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ABSTRACT: It is becoming understood that microRNAs hold great promise for non-invasive 
liquid biopsies for screening for different types of cancer, but current state-of-the-art RT-PCR 
and microarray techniques have sensitivity limitations that currently restrict their use. 
Herein, we report a new transduction mechanism involving delocalization of photoexcited 
conduction electrons wavefunction of gold triangular nanoprism (Au TNP) in the presence of 
-ssDNA/microRNA duplexes. This plasmoelectronic effect increases the electronic 
dimension of Au TNPs and substantially affects their localized surface plasmon resonance 
(LSPR) properties that together allow us to achieve a sensitivity for microRNA assay as low 
as 140 zeptomolar concentrations for our nanoplasmonic sensors. We show that the position 
of a single base-pair mismatch in the -ssDNA/microRNA duplex dramatically alters the 
LSPR properties and detection sensitivity. The unprecedentedly high sensitivity of 
nanoplasmonic sensors has allowed us to assay four different microRNAs (microRNA-10b, -
182, -143 and -145) from bladder cancer patient plasma (50 L/sample). For the first time, we 
demonstrate the utility of a label-free, nanoplasmonic sensor in quantification of tumor 
suppressor microRNAs - the level of tumor suppressor microRNAs goes down in cancer 
patient as compared to normal healthy individuals - in metastatic and non-metastatic bladder 
cancer patient plasma. Our statistical analysis of patient samples unequivocally suggests that 
the tumor suppressor microRNAs are more specific biomarkers (p-value of <0.0001) than 
oncogenic microRNAs for differentiation between metastatic and non-metastatic bladder 
cancer, and non-metastatic cancer from healthy individuals. This work demonstrating the 
electron wavefunctions delocalization dependent ultrasensitive LSPR properties of noble 
metal nanoparticles has a great potential for fabrication of miniaturized and extremely 
powerful sensors to investigate microRNA properties in other cancers (for example breast, 
lung, and pancreatic) through liquid biopsy.  
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INTRODUCTION

In this article, we report the electron wavefunction delocalization process of metallic nanoparticles that 

results in dramatic alteration of the localized surface plasmon resonance (LSPR) properties of 

nanoplasmonic sensors with unprecedented sensitivity towards biomolecular recognition and 

quantification for the first time. Most importantly, assaying unmodified patient plasma using this 

fundamentally new transduction mechanism, we demonstrate that tumor suppressor microRNAs are 

more specific biomarkers than oncogenic microRNAs for differentiation between metastatic and non-

metastatic bladder cancer (BC). MicroRNAs are small (18-25 nucleotides) single-stranded noncoding 

RNAs that, although targeting messenger RNAs, have the capacity to regulate multiple biological 

processes.1-4 Presently, the therapeutic potential of microRNAs is in its infancy,5, 6 altered microRNA 

expression levels have been associated with a wide range of diseases7-9  including cancer.1-4  

Moreover, plasma microRNAs are found to be extremely stable under harsh conditions,9 and so have a 

unique potential to serve as early diagnostic markers. BC represents the 4th most common malignancy 

diagnosed amongst males in the United States.10 Currently, BC is under-staged in about 35% of 
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patients with clinical T2 muscle-invasive disease. At surgery, approximately 20% of this sub-

population will also have metastatic nodal involvement and another 15% will have pathologic T3-T4 

disease. Unfortunately, it is impossible to predict metastatic nodal disease during radical cystectomy in 

muscle-invasive BC patients using existing methods. The development of a highly accurate assay 

which can detect and monitor BC non-invasively through blood circulation (“liquid biopsy”) would be 

highly beneficial for early diagnostic of BCs and will be the “holy grail” of urologic oncology. 

Although oncogenic microRNAs – the level of oncogenic microRNAs goes up in cancer patient 

as compared to normal healthy individuals - can be quantified using various techniques directly from 

patient plasma,11-14 there is no report available in which tumor suppressor microRNAs are quantified 

using label-free techniques. Tumor suppressor microRNA levels decrease in cancer cells as compared 

to normal cells. Therefore, an ultrasensitive assay is required to quantify such changes. Herein, we 

report the construction of a solid-state nanoplasmonic sensor utilizing unique “plasmoelectronic” 

properties that is capable of detecting microRNAs (oncogenic microRNAs: microRNA-10b and -182; 

tumor suppressor microRNAs: microRNA-143 and -145) at zeptomolar (zM) concentrations directly 

from as low as 50 microliter (L) of BC patient plasma with high specificity. Our technology obviates 

the complexity (reverse transcription, labeling, and amplification) and multiple time-consuming steps 

(treatment of the biological fluids and RNA extraction) associated with the existing real-time PCR and 

microarray-based microRNA quantification methods. We construct ultrasensitive gold triangular 

nanoprism (Au TNP)-based nanoplasmonic sensors by programmably controlling the structural 

parameters that influence the LSPR properties of TNPs. Our results show a nearly four and three 

orders of magnitude difference in concentrations between metastatic BC and normal control, and 

metastatic and non-metastatic BC, respectively, for tumor suppressor microRNA-143 and -145 with p-

values of <0.0001. In contrast, less than 10-fold difference in concentrations are observed for the 

oncogenic microRNA-10b and -182. 
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EXPERIMENTAL SECTION 

