MHC-mismatched (MM) BMDCs (H-2k rather than H-2b). Before 

performing the experiment with Mtb, we first set out to estimate the minimum duration of co-

culture required for detectable IFN-γ secretion using P25 peptide. We found that after 2-3 hours 

of BMDC-T cell co-culture, clusters of IFN-γ secretions were evident (Figure S9). Next, we 

performed the FluoroDOT assay on Mtb-infected BMDCs co-cultured with T cells for 3 hours, 

and we observed distinct clusters of IFN-γ secretion in wells with WT BMDCs while almost no 

secretion was seen with the MM control BMDCs (Figure 7B, C, Figure S10 A, B). 
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Additionally, we did not observe IFN-γ secretion with BMDCs only, T cells only, or BMDCs 

and T cells without infection or peptide.  

We observed clusters of BMDCs and GFP expressing CD4+ T cells with IFN-γ secretion 

surrounding them after 3 hours of incubation, further confirming the specificity of the assay 

(Figure 7D). We detected IFN-γ secretion in the FluoroDOT assay after 3 hours of co-culture, 

when it was undetectable in cell culture supernatants by ELISA. Finally, we compared the 

number of particles in each cluster for WT and MM and found that the number of 

particles/clusters in WT BMDCs was significantly higher than that of MM BMDCs (Figure 7E). 

We demonstrated the ability to correlate functional heterogeneity of cells in an antigen 

presentation assay for studying IFN-γ release. Using GFP-expressing cells, we further validated 

our findings that IFN-γ secretion was indeed a result of CD4+ T cell activation and studying co-

regulation of genes is achievable using this assay. 

3.3 Conclusion 
 ELISpot is a widely employed bioanalytical method, used in both research and clinical settings 

for a wide range of applications such as screening antigen-specific immune cells and functional 

T cells in cancer patients. It is used to assess response to immunotherapy, diagnose  tuberculosis 

(T-SPOT.TB assay), map T cell responses against HIV, detect antibody secreting cells in blood 

after vaccination, and for functional analysis of circulating tumor cells (CTCs) to understand 

drug susceptibility 75,76,96-100. Despite its enormous utility, this method has not undergone 

significant technological advances in spatial resolution or sensitivity over the past three decades. 

ELISpot assays thus remain severely limited by the inability to spatially resolve protein 

secretion, discrepancies in assay read-out, and false negatives in clinical diagnosis 61,101. We 

introduce a simple, yet powerful, ultra-resolved digital version of ELISpot and FluoroSpot assay 
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called FluoroDOT assay. The unmet need for an exceptionally bright fluorescent tag capable of 

detecting single-molecule fluorescence is served by plasmonic-fluors, which outperform 

conventional fluorophores and quantum dots. Using plasmonic-fluors, we improved the limit-of-

detection of the FluoroDOT assay by more than two orders of magnitude compared to 

conventional biolabels 62. We are able to digitalize the signal and count the fluorescent dots in 

contrast to integrating the signal as in case of ELISpot and FluoroSpot, which can be considered 

as analog version of this assay. This method will provide deeper insights into how the 

mechanotransduction, polarization, and adhesion properties of cells correlates with single-cell 

protein secretion, and application of this method for studying inflammasome-mediated protein 

secretion in diverse cell types including immune cells and endothelial cells 102,103. Since 

heterogeneity is a fundamental characteristic of cellular systems, single-cell technologies and 

measurements are of immense value for an in-depth understanding of individual cells, facilitating 

disease model development, drug discovery, and meaningful biological insights beyond 

ensemble population averages 104,105. We noted cell-to-cell heterogeneity in response to LPS 

treatment (Figure 3 and S5), inflammasome activation (Figure 4), and cytokine response to Mtb 

infection (Figure 6). We found a difference in the secretion pattern of TNF- and IL-1. While 

many cells secreted TNF- in an anisotropic manner, this was not the case with IL-1 secretion. 

These proteins are secreted in very different manners: TNF- secretion depends upon cleavage 

of the membrane-bound precursor by the metalloprotease, TNF alpha converting enzyme 

(TACE), whereas IL-1 secretion depends upon Gasdermin-D pores.  The anisotropic nature of 

TNF- secretion suggests that some required component is polarized in the cell, perhaps 

reflecting underlying polarity associated with dendritic cell migration.106 While the underlying 

reason behind the anisotropic secretion is a subject of future study, the ability of the FluoroDOT 
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assay to faithfully capture these events further highlights its utility in biomedical research. The 

FluoroDOT assay enables the visualization of heterogeneity, infectivity, and directionality, and it 

can be implemented for better understanding of host-pathogen interaction, neuronal secretions, 

and tumor cytotoxicity. As proof of principle, we demonstrate that it can be applied to study 

cytokine secretion during Mtb infection. There is an increasing appreciation that TB infection is 

characterized by bacterial and host heterogeneity 92,107-109. However, the ability to assess protein 

secretion at a single-cell level has lagged behind single-cell technologies to assess mRNA or 

intracellular protein abundance of both the bacilli and host. The high resolution achieved here 

can be applied to determine the relationship between bacterial and host heterogeneity, mapping 

the spatial distribution of protein secretion in a multiplexed and multi-cellular situation to decode 

critical information on cellular behavior.  

Overall, we developed an ultrasensitive digitized FluoroDOT immunoassay for detection of 

protein secretions from cells. The assay can employed for multiplexed detection of proteins. It 

can provide detailed spatial mapping of the secretion around the cells along with the sub-cellular 

information. When compared to any of the conventionally used approaches, we believe 

FluoroDOT assay will lead to transformative advances in single-cell secretion studies as it is 

versatile, low-cost, and is readily adaptable in any laboratory setting with regularly used supplies 

and reagents (glass-bottom 96-well plate, ELISA reagents), commercially available plasmonic-

fluor (Auragent Bioscience LLC), and a standard epifluorescence microscope. Considering the 

evolving landscape of cellular traits, this method holds the potential to provide a comprehensive 

understanding of single-cell secretome. 
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3.4 Experimental section 
o Cell lines:  

Mouse JAWS II dendritic cells (immature, monocytes ATCC® CRL-11904™) were cultured in 

alpha minimum essential medium with ribonucleosides, deoxyribonucleosides, 4 mM L-

glutamine, 1 mM sodium pyruvate and 5 ng/ml murine GM-CSF, 10% heat-inactivated fetal 

bovine serum, 50 IU/ml of penicillin, 50 μg/ml of streptomycin. 

o Primary cells:  

i) Blood sampling and isolation of peripheral blood mononuclear cells (PBMCs) processing: 

Heathy individuals consented for blood samples. All samples were collected in accordance with 

the procedures approved by the Institutional Review Board at Washington University in St. 

