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Abstract 

Fluorescence-based techniques are the cornerstone of modern biomedical optics, with 

applications ranging from bioimaging at various scales (organelle to organism) to 

detection and quantification of a wide variety of biological species of interest.  However, 

the weakness of the fluorescence signal remains a persistent challenge in meeting the 

ever-increasing demand to image, detect and quantify biological species with low 

abundance.  Here, we report a simple and universal method based on a flexible and 

conformal elastomeric film with adsorbed plasmonic nanostructures, which we term a 

“plasmonic patch”, that provides large (up to 100-fold) and uniform fluorescence 

enhancement on a variety of surfaces through simple transfer of the plasmonic patch to 

the surface. We demonstrate the applications of the plasmonic patch in improving the 

sensitivity and limit of detection (by more than 100 times) of fluorescence-based 

immunoassays implemented in microtiter plates and in microarray format.  The novel 

fluorescence enhancement approach presented here represents a disease-, biomarker-, 

and application-agnostic ubiquitously applicable fundamental and enabling technology 

to immediately improve the sensitivity of existing analytical methodologies in an easy-to-

handle and cost-effective manner, without changing the original procedures of the 

existing techniques. 

 

Key words: plasmonic patch; fluorescence enhancement; fluoroimmunoassay; acute 
kidney injury; protein microarrays 
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Introduction 

Fluorescence probes and fluorometric approaches have been ubiquitously 

employed in biomedical research, not only as imaging tools for the visualization of the 

location and dynamics of cells and of various sub-cellular species and molecular 

interactions in cells and tissues but also as labels in fluoroimmunoassays for the 

detection and quantification of molecular biomarkers. Fluorescence-based techniques 

have radically transformed biology and life sciences by unravelling the genomic, 

transcriptomic, and proteomic signatures of disease development, progression, and 

response to therapy.1-3 However, the occurrence of a “feeble signal” has been a 

persistent and recurring problem in the battery of detection and imaging techniques that 

rely on fluorescence.  Overcoming this fundamental challenge without the use of 

specialized reagents, equipment, or significant modifications to well-established 

procedures is a holy grail in the field of biomedical optics.   For example, there is an 

urgent need for ultra-sensitive fluoroimmunoassays that can be broadly adopted by 

most biological and clinical laboratories for the detection of target biological species with 

low abundance.   

Improving the signal-to-noise ratio of the assays without deviating from the 

existing assay protocols will also relax the stringent requirements of high sensitivity and 

bulky photodetectors, shorten the overall assay time, lower the cost of implementation, 

eliminate cross-laboratory cross-platform inconsistency, and potentially propel these 

technologies to use in point-of-care, in-field and resource-limited settings.  Various 

techniques, including multiple-fluorophore labeling,4 rolling cycle amplification,5,6 and 

photonic crystal enhancement,7 have been introduced to improve the signal-to-noise 

ratio of fluorescence-based imaging and sensing techniques.  Despite the improved 

sensitivity, these technologies have not been widely adopted in research and clinical 

settings because most of them require significant modifications to the existing practices 

such as additional steps that significantly prolong the overall operation time, the need 

for specialized and expensive read-out systems, non-traditional data processing and 

analysis, or the use of temperature-sensitive reagents, which usually require tightly 

controlled transport and storage conditions.  
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Plasmonics has been recognized as a simple and highly effective approach for 

enhancing fluorescence.  Enhancement of the emission of fluorophores in close 

proximity to plasmonic nanostructures is attributed to the enhanced electromagnetic 

field (local excitation field) at the surface of the plasmonic nanostructures and the 

decrease in the fluorescence lifetime due to the coupling between the excited 

fluorophores and the surface plasmons of the nanostructures.8-17  To date, various 

plasmonic substrates, such as periodic gold arrays18,19 and metal nanoislands,11-14 have 

been shown to give rise to strong fluorescence enhancement.   Although these 

plasmonic surfaces are highly attractive, their real-world application, for example, in 

fluoroimmunoassays, has been limited.  The limited application of plasmon-enhanced 

fluoroimmunoassays in research and clinical settings is due to several factors: (i) Most 

of the existing techniques require the fluoroimmunoassay to be performed on pre-

fabricated substrates, typically a rigid glass slide with metal nanostructures deposited 