Materials. Chloro(triethylphosphine) gold (I) (Et3PAuCl, 97%) was purchased from Gelest Inc, 

poly(methylhydrosiloxane) (PMHS, Mn = 1700-3300), trioctylamine (TOA, 98%), and ACS grade 

acetonitrile (CH3CN, 99.9%) and methanol (99.8%) were purchased from Sigma Aldrich. Thiol 

modified 5’-SH-(CH2)n-ssDNAs and microRNAs were purchased from Integrated DNA Technologies 

(IDT). (3-mercaptopropyl)-triethoxysilane (MPTES, 94%) was purchased from Alfa Aesar. Ethanol 

(alcohol 200 proof) was purchased from Decon labs. Thiolated polyethylene glycols were purchased 

from purePEG. All the chemicals were used without any further purifications. RNase free sterile water 

was obtained from Baxter Healthcare Corporation. The glass coverslips were purchased from Fisher 

Scientific.  RBS 35 Detergent was obtained from Thermo Scientific and used as received.  Bladder 

cancer patient plasma samples were obtained from the Indiana University medical school and used as 

received.  All water was purified using a Thermo Scientific Barnstead Nanopure system. Thiol 

modified -ssDNAs, microRNAs, and  patient samples were stored at -80 C.  PBS buffer (pH = 7.2) 

was prepared using RNase free sterile water.

Preparation of nanoplasmonic sensors for microRNA assay. As developed by our laboratory, we 

performed a tape-cleaning procedure on the glass coverslip-attached Au TNPs to remove non-prismatic 

nanostructures.15, 16 Briefly, tape cleaning was performed by placing the adhesive scotch tape (3M 

corporation) onto the Au TNP-attached coverslips, gently pressed down with a finger, and then slowly 

removed at a 90 angle.  The Au TNP-attached coverslips were then cut into four pieces using a 

diamond cutter.  Au TNPs containing supporting substrates were then incubated into HS-(CH2)n-

ssDNA-X: SH-PEGn (1 μM each) PBS buffer solution for overnight. Next, the -S-(CH2)n-ssDNA-X: -

S-PEGn-functionalized Au TNPs were rinsed with PBS buffer to remove loosely bound reactants that 

serve as nanoplasmonic sensors,  which were further used for microRNA assay.
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Development of microRNA calibration plots. The mixed -S–(CH2)n-ssDNA ( n = 3, 6, and 9) and -

S-PEGn (n = 4 and 6) functionalized Au TNPs (nanoplasmonic sensors) were incubated in different 

concentrations (range 1.0 nM to 100.0 zM) of microRNA solution in 10 mL PBS buffer  for overnight. 

MicroRNA-bound nanoplasmonic sensors were washed with PBS buffer to remove any 

nonspecifically adsorbed species, and then the LSPR extinction spectra were collected and λLSPR was 

determined.   The calibration curves were plotted as λLSPR (nm) verses logarithm concentration (nM). 

During the spectral collection the refractive index of the bulk medium kept constant by measuring all 

extinction spectra in PBS buffer. 

Quantification of microRNA for bladder cancer patient samples. Nanoplasmonic sensors were 

incubated in a solution containing 50 L of a bladder cancer patient sample (MT/ NMT/ Normal 

control samples) diluted into 3 mL PBS buffer for 12 h. Then the sensors were thoroughly washed with 

PBS buffer to remove any nonspecifically adsorbed biomolecules. Finally, the LSPR extinction spectra 

were recorded to determine λLSPR. 

Fluorescence quantification of microRNA for different single base pair mismatches. An 

approximate concentration of microRNAs (fully complementary and having a single base-pair) 

attached onto the nanoplasmonic sensor were quantified by fluorescence spectroscopy using the 

procedure reported in the literature.17 First, we prepared our nanoplasmonic sensors (HS–(CH2)6-

ssDNA-10b and PEG6-SH) as described above and then hybridized with target microRNAs. Here we 

used 1.0 nM solution of 5’ FAM fluorophore-functionalized microRNA for the complementary 

(microRNA-10b), single base-pair mismatch (microRNA-p, microRNA-10a, and microRNA-q), and 

three starting nucleotides missing (microRNA-r). After the 12 h hybridization nanoplasmonic sensors 

with microRNAs, they were thoroughly rinsed with PBS buffer, and then incubated in aqueous 20 mM 

mercaptoethanol solution for the overnight ligand exchange reaction. The exchanged solution was 

collected and centrifuged at 10,000 rpm for 40 min. Then the solution part was carefully removed and 
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the solid (5’ FAM fluorophore-functionalized microRNAs) was collected that was further dissolved in 

1.5 mL of PBS buffer. Finally, photoluminescence spectra were collected.

Data processing and statistical analysis. The λLSPR was obtained by using maxima of the UV-

visible extinction spectra determined from curve fitting using Origin software, and then ∆λLSPR was 

derived by taking the difference between LSPR peak of nanoplasmonic sensors before and after 

hybridization with target microRNA. Calibration curves were obtained by plotting ∆λLSPR vs. 

microRNA concentration. Finally, the LOD was determined by using z value (mean+ 3σ, here  is the 

standard deviation), which was obtained from six ∆λLSPR measurements of the sensors incubated in 

buffer solution without microRNAs (blank). Concentration of target microRNAs in patient and normal 

control samples were determined from the calibration curves developed in human plasma (see Table 

S7 and 8, and Figure S6). We used six ∆λLSPR values and corresponding concentrations, and then the 

average concentration was calculated. Each patient sample was independently analyzed twice (two 

weeks apart).