Louis. Donor’s demographic data was deidentified. Samples were obtained in sodium heparin 

tubes. Fresh whole blood samples were processed within 90 min of collection as previously 

described.110 Briefly, blood was diluted in an equal volume of PBS and layered carefully on 

Ficoll Paque PLUS (GE Healthcare). The PBMC fraction was isolated following centrifugation 

at 500 × g for 30 minutes at room temperature. The number of total PBMCs was determined with 

a Vi-CELL Viability Analyzer (Beckman Coulter, Brea, CA).  

ii) Isolation of alveolar macrophages (AM): To obtain AMs, bronchoalveolar lavage (BAL) was 

performed in anesthetized mice lungs using 26G catheters via intra-tracheal route. DPBS 

containing 0.6 mM EDTA and 1% FBS was used as BAL buffer. Three washes were performed 

with 1 ml of BAL buffer. DMEM (Dulbecco’s Modified Eagle Medium) with 10% FBS, 
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Glutamax (1:100) and freshly prepared HEPES (4-1-piperazineethanesulfonic acid) buffer 

(1:100) was used to culture the cells. 

iii) Isolation and culture of BMDMs and BMDCs: For BMDCs, the bone marrow cells were 

collected and cultured for seven days in 100 mm Petri dishes containing 10 ml of RPMI medium 

supplemented with 10% heat-inactivated fetal bovine serum, 50 IU/ml of penicillin, 50 μg/ml of 

streptomycin and 20 ng/ml of mouse recombinant granulocyte-macrophage colony-stimulating 

factor (R&D Systems). For differentiation into BMDMs, DMEM medium was supplemented 

with 10% FBS and 20% L929-conditioned medium for 7 days. The concentration of L929-

conditioned medium was reduced to 10% before infections. The GMCSF was removed before 

infections. Murine hematopoietic stem cells were isolated from the tibia and femurs of 6- to 12-

week-old C57BL/6 or MHC-II mismatch mice, obtained from the Jackson laboratory and 

processed as described above. 

iv) Bacterial Strains and Growth Conditions: Mtb strain H37Rv expressing DsRed (selected with 

25ug/ml kanamycin) was grown at 37°C in 7H9 medium (Middlebrook 7H9 broth; Difco) 

supplemented with 0.05% Tyloxapol (Sigma), BBL Middlebrook OADC (oleic acid-albumin-

dextrose-catalase) enrichment, and 0.2% glycerol (Sigma). For making single cells, Mtb were 

passed through a 5 µm filter before infection. 

o Mice:  

Female C57BL/6 (H-2b) mice that were 6- to 12-weeks of age were purchased from Jackson 

Labs. The mice were maintained under pathogen-free conditions. All experiments employing 

mice were performed in accordance with laboratory animal protocol approved by the School of 

Medicine Animal Studies Committee of Washington University in St. Louis. Mice were 
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euthanized using CO2 asphyxiation and cervical dislocation. The euthanized mice were kept in 

70% (v/v) ethanol for 1 min. Both the femurs and tibiae were isolated, and the muscle 

attachments were carefully removed using gauze pads. Both ends of the bones were cut with 

scissors and the marrow was centrifuged in an adapted centrifuge tube (0.65 ml tube with a hole 

inserted in 1.5 ml tube) at 1,000 rpm for 10 seconds. The pellet was resuspended by vigorous 

pipetting in RPMI 1640 medium. The cells were passed through a 70 μm cell strainer to prepare 

a single-cell suspension. After one wash (1,100 rpm, 5 min), red blood cells (RBC) were 

depleted with RBC lysis buffer (Millipore Sigma, St. Louis, MO, USA). 

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 Biosceince 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. TEM images were obtained using a JEOL JEM-2100F field emission 

instrument. A drop of aqueous solution was dried on a carbon-coated grid, which had been made 

hydrophilic by glow discharge. Molar concentrations of plasmonic-fluors was calculated as 

described previously.62 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.  

Standard curve using plasmonic-fluors: Mouse TNFα DuoSet ELISA kit (R&D systems, 

catalog number DY410, lot number P189768), mouse IL-6 DuoSet ELISA kit (R&D systems, 

catalog number DY406, lot number P234212), mouse IFNγ DuoSet ELISA kits (R&D systems, 

catalog number DY485-05, lot number P234214) and mouse IL-1β (Invitrogen, catalog number 
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88-7013-88 and lot number 183204000) were 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 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. 

FluoroDOT assay on JAWS II DC: Mouse TNFα DuoSet ELISA kits (R&D systems, catalog 

number DY410, lot number P189768) 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 

(0.8 µg/ml in PBS), 100 µl/well and incubated overnight at 4oC. The plate was washed three 

times with 1x PBS 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 PBS. JAWS II DCs were 

seeded on the capture coated plates, at the seeding density of 5,000 cells/well in 100 µl of 

medium followed by incubation at 37oC in 5% CO2 for 30 minutes. All the non-adherent cells 

were removed by taking out the medium and replacing it with 100 µl of fresh medium containing 

varying amounts of LPS ranging from (0 to 2000 ng/ml). The cells were incubated at 37oC in 5% 

CO2 for varying durations from 20 minutes to 90 minutes. After completion of the incubation 
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duration, the medium was decanted, and the cells were fixed using 100 µl/well of 4% neutral 

buffered formalin (NBF) for 20 minutes at room temperature. The plates were then washed three 

times with PBS and incubated with biotinylated detection antibodies, 75 ng/ml in reagent diluent 

for 2 hours at room temperature. The plates were washed three times using PBS and then were 

incubated with 100 µl/well of streptavidin Cy5-plasmonic-fluors (extinction 0.5) for 30 minutes 

at room temperature in dark. For comparison, 100 µl of 1 µg/ml of streptavidin-Cy5 (Thermo 

Fisher Scientific, catalog number SA1011) as conventional fluorophore and 1 nM of streptavidin 

QD 655TM (Thermo Fisher Scientific, catalog number Q10123MP) was added to each well for 30 

minutes at room temperature in dark. The plates were washed with PBS three times, and the 

nuclei of the cells were stained with 300 nM DAPI solution (Millipore Sigma, St. Louis, MO, 

USA) for 5 minutes at room temperature in dark. Finally, the plates were washed three times in 

PBS and imaged using Nikon TsR2 epifluorescence microscope. For ELISA, culture 

supernatants of JAWS II DC after treatment described above were collected and TNFα 

concentration was measured using mouse TNFα DuoSet ELISA kits (R&D systems, catalog 

number DY410, lot number P189768) as per manufacturer’s instructions. 

Epifluorescence microscopy: 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. Bright field 

and fluorescence images were collected in four channels corresponding to DAPI, Cy5, TRITC 

and GFP. For Cy5, TRITC and GFP, 200 ms exposure time was used and for DAPI exposure 

time of 50 ms was used. All images were saved as .tif files and further processed. 
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Image Processing and calculation of signal-to-noise ratio: Image J 1.53a (64-bit), was used 

for adjusting the brightness and contrast of .tif images. Pseudo-color was imparted to images 

collected from different channels and merged using Image J tool. Pseudo-line was drawn on the 

image and analyzed using “plot profile” feature to obtain intensity vs. distance (pixels) graph. 

The raw data of the graph was exported, and signal-to-noise ratio (SNR) was calculated using the 

following equation: 

 

Average of 5 pixels with highest intensity was recorded as average signal. Standard deviation of 

first and last 50 pixels was recorded as standard deviation of noise. In case of ELISpot because 

the images had white background, “invert image” feature was used to create a dark background 

before the intensity vs. distance graph was obtained. 

ELISpot/FluoroSPOT and FluoroDOT assay on PBMCs: Capture antibody pre-coated 

polyvinylidene difluoride–backed strip plates were used for ELISpot and FluoroSPOT assays as 

per the manufacturer’s instructions for detection of human IFNγ (ImmunoSPOT, Cellular 

Technology (CTL), Cleavland, OH). Samples were run in duplicate for each assay type. For 

ELISpot and FluoroSpot assays, 25,000 PBMCs/ well in 100 µl of media were seeded on the 

plate. Human IFNγ ELISpot development module (R&D systems, catalog number SEL285) was 

used to perform the FluoroDOT assays. Glass-bottom 96-well black plate (P96-1.5H-N, Cellvis, 

Mountain View, USA) was first coated with capture antibodies (1:60 dilution in PBS), 100 

µl/well and incubated overnight at 4oC. The plate was washed three times with 1x PBS 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 PBS. For FluoroDOT assay 12,500 PBMCs/well in 100 µl 
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of medium followed by incubation at 37oC in 5% CO2 for 30 minutes. All the non-adherent cells 

were removed by taking out the medium and replacing it with 100 µl of fresh medium containing 

PMA (1 ng/ml) and ionmycin (400 ng/ml). The cells were incubated at 37oC in 5% CO2 for 18 

hours. After completion of the incubation duration, the medium was decanted, and the plates 

were then washed three times with PBS and incubated with biotinylated detection antibodies, 

1:60 dilution in reagent diluent for 2 hours at room temperature. The plates were washed three 

times using PBS and then were incubated with 100 µl/well of streptavidin Cy5-plasmonic-fluors 

(extinction 0.5) for 30 minutes at room temperature in dark. Finally, the plates were washed three 

times in PBS and imaged using Nikon TsR2 epifluorescence microscope. For ELISpot assay, 

streptavidin-bound alkaline phosphatase and developer solution and for FluoroSPOT assay 

streptavidin-bound FITC were applied to samples as per manufacturer instructions before 

imaging and analysis using Cellular Technology series 6 ImmunoSpot Universal Analyzer with 

ImmunoSpot 7.0 professional software (Cellular Technology Analyzers, Shaker Heights, OH). 