on it, instead of standard or sometimes irreplaceable bioanalytical platforms (e.g., 96-

well plates and nitrocellulose membranes), which significantly limits the broad 

applicability of the techniques; more importantly, the requirement for the use of special 

substrates limits cross-platform and cross-laboratory consistency and seamless 

integration with widely employed bioanalytical procedures, representing a major 

bottleneck for the exploitation of conventional plasmon-enhanced fluorescence. (ii) Non-

traditional bioconjugation procedures, complex interactions between biomolecules and 

metal nanostructures, and poor stability of biomolecules (e.g., antibodies) immobilized 

on metal surfaces not only complicate the assay procedures but also impose further 

technical challenges in their widespread application.20  Thus, it is imperative to address 

these challenges to propel the plasmon-enhanced fluorescence techniques to practical 

applications.  

Here, we introduce a simple, universal, and “add-on” fluorescence enhancement 

technique based on a “plasmonic patch” that can be applied on various fluorescent 

surfaces to achieve large and uniform fluorescence enhancement.  To the best of our 

knowledge, this work represents the first demonstration of flexible plasmonics for 

fluorescence enhancement.  In stark contrast with the existing plasmon enhancement 

techniques, which require significant modifications of the existing fluoroimmunoassay 
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methods, the plasmonic patch approach demonstrated here requires virtually no change 

of the existing protocols except for the addition of the “patch” as the new, final step. Due 

to the enhanced electromagnetic field, the plasmonic patch can efficiently enhance the 

fluorescence by up to 100 times, leading to an ~300-fold increase in assay sensitivity.  

More importantly, the plasmonic patch exhibits excellent stability and low cost and 

entails the use of an extremely user-friendly protocol. This represents a “ready-to-use” 

technique that can be integrated with current biomedical research and clinical 

infrastructure to generate immediate results and impact.    

Materials and Methods 

Fabrication of a plasmonic patch: Sylgard 186 (Dow Corning) polydimethylsiloxane 

(PDMS) elastomer was mixed at a 10:1 (base to curing agent) ratio.  The prepolymer 

was spin-coated at 3000 rpm for 30 seconds on a polystyrene dish with a diameter of 

3.5 cm. PDMS was then cured at 70 °C for 15 hours.  Once cured, PDMS was treated 

with oxygen plasma for 3 mins and subsequently immersed into 0.2% aqueous 

poly(styrene sulfonate) (PSS) solution for 20 mins.  PSS treatment gave rise to a 

negative charge on the surface of the PDMS film, facilitating the absorption of positively 

charged plasmonic nanoparticles through electrostatic interactions.  Plasmonic 

nanoparticle solution was centrifuged and redispersed into a specific volume of 

nanopure water (for details, please see the supporting information). PSS-treated PDMS 

was incubated with the plasmonic nanoparticle solution for 15 hours in dark conditions. 

Subsequently, PDMS was rinsed with nanopure water and blow dried with nitrogen, 

leaving a surface with uniformly adsorbed plasmonic nanoparticles.  

Polymer spacer on a plasmonic patch: Eight microliters of (3-

Aminopropyl)trimethoxysilane (APTMS) and the desired amount of 

trimethoxypropylsilane (TMPS (0-8 µl)) (for details, please see the supporting 

information) were added to 3 ml of phosphate-buffered saline (1X PBS). The plasmonic 

patch was incubated in the above solution for 2 hours.  After 2 hours, the plasmonic 

patch was rinsed with PBS and nanopure water followed by blow drying with nitrogen 

gas.  
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Fluorescence-linked immunosorbent assay with a plasmonic patch: Fluorescence-

linked immunosorbent assay was first implemented using 96-well plates with a glass 

bottom (Cellvis).  The glass surface of each well was treated to achieve aldehyde 

functionality.  The subsequent procedures were identical to those of ELISA (R&D 

systems (DY1750B, DY1757)) until the streptavidin binding step. Instead of HRP-

labeled streptavidin, 100 µl of dye-labeled streptavidin (CW800 or LT680 (LICOR)) was 

diluted to the final concentration of 50 ng/ml using a reagent diluent and added to each 

well, followed by a 20-min incubation. A plasmonic patch was subsequently transferred 

to each well of the 96-well plate.  The LICOR Odyssey CLx scanner was used to scan 

the 96-well plate. For the fluorescence-linked immunosorbent assay performed using 

plastic bottom 96-well plates, the procedure remained the same except for the omission 

of the surface modification steps.  