RESULTS AND DISCUSSION

In principle, the working hypothesis of any nanoplasmonic sensors is heavily dependent on detecting 

changes in local dielectric environment.16, 18-21 MicroRNAs with a single nucleotide difference in their 

sequence would expect to display nearly identical refractive indices, and thus the change in local 

dielectric environment of Au TNPs and LSPR response upon formation of -ssDNA/microRNA duplex 

should be nearly identical.  Recently, we demonstrated that our nanoplasmonic sensors are capable of 

differentiating between microRNAs with single nucleotide specificity in the picomolar (pM) to 

femtomolar (fM) concentrations range. A fully complementary microRNA-10b and a single base-pair 

mismatch at the 12th position (microRNA-10a) provided limit of detections (LODs) of 32 aM and 0.15 

pM, respectively.15 We rationalized that the nearly 104 fold difference in sensitivity observed is a 
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consequence of delocalization of surface plasmon excitation of Au TNP into -ssDNA/microRNA 

duplex that alters the electronic dimension the TNPs through delocalization of excitonic 

wavefunctions, resulting in a variation of the LSPR properties. Furthermore, the single nucleotide 

specificity of our nanoplasmonic sensors is based on the excitonic wavefunctions delocalization 

mechanism, which provides variable magnitude of LSPR response for different microRNAs. This 

selectivity is different than the traditional biological assay in which stronger the interaction – a fully 

complementary –ssDNA/microRNA duplex should display stronger binding interaction than the –

ssDNA/microRNA duplex containing nucleotide mismatches - between the receptor and analyte, 

higher is the signal and thus better is the selectivity. In this article, for the first time we examine the 

surface plasmon excitation delocalization mechanism by varying base-pair mismatch between -ssDNA 

and microRNA and controlling the distance between the surface of TNP and -ssDNA.  Taken together, 

this unique electronic phenomenon, which has not been demonstrated before with respect to the 

characterization of LSPR-based transduction mechanisms, has allowed us to assay microRNA at ultra-

low concentrations directly in unmodified BC patient plasma.     

Controlling Surface Plasmon Excitation Delocalization by Varying Base-Pair Mismatch. 

Delocalization of surface plasmon excitation (conduction electrons) of metallic nanoparticles is a 

steady-state electronic phenomenon in which wavefunctions of conduction electrons are expected to 

leave the metallic construct and expand into the surrounding environment, including into ligand 

moieties. When this occurs, the electron density around the nanoparticle reduces, resulting in the LSPR 

peak red-shifts.22 Figure 1A shows the construction of our solid-state nanoplasmonic sensor using 

chemically-synthesized ~42 nm edge-length and ~8 nm width Au TNPs (Figure 1B) attached onto 

silanized glass substrates. Light irradiation onto TNP induces the collective oscillation of conduction 

electrons and creates the LSPR properties. The electron wavefunctions are then allowed to delocalize 

through a highly pi-stacked -ssDNA/microRNA duplex. Our hypothesis is that both the extent of 
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delocalization and the LSPR sensitivity will decrease upon presence of base-pair mismatches in the –

ssDNA/microRNA duplex, where the largest reduction in LSPR sensitivity is expected to be observed 

when the mismatches are closest to the surface of the TNP. To investigate the effects of base-pair 

mismatch on wavefunction delocalization and the LSPR sensitivity of nanoplasmonic sensors, in the 

current work we select -ssDNA-10b as a model oligomer for the microRNA-10b recognition molecule. 

Sequences for other microRNAs are shown in Figure 1C and Supporting Information Tables (Table-

S1 and -S2) 

We measured LSPR response (LSPR) of –S(CH2)6-ssDNA-10b-functionalized Au TNPs 

(nanoplasmonic sensor) after attachment of microRNAs as a function of concentration (1.0 nM to 

100.0 aM) and location of single base-pair mismatch in PBS buffer (wet nanoplasmonic sensors). The 

detailed experimental procedure for the fabrication of nanoplasmonic sensors is provided in the 

Supporting Information. Figure 2A illustrates LSPR values (nm) for different microRNAs. Using our 

published procedure (see Supporting Information), we calculated LODs for different microRNAs in 

buffer and it is 32 aM for microRNA-10b, while microRNAs with 18 (microRNA-p), 12 (microRNA-