Analysis parameters were optimized to obtain appropriate spot numbers (cytokine-secreting 

cells) and were maintained constant throughout each sample. 

FluoroDOT assay using alveolar macrophages: Mouse TNFα DuoSet ELISA kits (R&D 

systems, catalog number DY410, lot number P189768) and mouse IL-1β (Invitrogen, catalog 

number 88-7013-88 and lot number 183204000) were used to perform the assays. Glass-bottom 

96-well black plate (P96-1.5H-N, Cellvis, Mountain View, USA) was first coated with TNFα 

capture antibody (0.8 µg/ml in PBS) or 1L-1β capture antibody (1:250 dilution in PBS), 100 

µl/well, and incubated overnight at 4oC. The plate was washed three times with 1x PBS 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 PBS. Mouse alveolar macrophages were seeded on the 
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capture antibody-coated plates, at the seeding density of 5,000 cells/well in 100 µl of medium 

followed by incubation at 37oC in 5% CO2 for 30 minutes. All the non-adherent cells were 

removed by taking out the medium and replacing it with 100 µl of fresh medium containing 500 

ng/ml of LPS. The cells were incubated at 37oC in 5% CO2. After 4 hours, for some wells, 20 

µM nigericin was added and the plate was incubated for another 30 minutes. Subsequently, the 

medium was decanted, and the cells were fixed using 100 µl/well of 4% neutral buffered 

formalin (NBF) for 20 minutes at room temperature. The plates were then washed three times 

with PBS and incubated with biotinylated detection antibodies (TNFα 75 ng/ml and IL-1β 1:250 

dilution) in reagent diluent for 2 hours at room temperature. The plates were washed three times 

using PBS and then were incubated with 100 µl/well of streptavidin Cy5-plasmonic-fluors 

(extinction 0.5) for 30 minutes at room temperature in dark. The plates were washed with PBS 

three times and the nuclei of the cells were stained with 300 nM DAPI solution (Millipore 

Sigma, St. Louis, MO, USA) for 5 minutes at room temperature in dark. Finally, the plates were 

washed three times in PBS and imaged using Nikon TsR2 epifluorescence microscope. 

TNFα and IL-1β ELISA of AM culture supernatant: AMs were seeded in 96-well plate 

(Corning® Costar®, Millipore Sigma, St. Louis, MO, USA) at a seeding density of 150,000 cell 

in 150 µl of media. Adherent AMs were selected by incubating for 1 hour in media and further, 

culture medium was replaced with DMEM containing 500 ng/ml LPS for priming. After 4 hours 

of LPS treatment, 20 µM nigericin was added to activate NLRP3 inflammasome for 30 minutes. 

Cell culture supernatant was collected and cytokine concentration was measured using mouse 

TNFα DuoSet ELISA kits (R&D systems, catalog number DY410, lot number P189768) and 

mouse IL-1β (Invitrogen, catalog number 88-7013-88 and lot number 183204000) as per 

manufacturer’s instructions. 
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Antibody conjugation on plasmonic-fluor for multiplexing and validation: 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 IL-6 

detection antibody and biotinylated TNF-α detection antibody, 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. In order to 

validate the successful conjugation of the antibody, 0.5 µl of TNFα capture antibody (0.8 µg/ml 

in 10% glycerol in 1x PBS) was deposited on top-left area of a 96-well glass-bottom plate. 

Similarly, 0.5 µl of IL-6 capture antibody (2 µg/ml in 10% glycerol in 1x PBS) was deposited on 

top-right area of the same 96-well glass-bottom plate. 0.5 µl of a mixture of TNFα capture 

antibody (0.8 µg/ml in 10% glycerol in 1x PBS) and IL-6 capture antibody (2 µg/ml in 10% 

glycerol in 1x PBS) was deposited on bottom-middle area of the same 96-well glass-bottom 

plate. The plate was sealed with plate sealant and incubated for 2 hours at room temperature. The 

plate was washed three times with 1x PBST 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 5,000 pg/ml of both of standard proteins (TNFα and IL-6) in 100 µl of 1% BSA in 1x PBS 

was added to the well and incubated for 2 hours at room temperature. The plates were washed 

three times with PBST and then incubated for 2 hours with a suspension comprised of 50 µl of 

IL-6 detection antibody-conjugated Cy3-plasmonic-fluor and 50 µl of TNFα detection antibody-

conjugated Cy5-plasmonic-fluor (extinction 1 each) in dark. Finally, the plates were washed 
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three times in PBST and imaged using Nikon TsR2 epifluorescence microscope using a 4x 

objective.  

Multiplexed FluoroDOT assay: Mouse TNFα DuoSet ELISA kits (R&D systems, catalog 

number DY410, lot number P189768) and mouse IL-6 DuoSet ELISA kit (R&D systems, 

catalog number DY406, lot number P234212) were used to perform the assays. Glass-bottom 96-

well black plate (P96-1.5H-N, Cellvis, Mountain View, USA) was first coated with both TNFα 

capture antibody (0.8 µg/ml in PBS) and IL-6 capture antibody (2 µg/ml in PBS), 100 µl/well, 

and incubated overnight at 4oC. The plate was washed three times with 1x PBS 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 PBS. JAWS II dendritic cells (ATCC® CRL-11904™) were 

cultured in alpha minimum essential medium with ribonucleosides, deoxyribonucleosides, 4 mM 

L-glutamine, 1 mM sodium pyruvate and 5 ng/ml murine GM-CSF, 10% heat-inactivated fetal 

bovine serum, 50 IU/ml of penicillin, 50 μg/ml of streptomycin. JAWS II DCs were seeded on 

the capture coated plates, at the seeding density of 5,000 cells/well in 100 µl of medium followed 

by incubation at 37oC in 5% CO2 for 30 minutes. All the non-adherent cells were removed by 

taking out the medium and replacing it with 100 µl of fresh medium containing 200 ng/ml of 

LPS. The cells were incubated at 37oC in 5% CO2 for 30 minutes, 1 hour, 2 hours, and 3 hours. 

The wells with medium and without LPS were incubated for 3 hours. Subsequently, the medium 

was decanted, and cells were fixed using 100 µl/well of 4% neutral buffered formalin (NBF) for 

20 minutes at room temperature. The plates were then washed three times with PBS and 

incubated with biotinylated detection antibody conjugated plasmonic-fluors (TNFα-detection 

antibody conjugated Cy5-plasmonic-fluor and IL-6 detection antibody conjugated Cy3-

plasmonic-fluor: extinction 0.5) in reagent diluent for 2 hours at room temperature. The plates 
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were washed three times using PBS and the nuclei of the cells were stained with 300 nM DAPI 

solution (Millipore Sigma, St. Louis, MO, USA) for 5 minutes at room temperature in dark. 