Fluorescence enhancement on a protein microarray: Commercialized protein 

microarray chip kits were purchased from RayBiotech (Custom G-Series Antibody Array, 

AAX-CUST-G).  Antibodies were printed on a glass slide with 4 subarrays available per 

slide. The slide was blocked by a blocking buffer (in kit) for 30 mins. Patients’ and 

volunteers’ urine samples were diluted twice using the blocking buffer, and 90 µl of the 

diluted samples was added into each sub-well of the microarray chip, followed by a two-

hour incubation at room temperature. The chip was then washed thoroughly with the 

wash buffer (in kit). Seventy microliters of biotin-conjugated anti-cytokines (in kit) was 

added to each subarray, and the chip was incubated at room temperature with gentle 

shaking.  After two hours, the chip was washed, 70 µl of streptavidin-CW800 (100 ng/ml 

in blocking buffer, LICOR) was added, and the plate was incubated under dark 

conditions for 20 mins. The chip was washed thoroughly first with wash buffer and then 

with nanopure water and was then blow dried under nitrogen gas. The glass chip was 

scanned using a LICOR Odyssey CLx scanner. A plasmonic patch was cut into 1×1 cm2 

pieces and applied to the top of each subarray, followed by the attachment of a gold-

coated reflective film with the same dimensions.  

Results and discussion 
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Figure 5. Fluorescence intensity maps of (A) KIM1 (10-fold dilution) and (B) NGAL (40-fold 
dilution) immunoassay for urine samples from eight patients (ID: #24, #25, #26, #27, #28, #29, 
#30, and #37) and three self-described healthy volunteers (ID: #1, #403, and #404). (Top: 
Unenhanced fluorescence map. Bottom: Plasmonic patch-enhanced fluorescence map. Scale 
bar=5 mm.) (C) KIM1 and (D) NGAL concentrations in the urine samples (diluted 10-fold for 
KIM1 and 40-fold for NGAL) as determined by unenhanced fluorescence assay, plasmon-
enhanced fluorescence assay, and ELISA. Plot showing the correlation between the 
concentration of (E) KIM1 and (F) NGAL determined using ELISA and plasmonic patch-
enhanced fluorescence assay. (G) Table summarizing the age, sex, diabetic condition, 
estimated glomerular filtration rate (eGFR), and measured (by the plasmon patch-enhanced 
method) urinary concentrations of KIM1 and NGAL in urine samples from 11 patients or healthy 
volunteers.  
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Figure 6.  (A) Illustration showing the application of a plasmonic patch to enhance the 
bioanalytical parameters of a protein microarray.  Left: Photograph depicting the plasmonic 
patch employed for enhancing the fluorescence of a protein microarray (scale bar represents 5 
mm), SEM image demonstrating the uniform absorption of AuNR-760 on the PDMS surface 
(scale bar represents 500 nm), and photograph of a commercial protein microarray substrate 
with 16 sub-wells for simultaneous analysis of multiple samples (scale bar represents 1 cm). 
Right: Schematic showing the concept of a plasmonic patch-enhanced microarray, which 
enables a highly sensitive profiling of eight AKI and CKD biomarkers simultaneously.  (B) Left: 
Schematic showing the layout of antibodies printed on the bottom of each sub-well. Middle: 
Unenhanced fluorescence intensity map representing the AKI and CKD protein biomarker 
profile of patient #81. Right: Fluorescence map generated after the application of the plasmonic 
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patch (scale bar represents 400 µm). (C) Quantitative measurements of fluorescence intensity 
corresponding to the concentrations of various biomarkers in the urine samples of four patients 
(ID: #81, #67, #37, and #29) and two self-described healthy volunteers (ID: #M70 and #403). [+] 
indicates biomarker detected only after the application of the plasmonic patch. POS spots in the 
microarray represent three distinct positive control signal intensities (POS1>POS2>POS3). (D) 
Fluorescence intensity heat map corresponding to the concentrations of kidney diseases 
biomarkers in the urine samples of four patients (ID: #81, #67, #37, and #29) and two healthy 
volunteers (ID: #M70 and #403) before (left) and after (right) the application of the plasmonic 
patch. 
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