10a), and 4 (microRNA-q) base-pair mismatched display LODs of 5.2 fM, 0.15 pM, and 0.4 nM, 

respectively, see Figure S1 and Table-S3 and S4.  These results support our above-mentioned 

hypothesis that the LSPR sensitivity of our nanoplasmonic sensor decreases as the mismatch is closer 

to the surface of the TNPs, because when there is a mismatch, the wavefucntion of conduction 

electrons of TNPs are not able to delocalize throughout the duplex -ssDNA/microRNA structure. Thus, 

with mismatch the width of plasmon excitation does not increase (consider a Au TNP to be a 

plasmonic slab) as well as the aspect ratio (edge-length: thickness) of TNPs remains constant.23 This 

plasmoelectronic phenomenon is discussed in more detail below.  
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 Most strikingly, microRNA-r in which the first three nucleotides are completely missing from 

the 3’ end but is fully complementary to -ssDNA-10b for the remaining 20 nucleotides does not 

display any observable LSPR values. The same nanoplasmonic sensor was then treated with RNaseH 

enzyme to regenerate the sensor15, 24 and incubated in 1.0 nM solution of microRNA-10b. We observe 

~10 nm LSPR shifts, suggesting appropriate sensitivity and selectivity of the sensors (Figure 2B). If 

the underlying physical property of greatest significance was the change in local dielectric 

environment of nanoprisms, we would expect a large influence on LSPR-properties when 

microRNA-r formed its duplex with the LSPR-sensor (-ssDNA-10b) and would expect it to 

induce a large LSPR red-shift. The attachment of microRNA-r to the sensor was confirmed by 

fluorescence study described below. The experimental data are remarkable and suggest that our 

sensing mechanism is most likely controlled by the delocalization of conduction electrons 

wavefunction and an increase in the slab height rather than the influence of dielectric change, which is 

the traditionally accepted theory of LSPR-based detection and quantification (assay) of 

biomolecules.19, 20, 25 Taken together, the specific physicochemical property of the microRNA enabling 

delocalization of conduction electron wavefunctions through coupled -ssDNA/microRNA duplex 

leading to the zM sensitivity reported.  

A single base-pair match in short –ssDNA/microRNA duplex should not influence their 

binding constant significantly.26 Furthermore, long incubation time of our sensors in the microRNA 

solution should allow all the microRNAs are to be attached on the sensors regardless of their nucleic 

acid sequence. One could, however argue that the observed LSPR values for different mismatches are 

due to the variable number of microRNAs that are attach onto the nanoplasmonic sensor, and thus the 

change in local dielectric environment varies between them. We overruled such an argument by 

quantifying sensor-bound microRNAs using fluorescence spectroscopy. MicroRNAs were labeled at 5’ 
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end with fluorescein amidite (FAM). Nanoplasmonic sensors were prepared with –S(CH2)6-ssDNA-

10b and then incubated in 1.0 nM FAM-labeled microRNA solution, allowed to hybridized overnight 

and then each sensor was washed to remove loosely bound microRNAs. Finally, –S(CH2)6-ssDNA-

10b/microRNA duplex was released in solution through ligand exchange reaction (see Supporting 

Information for detailed experimental procedure).17, 27 Figure 2C shows photoluminescence (PL) 

spectra for each microRNA listed in Figure 1C in which characteristic PL peak of FAM ~525 nm is 

observed. Noticeably, PL peak intensity for different microRNA is within the experimental error. This 

result is significant because it suggests that the number of microRNA attached to the sensors is 

identical irrespective to single base-pair mismatch at different locations in the duplex. Moreover, the 

refractive index for microRNA-10b, -10a, -p, and -q should be nearly identical. Therefore, change in 

the local dielectric environment of TNPs in the presence of different microRNAs is presumably similar 

and should provide similar LSPR values, as opposed to our experimental data (see Figure 2A).  Based 

on the LSPR and PL data for different microRNAs, we alternatively suggest that the unprecedentedly 

high sensitivity of our nanoplasmonic sensors for detection of microRNAs arises from the increase of 

confinement box size of Au TNPs through wavefunction delocalization that substantially affects their 

aspect ratios (edge-length: thickness of a TNP) and LSPR properties, and thus provides a new 

plasmoelectronic phenomenon that has not been demonstrated before with respect to the 

characterization of LSPR-based transduction mechanisms for assaying short nucleotides. 

In fact, our above-mentioned experimental data provide a guideline for the surface 

plasmon excitation delocalization-based sensing mechanism: (i) a fully complementary 

nucleotide sequence is required for extended delocalization of conduction electron 

wavefunctions throughout the entire -ssDNA/microRNA duplex and (ii) this transduction 

mechanism is not controlled by the specific identity of nucleotide in the –ssDNA/microRNA 
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duplex. To investigate this further, we turned to microRNA-182, which contains an entirely 

different nucleotide sequence than microRNA-10b (Table S1 and S2).  There are 22 

nucleotides in microRNA-182 as opposed to 23 in microRNA-10b, thus a slightly higher 

delocalization is expected in the latter case. Secondly, microRNA-182 - an oncogenic 

microRNA that promotes the metastatic process of bladder cancer - can be used as a 

biomarker for early detection of BC.28 We prepared our nanoplasmonic sensor by attaching –

S(CH2)6-ssDNA-182 on Au TNPs, and then incubated it in 1.0 nM microRNA-182 solution.  We 

observe LSPR red-shifts in the UV-visible absorption spectrum with an LSPR value of 7.2 nm (see 

Figure S2). As shown in Figure 2D, the LOD for fully complementary microRNA-182 is 82 aM, 

which is nearly 2.5-fold lower than that of microRNA-10b. We believe this is related to the overall 

length of -ssDNA/microRNA duplex, which influences the extent of delocalization. Finally, 

nanoplasmonic sensors containing –S(CH2)6-ssDNA-182 were treated with single base-pair 

mismatch microRNA-s, -t, and v and the LSPR values and LODs (see Table-S3 and S4, and Figure 

S3) are in good agreement with the hypothesis of the wavefunctions delocalization process. Taken 

together, our experimental results show that the transduction mechanism does not depend on the 

chemical identity of nucleotide in the –ssDNA/microRNA duplex. Most importantly, the 

proposed plasmoelectronic phenomenon has allowed us to quantify short noncoding RNAs 

with a single nucleotide specificity.       