Finally, the plates were washed three times in PBS and imaged using Nikon TsR2 

epifluorescence microscope. 

FluoroDOT assay using Mtb-infected BMDMs: Mouse TNFα DuoSet ELISA kit (R&D 

systems, catalog number DY410, lot number P189768) was used for this assay. Glass-bottom 96-

well black plate (P96-1.5H-N, Cellvis, Mountain View, USA) was first coated with capture 

antibodies (0.8 µg/ml in PBS), 100 µl/well and incubated overnight at 4oC. The plate was 

washed 3 times with 1x PBS and then blocked with 200 µl of reagent diluent (1x PBS in 1% 

BSA, 0.2 µm filtered). After blocking the plates were washed three times with PBS. BMDMs 

were seeded on the capture coated plates, at the seeding density of 5,000 cells/well in 100 µl of 

medium followed by incubation at 37oC in 5% CO2 for 30 minutes. All the non-adherent cells 

were removed by taking out the medium and replacing it with 100 µl of fresh medium containing 

DsRed-expressing Mtb strains at MOI of ∼5. The cells were incubated at 37oC in 5% CO2 for 3 

hours, then the supernatant was replaced and incubated for another 3 hours. Subsequently, the 

medium is decanted, and the cells were fixed using 100 µl/well of 1% paraformaldehyde (PFA) 

in PBS, overnight at 4oC. The plates were then washed three times with PBS and incubated with 

biotinylated detection antibodies (75 ng/ml in reagent diluent for 2 hours at room temperature. 

The plates were washed three times using PBS and were incubated with 100 µl/well of 

streptavidin Cy5-plasmonic-fluors (extinction 0.5) for 30 minutes at room temperature in dark. 

The plates were washed with PBS 3 times and the nuclei of the cells were stained with 300 nM 

DAPI solution (Millipore Sigma, St. Louis, USA) for 5 minutes at room temperature in dark. 
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Finally, the plates were washed three times in PBS and imaged using Nikon TsR2 

epifluorescence microscope. 

FluoroDOT assay using BMDC and T cell co-cultures: Mouse IFNγ DuoSet ELISA kit (R&D 

systems, catalog number DY485-05, lot number P234214) was used for this assay. Glass-bottom 

96-well black plate (P96-1.5H-N, Cellvis, Mountain View, USA) was first coated with capture 

antibodies (4 µg/ml in PBS), 100 µl/well and incubated overnight at 4oC. The plate was washed 

three times with 1x PBS 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 PBS. Wild-type and 

mismatch BMDCs were seeded on the capture coated plates, at the seeding density of 5,000 

cells/well in 100 µl of medium followed by incubation at 37oC in 5% CO2 for 30 minutes. All the 

non-adherent cells were removed by taking out the medium and replacing it with 100 µl of fresh 

medium containing either DsRed-expressing Mtb strains at MOI of ∼5 or LPS (1,000 ng/ml). 

Incubate the cells at 37oC in 5% CO2 for 24 hours. Mycobacterium tuberculosis (Mtb) MHCII-

peptide (P25)-specific GFP-expressing CD4+ T cells were prepared as reported previously.111 

LPS treated BMDCs were treated with 791 ng/ml of P25 peptide. GFP expressing CD4+ T cells 

(50,000 cells per well in 100 µl) were added to infected BMDCs, for 3 hours. For time-

dependent study, the plates were incubated for 1 hour, 2 hours and 3 hours. Since T cells are 

non-adherent, after completion of the incubation duration, the plate was spun at 1100 rpm for 5 

minutes. The medium was decanted, and the cells were fixed using 100 µl/well of 1% 

paraformaldehyde (PFA) in PBS, overnight at 4oC. The plates were then gently washed two 

times with PBS and incubated with biotinylated detection antibodies (200 ng/ml in reagent 

diluent for 2 hours at room temperature. The plates were gently washed two times using PBS and 

then were incubated with 100 µl/well of streptavidin Cy5-plasmonic-fluors (extinction 0.5) for 
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30 minutes at room temperature in dark. The plates were gently washed with PBS 2 times, and 

the nuclei of the cells were stained with 300 nM DAPI solution (Millipore Sigma, St. Louis, 

USA) for 5 minutes at room temperature in dark. Finally, the plates were gently washed two 

times in PBS and imaged using Nikon TsR2 epifluorescence microscope. 

Quantification and statistical analysis: For analyzing the statistical difference between more 

than two groups, one-way analysis of variance (ANOVA) with a post-hoc Tukey’s honest 

significance test was used. Statistical significance of the data was calculated at 95% (p<0.05) 

confidence intervals. All values are expressed as mean ± standard deviation. GraphPad Prism 6 

was used for all statistical analysis. Linear regression was used to calculate the equation and to 

derive the slope of fluorescence intensity vs. molar concentration graph. 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). For FluoroDOT assay, all 

measurements were taken from distinct samples as well as different regions of the same sample. 

3.5 Figures 
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Figure 3.1 Comparison of conventional ELISpot/FluoroSpot assays with plasmon-enhanced 

FluoroDOT assay relying on plasmonic-fluors as ultrabright biolabels. Schematic 
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illustration depicting step-by-step method for A) conventional ELISpot and FluoroSpot assays, 

and B) plasmon-enhanced FluoroDOT assay. Representative whole well and zoomed-in images 

of PBMCs IFNγ assay C) ELISpot, D) FluoroSPOT and E) FluoroDOT. The cells were 

incubated for 18 hours for comparison of all three assays. F) JAWS II DCs were treated with 200 

and 2000 ng/ml lipopolysachharide (LPS) and bright field images (left panel), Cy5/DAPI merged 

images (middle panel) of a single cell secreting TNFα, visualized using conventional fluor (Cy5), 

quantum dot 655 and Cy5-plasmonic-fluor and G) Representative line-scans and signal-to-noise 

ratio (SNR) corresponding to conventional fluor (Cy5), quantum dot 655 and Cy5-plasmonic-

fluor. To assess the signal of the secreted cytokine, the line scans for all the fluors are placed just 

outside the boundary of the cell (using the corresponding brightfield image). High power laser 

(Lumencor Aura III Light Engine) was used as light source. Standard Cy5 filter was used to 

image all three labels. See also Figure S1 and S2. 
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Figure 3.2 A) Scanning electron microscopic images (left) and epifluorescence microscopy 

images (right) from the same regions of substrate drop-casted with plasmonic-fluors showing 

one-to-one correlation of individual plasmonic-fluors between the two images. Scale bar: 5 µm. 
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B) Transmission electron microscopy images of streptavidin Cy5-plasmonic-fluor and 

streptavidin Cy3-plasmonic-fluor. C) Fluorescence intensity of Cy5 conventional fluor and Cy5-

plasmonic-fluor at their different molar concentrations. Data represented as mean ± s.d (n = 2 

repeated tests). The data was fitted and graphically presented on a linear scale. 
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Figure 3.3 Studying the effect of stimulant dose and stimulation duration on single-cell 

protein secretions. FluoroDOT assay performed on JAWS II dendritic cells treated with a) 0, 2, 

20, 200 and 2000 ng/ml lipopolysachharide (LPS) for 90 minutes and c) 200 ng/ml of LPS 
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treated for 20 minutes, 40 minutes, 60 minutes and 90 minutes. A) and C) Left panel: Cy5 

epifluorescence microscopy images of the assay using Cy5-plasmonic-fluor. Scale bar: 100 µm. 

a) and c) Right panel: Cy5/DAPI merged image of TNFα secreting cell visualized using Cy5-

plasmonic-fluor at 60x. Scale bar: 50 µm.  B) Illustration depicting the LPS treatment of JAWS 

II dendritic cells for studying the secretion levels of TNFα in a dose and time-dependent manner. 