In literature, both experimentally and theoretically have shown that the line-width (full-width at 

half maxima, FWHM) of LSPR peak of metal nanoparticles increases as the physical dimension 

(aspect ratio) of a nanoparticle increases.19, 20, 29-31 In this context, it might be argued that upon 

conduction electron wavefunction delocalization, both height (thickness) and width (edge-length) of 

the plasmonic slab (e.g., Au TNP) would increase. One would also expect that the thiolated –ssDNAs 
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preferentially attach along the high-index facets, i.e., three sides, edges, and sharp tips of a TNP as 

compared to the planner top surface. Therefore, TNPs grow more along the edges than the height, and 

thus increases their overall aspect ratio. Together, the plasmoelectronic effect causes a difference in 

FWHM (FWHM: before - after microRNA attachment) depending on the extent of delocalization and 

increase in aspect ratio that are controlled by the location of the base-pair mismatch in -

ssDNA/microRNA duplex (see Figure 1A) that elucidate the delocalization mechanism. Figure 2E 

and Figure S4 illustrate the LSPR extinction spectra of -S(CH2)6-ssDNA-10b-functionalized 

nanoplasmonic sensors in the presence of different microRNAs with a single base-pair mismatch. 

Indeed, an increase in FWHM of LSPR dipole peak of Au TNP is observed from 4th to 12th to 18th 

positions mismatch in -ssDNA-10b/microRNA duplex (see Figure 2F). The largest FWHM of 16 nm 

is observed for the fully complementary -ssDNA-10b/microRNA-10b duplex. Although our PL 

analysis unequivocally supports the attachment of microRNA-r to nanoplasmonic sensors, no 

noticeable differences in FWHM are observed. Therefore, the higher the delocalization, the greater 

the confinement box size, and consequently the larger the FWHM value.      

The Role of Linker Between Au TNP and -ssDNA on Conduction Electron Wavefunction 

Delocalization. To improve the delocalization of conduction electron wavefunctions of Au TNPs into -

ssDNA/microRNA duplex it is necessary to reduce the insulating barrier between the TNP and the 

duplex. For the study described above, we used a –(CH2)6 linker to attach -ssDNA-10b (182) onto 

TNPs and to prepare nanoplasmonic sensors. The presence of the linker is absolutely necessary to 

create homogeneous packing of -ssDNAs onto the surface of the TNPs and avoid their coiling.12, 13 We 

believe that the shorter alkyl chain length creates a thinner insulating barrier and increases the 

conduction electron wavefunction delocalization into the -ssDNA/microRNA duplex, which results in 

a larger shift in LSPR and higher sensitivity. To test this, we varied the linker chain length from -
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(CH2)3 to –(CH2)9, see Figure 1A. We used -ssDNA-10b as a model receptor for microRNA-10b 

quantification in PBS buffer, while keeping other parameters in nanoplasmonic sensor fabrication 

identical. Figure 3A illustrates the average LSPR values for three different linkers as a function of 

microRNA-10b concentration. The LODs for –(CH2)3 and –(CH2)9 are 137 zeptomolar (zM) and 0.81 

pM, respectively (see Table-S5 and S6, and Figure S5). We also attached a –(CH2)16 linker but no 

noticeable LSPR is observed (data not shown). Strikingly, the sensitivity of our nanoplasmonic 

sensors constructed with –S(CH2)3-ssDNA-10b is nearly 240-fold higher than that of –S(CH2)6-

ssDNA-10b. Only recently, nanoplasmonic sensors consisting of Au-Ag core-shell nanocubes and 

tetrahedral structured DNA was used for microRNA quantification at aM concentration range using a 

single nanoparticle scattering measurement.32 Nevertheless, we conclude that unprecedentedly high 

sensitivity of our nanoplasmonic sensors constructed with –(CH2)3-ssDNA-10b arises due to improved 

delocalization of conduction electrons wavefunction of Au TNPS into -ssDNA/microRNA duplex by 

reducing the insulating barrier between the TNP and duplex. Finally, we observe the highest (21 nm) 

and lowest (10 nm) FWHM values for –(CH2)3 and –(CH2)9 linker, respectively (Figure 3B and 

Figure S6). This trend also supports our surface plasmon excitation delocalization mechanism. We 

should mention that at 500 zM detection limit, ~3000 microRNAs would present in 10 mL solution. A 

typical size of our nanoplasmonic sensors is 25 x5 mm2 (1.25 x1014 nm2), and we calculated that ~12% 

of the substrate was covered with TNPs (ca. 2.0 x 1010 TNP). In this context, the probability of 

microRNA attachment to each TNP is exceedingly low. The area of a sensor exposed to Xenon flash 

lamp light of the UV-visible spectrophotometer was determined to be 1.96 x 1013 nm2. Therefore, 

nearly an entire nanoplasmonic sensor resides within the path of the light beam that allows 

quantification of ~3000 microRNAs in order to obtain a limit of detection of 500 zM.
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Mechanistic Understanding of Surface Plasmon Excitation Delocalization-Driven 

Plasmoelectronic Phenomenon. The plasmonic slab model proposed by Govorov et al.23 suggests that 

a large number of highly excited electrons can be generated for a slab of 8 nm (the height of our Au 

TNPs) when Fermi gas is perturbed upon light excitation. These excited electrons can be used for 

various catalytic transformations where electrons are transferred from plasmonic nanoparticles to their 

surroundings and holes are neutralized by using scavenger. In contrast, photoexcited electrons have the 

ability to delocalize their wavefunctions into the immediate surrounding such as to a ligand 

environment. Therefore, the confinement box size (also aspect ratio of TNPs) increases that results in 

red shifting of the LSPR peak. We refer to this plasmoelectronic effect as surface plasmon excitation 

delocalization. Most important, this plasmoelectronic effect should be reversible by disrupting the 

delocalization process. Recently, we33, 34 and others35 have demonstrated reversible electron 

wavefunction delocalization of CdSe quantum dots and manipulated their optoelectronic properties. 

This delocalization mechanism, which should be applicable to plasmonic nanoparticles under light 

excitation, however has not been explored in metal nanoparticles yet. Based on the experimental data, 

we propose Figure 4 as the possible mechanism for light-induced plasmoelectronic phenomenon of -

ssDNA-functionalized Au TNPs. Here, highly pi-stacked -ssDNA/microRNA duplexes facilitate 

electron wavefunction delocalization which results in an increase in dimension of the plasmonic slab. 

In this context, as the delocalization improves, the aspect ratio of TNPs becomes higher, which results 

in more red-shifting of the LSPR peak.   Therefore, the electronic dimensions such as edge-length and 

height of Au TNP are higher than the physical dimension of 42 and 8 nm of edge-length and height, 

respectively.16, 36 Most importantly, electron delocalization through the phosphate backbone of DNA 

could take place in attosecond time-scale37 and thus, delocalization is highly feasible under our 

experimental condition where continuous wave plasmonic excitation is performed during the steady-

state extinction measurements. Nevertheless, precise determination of the increase of electronic 
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dimension (plasmonic slab) of our nanoplasmonic sensors requires sophisticated mathematical 

calculations, beyond our expertise. We should mention that the electron wavefunction delocalization 

mechanism is different than DNA-mediated charge transport (CT) process, as discussed below.  

Long distance CT through a duplex DNA backbone has been known for more than two 

decades,38, 39 where a single base pair mismatch can disrupt the electron flow and influence the 

conductivity significantly.40, 41 Thus, DNA can be considered a molecular nanowire consisting of 

multiple highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals, which 

facilitate the CT process and charge delocalization.42 Electron donors such as CdSe quantum dots43 and 

Au44 nanoparticles can transfer charge to MOs of DNA that transport through DNA nanowires up to 

several micrometers. However, LSPR (photo-excited conduction electrons) supports the escape of 

conduction electrons from metallic nanoparticles in the solid-state, influencing their optical properties, 

and causing a permanent electron-based damage of the local dielectric environment of nanoparticles. 

In other words, if CT were the basis for the observed phenomenon, the LSPR properties would not be 

able to be restored. 44 In contrast, our nanoplasmonic microRNA sensors show excellent regeneration 

by enzymatic cleaving of –ssDNA/microRNA duplex and re-hybridization of the sensors in microRNA 

solution for 5 consecutive days.15, 24 Therefore, we believe delocalization of conduction electrons 

wavefunction into hybrid MOs (LUMOs’) (see Figure 4, yellow wavy line) is occurring and not the 

transfer of conduction electrons that would permanently change the LSPR-properties of Au TNPs, and 

over time would destroy TNPs because of the building of excess positive charge (hole). 

We believe that metallic nanostructures should be highly LSPR responsive upon delocalization of 

exciton wavefunctions (plasmoelectronic effects) and minute change in their aspect ratio. Au TNPs, 

although display strong LSPR response when small changes occur either in their surrounding medium 

refractive index or aspect ratios because of their strong electromagnetic (EM) field enhancement, one 
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would also expect to observe the plasmoelectronic effects for other anisotropically-shaped 

nanostructures such as nanorods and nanostars because they also display strong EM-field 

enhancements. It is therefore imperative to investigate shape and composition (e.g., Ag TNPs) 

dependent plasmoelectronic effects of nanostructures and their ability towards ultrasensitive 

biosensing, a current research focus of our laboratory.   

Liquid Biopsy to Identify More Specific Biomarkers for Early Diagnostic of Bladder Cancer.  