Quantification of the number of TNFα secreting cells and the amount of TNFα secreted by 

individual cells with (D, E) increasing dose of LPS and (F, G) increasing duration of LPS 

treatment. Ten, 20x images for each treatment condition were collected. 700-750 cells were 

analyzed. Each data point is the number of clusters in the field of a 20X image. The fields were 

randomly chosen. There were at least 10 cells in each field of view.ns: not significant, **p<0.01, 

***p<0.001, ****p<0.0001 by one-way ANOVA and Tukey’s post test.  
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Figure 3.4 Detection of two secreted proteins in primary cells after multiple stimulants. A) 

Illustration depicting the experiment performed using alveolar macrophages to study the effect of 

two stimulants (LPS and nigericin) on the secretion of TNFα and IL-1β. Plasmon-enhanced 

FluoroDOT assay performed on mouse-derived alveolar macrophages treated with 500 ng/ml 

LPS with and without nigericin for inflammasome activation. B) TNFα secretion and IL-1β 
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secretion observed after 4 hours of LPS treatment and 30 minutes of 20 µM nigericin treatment. 

Cy5 epifluorescence microscopy images of the assay using Cy5-plasmonic-fluor (red) overlaid 

with DAPI nuclei stain (blue). Each panel contains two representative 20x images stitched 

together. Scale bar: 100 µm. Quantification data showing C) the number of cells secreting IL-1β 

and D) the amount of IL-1β secreted by individual cells after inflammasome activation. Number 

of clusters and number of particles/cluster were calculated using twelve, 20x images for each 

treatment condition.  ****p<0.0001 by one-way ANOVA and Tukey’s post test. 
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Figure 3.5 Multiplexed analysis of secretion of two proteins in the same cell using antibody 

conjugated plasmonic-fluors. A) Multiplexed analysis of secretion of TNFα and IL-6 from 

single JAWS II DC when subjected to 200 ng/ml LPS after 30 min, 1 hour, 2 hours, and 3 hours 
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of incubation. Epifluorescence microscopy images of the cells using TNFα detection antibody 

conjugated cy5-plasmonic-fluor (red) and IL-6 detection antibody conjugated cy3-plasmonic-

fluor (yellow) overlaid with DAPI nuclei stain (blue). Each panel contains four representative 

20x images stitched together. Scale bar: 100 µm B) Quantification of both TNFα and IL-6 from 

individual JAWS II DC after LPS treatment for 30 minutes, 1 hour, 2 hours, and 3 hours. 

Number of clusters and number of particles/cluster were calculated using seven, 20x images for 

each treatment condition. C) Representative higher magnification images (60x) of JAWS II DCs 

showing the multiplexed detection of the TNFα and IL-6 secretion and the associated cell-to-cell 

heterogeneity indicated by white arrows. Scale bar: 50 µm. 
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Figure 3.6 Cell-to-cell heterogeneity in cytokine secretion after Mtb infection. A) Illustration 

depicting the heterogeneity in TNFα secretion in terms of infection amount and direction of 

secretion by bone marrow-derived macrophages (BMDMs) infected with M. tuberculosis (Mtb). 

B) Plasmon-enhanced FluoroDOT assay for TNFα secretion from BMDMs in the absence and 

presence of DsRed-expressing Mtb. Epifluorescence microscopy images of the assay using Cy5-
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plasmonic-fluor (red) overlaid with Mtb (yellow) and DAPI nuclei stain (blue). Each panel 

contains three representative 20x images stitched together. Scale bar: 100 µm. C) Bright field 

and Cy5/TRITC/DAPI merged images at 60x with a zoom-in image on either side. Presence of 

Mtb is highlighted by white arrows. Scale bar: 50 µm. 
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Chapter 4: Plasmon-enhanced flow 

cytometry 
 

4.1 Introduction 
Flow cytometry is a powerful cell analysis tool employed to identify and characterize single 

cells. This technique is extensively employed in immunophenotyping biological specimens with 

applications in various fields ranging from immunology, molecular biology, and infectious 

diseases to cancer biology27,112-114. A critical tool for decrypting cell systems for diagnostics and 

sorting are the cell surface antigens characterized to perform specific cellular functions27. An 

important discovery highlighted the correlation between surface protein cellular function and 

their abundance, indicating that ~65% of target antigens represent <5,000 copies per cell24,27. 

Briefly, surface proteins involved in functions such as cell communication, regulation of cellular 

processes, protein sorting in post-transcriptional processing, and metabolic processing were 

identified to lie in a low abundance regime (<5,000 copies)24. While high-abundant surface 

proteins (high copy numbers) can feasibly be investigated via standard flow cytometry protocols 

that rely on antibody-conjugated fluorescent labeling, low-abundant proteins are disregarded 

owing to the poor sensitivity and precision of the techniques. For example, one study estimated 

the need for >5,000 fluorescein molecules for specifically detecting the “positive signal” from 

target cell surface antigens having accounted for the auto-fluorescence and background 

fluorescence from “negative” cell populations16,27. Clearly, there is an imminent need to 

overcome the limitation associated with dim fluorescence signals, poor sensitivity, and non-

specific binding.  
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Considering the growing list of fluorophores, it is critical to select the most suitable fluorophore 

for probing cell surface target antigens via flow cytometry. While categorizing and selecting cell 

surface antigens to be probed based on their expression level (copy number) is necessary for 

optimal results, it is equally important to designate an appropriate fluorophore to label target 

antigen112. Furthermore, building an appropriate fluorophore panel is imperative for performing 

multiparameter flow cytometry to probe multiple markers on single cells. Though complexity 

rises in multiparameter flow cytometry experiments, using fluorophores for detecting multiple 

markers proves advantageous in accurately determining cell population distributions113. A 

comprehensive guide for selecting fluorophores considers the following parameters: (a) relative 

brightness profile of fluorophore, (b) excitation and emission profile matching the optical 

configuration of flow cytometer instrument, (c) fluorescence emission overlaps to avoid spillover 

in adjacent channels, (d) stability of fluorophore-antibody conjugates, (e) reproducibility and 

reliability of antibody-conjugation to fluorophore113,115,116. The need to consider these factors in 

choosing the appropriate fluorophore for flow cytometry is further necessitated by the lack of 

ultrabright and ultrasensitive nanolabels that can effectively detect low-abundant receptors on the 

cell surface27,115. For example, several important interleukin (IL) receptors such as IL-2, IL-4, 

IL-6, and IL-12 are found to be expressed at as low as 100-1,000 copies/cell (very low-

abundant), highlighting the need for ultrabright fluorescent nanolabels capable of detecting 

“positive” cell surface target antigens27,117-119. Therefore, it is important to consider the type and 

the number of surface antigens to be probed via flow cytometry for effective cell analysis 

While flow cytometry is one of the most widely employed technique for investigating and 

analyzing cellular systems, a persisting challenge revolves around the poor sensitivity of the 

technique. A sensitive flow cytometry technique will demonstrate the capability of accurately 
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detecting “positive” cell population expressing target antigens, beyond the background and 

autofluorescence signals, therefore quantitatively and qualitatively distinguishing differences 

between cell populations16,112,114. Conventionally, flow cytometry experiments have been 

designed with molecular fluorochromes (eg. FITC, Alexa Fluor 488, Texas Red, PerCP, PE) 

exhibiting consistent emission spectra, high stability, and reproducible conjugation to 

antibodies3,115.  