MicroRNAs are small non-protein-coding RNAs that have been shown to control cell growth, 

differentiation and apoptosis, and thus variable microRNA expressions are linked to tumorigenesis.45 

Because of their unusually high stability in human biofluids such as serum and plasma, circulating 

microRNAs have the unmatched potential to serve as diagnostic markers for cancer for development of 

a liquid biopsy with unmatched potential to detect cancer faster and much earlier than currently 

available technology. There are two different types of microRNAs of interest in cancer screening: (i) 

Oncogenic, which promote tumor development by inhibiting tumor suppressor genes that control either 

cell differentiation or apoptosis. Oncogenic microRNAs are overexpressed in different cancer 

including BC. (ii) Tumor suppressors, which prevent tumor development by negatively inhibiting 

oncogenes that control either cell differentiation or apoptosis. The expression of tumor suppressor 

microRNAs is decreased in cancer cells.45 Because tumor suppressor microRNAs levels decrease in 

cancer cells as compared to normal cells, it is extremely difficult to quantify them with a PCR-based 

assay, which is not very sensitive. Currently, there is no routine way to selectively detect and quantify 

(assay) circulating tumor suppressor microRNAs directly in crude human biofluids. Zeptomolar 

sensitivity of our nanoplasmonic sensors provides a unique advantage to assay both oncogenic and 

tumor suppressor microRNAs directly in unmodified plasma samples. Here, we present the first label-

free assay to compare both oncogenic and tumor suppressor levels between patients with metastatic 

(MT, n =7), non-metastatic (NMT, n =4) and normal controls (NC, n = 4) from crude plasma. 
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  The current FDA-approved urine cytology test shows poor sensitivity for low-grade lesions 

and significant disparity in specificity for different BC grades, thus it is a highly unreliable screening 

test. Biologically it is reported that microRNA-10b and -182 are upregulated, and microRNA-143 and -

145 are downregulated in BC, therefore they could serve as alternative and more specific biomarkers 

for early diagnosis of BC.28, 46-48 Figure 5A-D shows the concentration of these four microRNAs 

determined using our nanoplasmonic sensors directly from unmodified patient plasma utilizing the 

calibration plots developed in human plasma (Figure S7). All seven MT patient samples show high 

levels of microRNA-10b (Figure 5A). Moreover, the levels of NC and NMT patient samples are 8- 

and 2-fold lower, respectively, as compared to MT samples. The results suggest that the microRNA-

10b is not the most ideal biomarker for early diagnosis of BC (p <0.05), but it is suitable to 

differentiate between MT and NMT disease stages (p <0.0001). MicroRNA-182, however appears to 

be a less specific biomarker not only for early diagnosis of BC but also in cancer progression stages 

(Figure 5B). Strikingly, microRNA-143 and -145 levels differ by nearly 3- and 4.0 x103-fold between 

NC vs. NMT, and NMT vs. MT BC patient samples, respectively (p <0.0001), see Figure 5C and D. 

Moreover, the difference between NC vs. MT is >1.0 x 104-fold for tumor suppressor microRNAs, in 

contrast to the ~6-fold difference observed for oncogenic microRNAs for the same patient samples. To 

further validate the results, we performed specificity tests of the nanoplasmonic sensors. These tests 

unequivocally support a high level of specificity towards the target microRNAs without any false 

positive responses (selectivity). Supporting Information file provides experimental details and LSPR 

spectra associated with specificity and selectivity tests, see Figure S8. Taken together, microRNAs 

that our body produces naturally to protect unusual transformation of cellular pathways (tumor 

suppressor microRNAs) could be more specific biomarkers for early detection of BC and possibly 

other cancers as well.   
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CONCLUSIONS

 In summary, we have fabricated a nanoplasmonic sensor, which is capable of assaying microRNAs at 

ultralow concentration levels from patient plasma. In particular, for the first time we show that tumor 

suppressor microRNAs are likely to be more specific biomarkers than oncogenic ones for early 

detection of BC. Based on the experimental results, we believe a new transduction mechanism 

(plasmoelectronic effect), consisting of delocalization of photo-excited conduction electrons 

wavefunction of TNP into hybrid LUMOs, is involved for enabling such an unprecedentedly high 

sensitivity for microRNA detection and quantification. Furthermore, by utilizing Au TNPs as electron 

donors and their unique LSPR properties as a transduction method, we could experimentally probe the 

electron wavefunction delocalization and/or CT properties of short DNA molecules. The process of 

designing a new class of ultrasensitive nanobioelectronic devices is the current research focus of our 

laboratory. Taken together, our findings suggest that an ultrasensitive nanoplasmonic sensor, in 

addition to being a novel liquid biopsy platform for the detection of circulating microRNAs in patient 

plasma, may aid in developing early-stage, low-volume diagnostic tests for a variety of diseases and 

analysis for a single cancer cell, to better understand tumor heterogeneity. 