The introduction of quantum dots (QDs) in conjunction with flow cytometry has supported new 

findings in the field of cell analysis, owing to numerous advantages. Briefly, QDs demonstrate 

excellent emission wavelength tunability (size), therefore supporting efficient multiparameter 

flow cytometry experiments120. In addition, QDs exhibit significantly brighter fluorescence 

readout (quantum yield ~90%) relative to common organic fluorochromes (quantum yield 

<30%)120-125. Furthermore, multicolor flow cytometry is expected to benefit from the use of QDs 

owing to a symmetrical emission spectra and minimal spillover, in contrast to molecular 

fluorophores120,122. Despite the above-listed advantages, there are a few limitations associated 

with QDs related to failure in achieving successful antibody conjugation to QDs, higher 

overhead cost of QDs, and poor stability, impacting the adoption rate of this staining technology 

by the flow cytometry community120.  

Here we demonstrate ultrasensitive and quantitative detection of target antigens on cell surface 

through plasmon-enhanced flow cytometry and analysis. We demonstrate the excellent 

compatibility and utility of an ultrabright fluorescence nanolabel, termed plasmonic-fluor, with 

conventional flow cytometer. Using a model system based on dendritic cells, we demonstrate 

that plasmonic-fluors can be used for quantitative and qualitative characterization of various cell 

surface antigens via flow cytometry. First, we establish the sensitivity of plasmon-enhanced flow 
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cytometry in achieving 20-fold higher fluorescence signal compared with conventional flow 

cytometry relying on molecular fluorophores and quantum dots. Second, we determined the 

optimal condition of antibody-conjugated plasmonic-fluors by designing an innovative 

conjugation approach. Last, we validated the application of antibody-conjugated plasmonic-

fluors in multiparameter flow cytometry by probing a pair of cell surface expressed antigens on 

our model system. This ultrabright, ultrasensitive and quantifiable approach may enable 

investigation of novel cellular systems including low-abundant cell surface antigens. 

4.2 Results and discussion 
Addressing the limitations of conventional flow cytometry, we propose an innovative approach 

termed plasmon-enhanced flow cytometry. The bio-detection technology described here is based 

on detecting, quantifying, and characterizing cell surface antigens by employing an ultrabright 

nanostructure termed plasmonic-fluor. We have recently developed an ultrabright fluorescent 

nanoconstruct termed plasmonic-fluor that exhibits ~7,000-fold enhancement in fluorescence 

compared to its conventional counterpart47. Plasmonic-fluor (PF) comprises a plasmonic 

nanostructure that acts as fluorescence enhancer coated with a siloxane copolymer spacer layer 

to prevent metal-induced fluorescence quenching and a scaffold composed of bovine serum 

albumin (BSA), universal bio-linker (e.g., biotin, streptavidin) and fluorophores (e.g., AF647, 

FITC, 800CW, IR650)47,126. BSA serves as a key design element by imparting high stability to 

the nanoparticles, minimizing non-specific binding of PFs, and assembling the functional 

elements to coat the PFs. By tuning the longitudinal localized surface plasmon resonance (LSPR) 

of the plasmonic nanostructure, PFs can be designed with any molecular fluorophore to emit 

over a broad range of electromagnetic wavelength (e.g., PF-800CW, PF-Cy5, PF-LT680, PF-

IR650)25,26,47,48.  
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We hypothesized that the introduction of highly stable and bright PF will provide an 

unprecedented advantage to flow cytometry in investigating novel cellular systems, including 

low-abundant cell surface antigens and establishing multiparameter flow cytometry. To 

investigate and compare the performance of PFs with conventional molecular fluorophores and 

QDs, we conducted flow cytometry experiments to probe dendritic cells (bone marrow derived 

dendritic cells, BMDCs). Dendritic cells (DCs) are potent antigen presenting cells (APC) that 

process and present antigens to T-cells to initiate immune response against pathogens127. 

Exposing immature DCs to an exogenous (lipopolysaccharide, LPS) or endogenous (oxidative 

stress) stimulus induces maturation in DCs resulting in amplified potency to activate T-

cells128,129. DCs receiving the appropriate maturation stimuli upregulate the surface expressed 

molecules including CD80, CD40, CD86, and CD83, and chemokines that support DCs 

functions as APCs127. Therefore, investigating DCs surface for target antigen distribution, one 

can gain insight into the molecular profiles of immature and mature DCs, and their effectiveness 

in functioning as APCs127.  

In this study, we have employed plasmonic-fluor comprised of AF647 and plasmonic-fluor 

comprised of FITC (called PF-AF647 and PF-FITC respectively, henceforth) for exploring their 

compatibility and utility with flow cytometry. PF-AF647 is realized using Au@Ag nanocuboids 

with LSPR wavelength at ~650 nm as plasmonic nanoantenna (Fig. 2A). Transmission electron 

microscopy (TEM) image shows PF-AF647 with a length of 77 ± 6 nm and a width of 34 ± 2 nm 

(Fig. 2B).  

To establish the compatibility of PFs with conventional flow cytometry protocol, we first 

assigned CD80 as the target antigen on BMDCs to be detected via 3 fluorescent probes, namely: 

Quantum dots 655 (QD655), Alexa Fluor 647 (AF647) and plasmonic-fluor-AF647 (PF-AF647). 



78 

 

As described above, CD80 is one of the maturation markers that is known to be expressed at 

differing levels on the surfaces of immature and mature BMDCs127. We chose AF647 owing to 

its high brightness ranking130; designed PF-AF647 with AF647 as dye fluorophore, and chose 

QD655 owing to its high fluorescence from the list of CdSe QDs131. We relied on the biotin-

streptavidin interaction to label immature and mature BMDCs with biotin-conjugated anti-CD80 

antibody followed by streptavidin-conjugated fluorophores. In addition, each experiment 

included an ‘unstained’ control to account for the autofluorescence, a ‘no antibody’ control to 

account for the non-specific binding of the employed fluorophore (Fig. 2D-F). While we 

observed a comparable performance of AF647 and QD655 in staining immature and mature 

BMDCs populations, 1.8-fold higher non-specific binding of AF647 was recorded over QD655 

(Fig. 2G). In contrast, staining with PF-AF647 resulted in ~20-fold and ~15-fold larger cell 

population for immature and mature BMDCs, respectively (Fig. 2G).  Furthermore, fluorescence 

readout from non-specific binding of PF-AF647 was minimized owing to the protective coating 

of BSA on PFs47. To assess the relative brightness of the 3 fluorophores, we relied on the 

comparison of a standard parameter named staining index113. Staining index (SI) is given by,  

 

 

where MFI is the mean fluorescence intensity.  

Therefore, SI values of PF-AF647 were 15-fold and 35-fold higher than AF647 and QD655, 

respectively. The ultrabright fluorescence readout, reduced non-specific binding, and high 

relative SI are indicative of the compatibility of PFs with flow cytometry and their effective in 

delineating small differences in cell surface antigen expression levels. 
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To incorporate PFs into multiparameter flow cytometry, we propose an antibody conjugation 

approach to achieve different surface coverage of antibody on PFs by relying on biotin-

streptavidin interaction. To determine the optimal amount of antibody on PFs, we varied the 

amounts of biotin-functionalized anti-CD80 antibody to be conjugated to streptavidin-

functionalized PF-AF647 and achieved five different surface coverage densities (5%, 2.5%, 

1.25%, 0.625%, and 0%) (Fig. 3A). As expected, we observed highest mean fluorescence 

intensity (MFI) in immature and mature BMDCs populations when probed with 5% anti-CD80 

antibody-conjugated PF-AF647 (Fig. 3B). We observed a declining trend in MFI of immature 

and mature BMDCs when probed with decreasing surface coverage densities of anti-CD80 

antibody on PF-AF647 (Fig. 3C-E). In addition, we observed minimal non-specific binding of 

pristine PF-AF647 (conjugated to 0% anti-CD80 antibody) to immature and mature BMDCs, 

further validating the high specificity and excellent labeling efficiency of our proposed 

methodology (Fig. 3F). We further evaluated the performance of different surface coverage 

antibody-conjugated PFs by using a tool named resolution metric114,132. Resolution metric 

provides a normalized difference between two populations, and is given by,  

 

Resolution metric revealed 2.5% surface coverage of anti-CD80 antibody-conjugated PF-AF647 

is the most optimal condition for differentiating and resolving between immature and mature 

BMDCs.  

To determine the feasibility of using antibody-conjugated plasmonic-fluors in multiparameter 

flow cytometry, we synthesized two different plasmonic-fluors: PF-FITC conjugated to anti-

CD40 antibody and PF-AF647 conjugated to anti-CD80 antibody, after fixation, immature and 
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stimulated mature BMDCs were simultaneously stained for CD40 and CD80 surface antigens 

using two versions of plasmonic-fluors. As expected, we observed excellent compatibility of 

antibody-conjugated PFs with multiparameter flow cytometry, demonstrating their ability in 

differentiating between immature and mature BMDCs expressing differing levels of target 

antigens (Fig. 4A,B). Moreover, we observed minimal contribution of fluorescence from non-

specific binding of antibody-conjugated PFs (Fig. SI), highlighting the remarkable specificity 

and sensitivity of the employed antibody conjugation protocol. In addition, it is important to note 

unstained BMDCs exhibited high autofluorescence in the FITC channel compared to AF647 

channel (Fig. 4C). Overall, we observed high MFI in immature and mature BMDCs when 

probed with antibody-conjugated PFs for CD40 and CD80 target antigens (Fig. 4C). Further 

analysis revealed 17-fold higher staining index of anti-CD80 antibody-conjugated PF-AF647 

relative to anti-CD40 antibody-conjugated PF-FITC. On the other hand, the resolution metric of 

the employed antibody-conjugated PFs ranged between 0.47 - 0.62 indicative of their 

comparable yet remarkable performance in delineating the differences between target antigen 

expression levels on immature and mature BMDCs via multiparameter flow cytometry (Fig. SI). 

Additionally, by employing a gating strategy we investigated the BMDCs single cells to reveal 

~99% BMDCs cells representing the autofluorescence of unstained control subset (Fig. 4D,E). 

Immature and mature BMDCs subset defined as CD40+ CD80+ were evaluated to represent 

~50% and ~72% frequencies respectively (Fig. 4F,G). 

4.3 Conclusion 
In summary, we have demonstrated an ultrasensitive, ultrabright, and quantitative approach for 

analyzing target antigens on cell surfaces via plasmon-enhanced flow cytometry. Using a model 

system based on dendritic cells, we established a novel technology for efficiently probing cell 
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surface antigens with remarkable selectivity, surpassing the conventionally employed molecular 

fluorophores and quantum dots. While retaining the workflow of standard flow cytometry, 

plasmon-enhanced flow cytometry overcomes the limitations associated with poor brightness, 

high non-specific binding, and large spillover across channels with the use of fluorophores and 

quantum dots. Moreover, this technology demonstrated the potential to be employed in 

multiparameter flow cytometry, enabling the simultaneous detection of various cell surface 

antigens. Plasmon-enhanced flow cytometry may be broadly applicable to a wide range of 

biomarkers and receptors expressed on cell surfaces including low-abundant proteins. In 

addition, this technology may enable quantitative analysis and characterization of the sparsely 

distributed low-abundant proteins owing to its ultrabright fluorescent readout and minimized 

non-specific binding. The surface proteome offers a plethora of information that can provide a 

deeper insight for structure-function correlation in the cellular systems. Therefore, the 

demonstrated technology serves as an efficient tool for probing cell surface proteome and 

advancing our understanding of the cell systems. 

4.4 Experimental section 
Materials  

NaBH4 (71321), HAuCl4 (520918), CTAB (H5882), AgNO3 (204390), ascorbic acid (A92902), 

HCl (H9892), RBC lysis buffer, BSA (A7030), MPTMS (175617), APTMS (281778), TMPS 

(662275)   were acquired from Sigma-Aldrich. NHS-PEG4-biotin (21329), 5 ml, 7000 MWCO 

desalting column (21329), Streptavidin-AF647 (S21374), Streptavidin-FIT (434311), 

Streptavidin-QD655 (Q101023MP) were acquired from Thermo Scientific. Seroblock FcR was 

acquired from Bio Rad (Cat. #-BUF041A). Anti-Mouse CD80 - biotin (reference number 13–
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0801, Clone 16-10A1) and anti-mouse CD40-biotin (reference number 13-0401-82, clone 

number 1C10) were acquired from Invitrogen. 

Synthesis of plasmonic-fluor 

To synthesize plasmonic-fluor with high brightness, it is important to choose an “on-resonant” 

plasmonic nanostructure for a given fluorophore. Therefore, we employed Ag@AuNR with 

LSPR ~640 nm for synthesizing PF-AF647 and Ag@AuNS with LSPR ~510 nm for 

synthesizing PF-FITC.  

Briefly, AuNRs were synthesized by seed-mediated method133. First, Au seed was prepared by 

adding 0.6 ml (10mM) ice-cold NaBH4 solution to a solution containing 0.25 ml of HAuCl4 (10 

mM) and 9.75 ml of CTAB (0.1 M) under vigorous stirring at room temperature. 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 (0.01 M, 0.5 ml), HCl (1 M, 0.8 ml) and ascorbic acid (0.1 

M, 0.22 ml) followed by gentle inversion to homogenize the solution. Subsequently, 5 μl of the 

seed solution was added into the growth solution and left undisturbed in the dark for 24 h. The 

AuNR solution was centrifuged at 7,000 r.p.m. for 40 min to remove the supernatant and the 

AuNR was re-dispersed into nanopure water to achieve a final peak extinction of ~2.0.  

The AuNR with an LSPR wavelength around 711 nm was employed as the core for the synthesis 

of AuNR@Ag nanostructures. Specifically, 3 ml of AuNR (peak extinction ~4) was incubated 

with 8 ml of CTAC (20 mM) at 60 °C for 20 min under stirring. Then, 8 ml of AgNO3 (4 mM), 

4 ml of CTAC (20 mM) and 0.8 ml of ascorbic acid (0.1 M) were added sequentially and the 

mixture was incubated at 60 °C for 4 h under magnetic stirring to form AuNR@ Ag 
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nanocuboids. Finally, AuNR@Ag nanocuboids solution was centrifuged at 6,000 r.p.m. and the 

nanocuboids were re-dispersed in nanopure water. 

BMDCs isolation and cell culture 

Five-six-week-old female C57BL/6 (H-2b) mice were purchased from Jackson Labs and 

maintained under pathogen-free conditions. All experiments employing mice were performed in 

accordance with laboratory animal protocol approved by the School of Medicine Animal Studies 

Committee of Washington University in St. Louis. Mice were euthanized using CO2 

asphyxiation and cervical dislocation. The euthanized mice were wiped clean with 70% (v/v) 

ethanol. Both the femurs and tibiae were isolated, and the muscle attachments were carefully 

removed using tweezers and gauze pads. Both ends of the bones were carefully cut with scissors 

and the marrow was centrifuged in an adapted centrifuge tube (0.6 ml tube with a hole inserted in 

1.5 ml tube) at 1,000 r.p.m. for 10 s. The cell pellet was immediately resuspended in RPMI 1640 

media. A single-cell suspension was prepared by passing the cells were passed through a 70 μm 

cell strainer. After one wash (1,200 r.p.m., 5 min), red blood cells were depleted with RBC lysis 

buffer. The bone marrow cells were collected and cultured in 100 mm Petri dishes for 7 days, 

containing 10 ml of RPMI medium supplemented with 10% heat-inactivated fetal bovine serum, 

50 IU ml−1 of penicillin, 50 μg ml−1 of streptomycin and 20 ng ml−1 of mouse recombinant 

granulocyte-macrophage colony-stimulating factor (R&D Systems). BMDCs (1 × 106) were 

cultured in six-well plates. Mature BMDCs were achieved by stimulating with 1 ml of 1 μg ml−1 

of LPS for 24 h. Cells were collected using a cell scraper for further staining and flow cytometry 

analysis.  

Immunohistochemistry and flow cytometry analysis 
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CD80 overexpressed on the cell surface was probed using conventional molecular fluorophore, 

quantum dots and plasmonic-fluor. Specifically, immature and mature BMDCs were washed 

once with 1X PBS to remove the culture medium (centrifugation at 2,000 r.p.m. for 5 min) and 

fixed using 4% neutral buffered formalin for 20 min. The cells were then washed (2,000 r.p.m. 

for 5 min) and blocked with Seroblock FcR for 10 minutes. Next, biotinylated CD80 primary 

antibody was added into the BMDC suspension to achieve a final antibody concentration of 100 

ng ml−1 and the mixture was incubated for 1 h. The BMDCs were washed twice (2,000 r.p.m. for 

5 min) with 1% BSA and subsequently incubated with fluorophore for 1 hour. Briefly, we used 

molecular fluorophores (AF647, FITC) at a concentration of 1 μg ml−1, QD655 at 10 nM, PF-

AF647 at 400 pM, and PF-FITC at 150 pM. Finally, the cells were washed to remove unbound 

fluorophores. Ten thousand cells were analyzed by ACEA NovoCyte Flow Cytometer to acquire 

the fluorescence signal (APC channel (excitation laser 633 nm; filter 660/20 nm) and FITC 

channel (excitation laser 488 nm; filter 525/50 nm)) in combination with forward scatter and side 

scatter.  

4.5 Figures 
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Figure 4.1 Schematic illustration depicting step-by-step protocol for differentiating between cell 

populations expressing surface antigens (immature BMDCs) at low levels and high levels 

(mature BMDCs, post-stimulation via LPS), using A) conventional flow cytometry approach 

employing a fluorophore-conjugated antibody and B) our proposed flow cytometry approach 

employing plasmonic-fluor-conjugated antibody. 
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Figure 4.2 A) TEM image of PF-AF647 with inset showing the core plasmonic nanostructure 

and the outer shell composed of the spacer layer and BSA-biotin-dye conjugate. B) Vis-NIR 

spectrum of PF-AF647. C) Fluorescence intensity of AF647-streptavidin and PF-AF647-

streptavidin showing an average of 700-fold enhancement in fluorescence intensity. G) Plot 

showing CD80 mean fluorescence intensity for the employed fluorophores. H) Plot showing the 

staining index values for the employed fluorophores, highlighting the brightness ranking of PF-

AF647 is 15-fold higher than AF647 and 35-fold higher than QD655. 
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Figure 4.3 Optimizing antibody conjugation on plasmonic-fluor. A) Schematic illustrating 

the design workflow of modifying the spacer layer modified plasmonic nanostructure to achieve 

biotin-PF, streptavidin-PF, and subsequently antibody-conjugated PF. Histogram fluorescence 

profiles of BMDCs (immature and mature) probed using anti-CD80 antibody-conjugated PF-

AF647 with B) 5%, C) 2.5%, D) 1.25%, E) 0.625% surface coverage, and F) pristine PF-AF647 

(no antibody). G) MFI of anti-CD80 antibody-conjugated PF-AF647. H) Resolution metric of 

anti-CD80 antibody-conjugated PF-AF647 with different surface coverage. 
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Figure 4.4 Multiparameter plasmon-enhanced flow cytometry. Histogram fluorescence 

profiles of BMDCs (immature and mature) probed using A) anti-CD40 antibody-conjugated PF-

FITC, and B) anti-CD80 antibody-conjugated PF-AF647. C) MFI of anti-CD40 antibody-

conjugated PF-FITC and anti-CD80 antibody-conjugated PF-AF647. D) Dot plot from flow 

cytometry analysis representing BMDCs. BMDCs E1 gated cells were analyzed for E) unstained 

control, and F,G) CD40-PF-FITC and CD80-PF-AF647 labeling in immature and mature 

BMDCs. 
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Chapter 5: Conclusion 
 

In summary, we have designed and established plasmon-enhanced imaging and analytical 

methodologies for ultrasensitive probing of single cells. Specifically, this work was aimed at 

improving the sensitivity and resolution capabilities of conventionally employed bioanalytical 

techniques by employing ultrabright plasmonically-active nanostructures designed to take 

advantage of plasmon-enhanced fluorescence. 

We have demonstrated a high-resolution bioimaging approach for investigating hippocampal 

neuron cells via plasmon-enhanced expansion microscopy. We demonstrated the excellent 

compatibility of plasmonic-fluor in standard expansion microscopy protocols exhibiting high 

fluorescence retention (nearly 85%) in post-ExM surpassing conventional molecular 

fluorophores (<50%). We noted excellent fidelity of p-ExM over large sample regions, indicating 

a uniform and isotropic expansion (expansion factor nearly 4-fold) of the neuronal network 

labelled with plasmonic-fluors. FImage registration analysis highlighted the minimal distortions 

occurring in p-ExM establishing the feasibility and reliability of the proposed methodology. 

More importantly, p-ExM enabled improved delineation and subsequent analysis of fine features 

in neural networks owing to in the improved spatial resolution. Probing neural networks in post-

ExM via filament tracking analysis software (Imaris) revealed a significant increase in 

morphological maturation markers highlighting the superior performance of p-ExM. This high-

resolution, convenient and ultrabright plasmon-enhanced expansion microscopy protocol can be 

broadly employed to investigate rare cell systems and identify low-abundant surface antigens.  
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We employed plasmonic-fluor to demonstrate a simple, ultrasensitive, and quantifiable method 

to probe and characterize cell populations expressing different levels of surface antigens via 

plasmon-enhanced flow cytometry. Using bone-marrow-derived dendritic cells in naïve 

(immature) state and activated (mature) state, we validated ultrabright plasmonic nanolabels in 

standard flow cytometry protocols. Furthermore, in contrast to molecular fluorophores and 

quantum dots, plasmonic-fluors exhibited a significantly improved ability to differentiate small 

differences in the surface-expressed CD80 levels as evidenced by brighter fluorescence readouts, 

low background signals, and high staining indices and resolution metrics. By determining the 

optimal antibody conjugation conditions on plasmonic-fluor, we further employed plasmon-

enhanced flow cytometry to simultaneously probe two BMDC cell surface antigens, establishing 

compatibility for multiparametric analysis.  

To address challenges associated with single-cell secretome analysis, we introduced an 

ultrasensitive digitized plasmon-enhanced FluoroDOT assay for investigating the different 

cytokines secreted by single cells and studying cell-to-cell heterogeneity. This versatile, low-

cost, and adaptable FluoroDOT assay offers the potential to be employed for multiplexed 

detection and spatial mapping of proteins secreted from cells. Employing plasmonic-fluor in 

standard ELISspot assay resulted in a 30-fold higher signal-to-noise ratio and reduction in the 

LOD by two orders of magnitude when compared to conventional fluorophore biolabels. More 

importantly, FluoroDOT assay enables visualization of cell-to-cell heterogeneity, directionality, 

and protein secretion at single-cell resolution and therefore can be implemented for improved 

understanding of cellular interactions including immune-tumor cells and neural networks.     
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