LIST OF FIGURES
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Figure 1. The structural parameters of nanoplasmonic sensors modulating the 
plasmoelectronic effects at the Au TNP and –S-ssDNA/microRNA interface. (A) Schematic 
representation of characterizing the delocalization of conduction electron wavefucntions of 
TNPs into -ssDNA/microRNA duplex. (Left panel): Au TNPs are chemically attached onto a 
silanized glass substrate and then their surface are functionalized with mixed HS-PEG: 
HS(CH2)n-ssDNA-X to prepare LSPR-based nanoplasmonic sensors. (Right panel): Incubation 
of sensors in microRNA solution results in formation of -ssDNA/microRNA duplex. Photo-
excitation of TNP results in generation of localized surface plasmon. Wavefunction of 
conduction electrons (surface plasmon excitation) delocalizes into the -ssDNA/microRNA 
duplex (yellow shading) that is manipulated through single base-pair mismatch in the 
duplex and spacing [varying alkyl chain length, -(CH2)n-, n = 3, 6, and 9) between TNP 
surface and 5’-end of -ssDNA-10b (“linker”).  For simplicity wavefunction delocalization 

ssDNA-10b : 5’CACAAA TTCGGTT CT ACAGGGTA3’
microRNA-10b: 3'GUGUUUAAGCCAAGA UGUCCCAU5'
microRNA-p : 3'GUGUUUAAGCCAAGAUGGCCCAU5'
microRNA-10a: 3'GUGUUUAAGCCUAGAUGUCCCAU5'
microRNA-q : 3'GUGCUUAAGCCAAGAUGUCCCAU5'
microRNA-r : 3' UUUAAGCCAAGAUGUCCCAU5'

(A)

(C)

(microRNA) 

= electron = hole

n = 1, 4, or 7 Ef = Fermi Energy

= 4, 12, or 18 single
base mismatch in duplex

Ef 

100 nm 

(B)
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along the TNP edges and -S-PEGn ( n = 4 and 6) spacer are not showing. The image is not to 
scale. (B) Scanning electron microscopy image of ~42 nm edge-length and ~8 nm height Au 
TNPs attached onto silanized glass substrate used for nanoplasmonic sensors fabrication. (C) 
Depiction of -ssDNA-10b and microRNA molecules used in the studies to investigate 
conduction electrons wavefunction delocalization. The red letters represent the position of 
the single base-pair mismatch in the duplex structure.

(A) (B)

(C) (D)
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Figure 2. Spectroscopy characterization of surface plasmon excitation delocalization by 
manipulating the structural parameters of microRNAs. (A) Comparison of microRNA-10b 
(blue bars), microRNA-p (yellow bars), microRNA-10a (red bars), and microRNA-q (black 
bars) concentration dependent LSPR response in PBS buffer. For microRNA-r no detectable 
LSPR shift was observed. The sensors were constructed with mixed HS-PEG: HS(CH2)6-ssDNA-
10b. (B) UV-visible extinction spectrum of nanoplasmonic sensors prepared with mixed HS-
PEG: HS(CH2)6-ssDNA-10b (black curve), after incubation with 1.0 nM microRNA-r (blue 
curve), and then treatment with 15 units of RNase H for 2 h, and then incubation in 1.0 nM 
microRNA-10b solution (red curve). All the spectra were collected in PBS buffer. (C) 
Photoluminescence (PL) spectra of different microRNAs: microRNA-10b (red curve), 
microRNA-p (green curve), microRNA-10a (purple curve), microRNA-q (blue curve), and 
microRNA-r (black curve). For this study 5’ Fluorescein amidite (FAM) tagged microRNA 
were used. PL spectra were collected at 496 nm excitation wavelength. (D) Average LSPR 
value of nanoplasmonic sensors after incubation in different microRNAs of varying concentrations: 
microRNA-182 (blue squares), microRNA-s (red squares), microRNA-t (black squares), and 
microRNA-v (green squares). The sensors were constructed with mixed HS-PEG: HS(CH2)6-
ssDNA-182. The standard deviation of the blank (6 measurements) was 0.25 nm and the 
green bar represents three times this value. Concentrations were plotted on the axis in log 
scale in order to investigate non-specific adsorption at a lower concentration range. (E) UV-
visible extinction spectrum of nanoplasmonic sensors for different microRNAs at 1.0 nM 
concentration: microRNA-10b (black curve), microRNA-p (yellow curve), microRNA-10a 

(E)

(F)
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(green curve), and microRNA-q (blue curve). Red curve represents the LSPR spectrum of 
nanoplasmonic sensors. (F) Measured relative change in full-width at half maximum before 
and after microRNA (FWHM) attachment from panel E for different microRNAs. 

(A)

(B)
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Figure 3. Characterization of the linker’s role on conduction electron wavefunction 
delocalization. (A) Average LSPR value of nanoplasmonic sensors, which were prepared with three 
different spacers, -(CH2)3- (blue squares), -(CH2)6- (red squares), and -(CH2)9- (black squares) 
as a function of microRNA-10b concentration. Each spacer was connected with -ssDNA-10b as a 
recognition molecule for microRNA-10b. The standard deviation of the blank (6 
measurements) was 0.32 nm and the green bar represents three times this value.  
Concentrations were plotted on the axis in log scale in order to investigate non-specific 
adsorption at a lower concentration range. (B) Measured FWHM for different alkyl chain 
length for 1.0 nM microRNA-10b concentrations.

h+

e-

EF

HOMO

HOMO’

LUMO

LUMO’

Au TNP

-S(CH2)n-ssDNA
(free)

Au/-ssDNA
interface

-ssDNA/microRNA
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Figure 4. Schematic representation of proposed plasmon excitation delocalization at the 

Au TNP and –S(CH2)n-ssDNA/microRNA interface. Attachment of –S(CH2)n-ssDNA onto 
Au induces hybridization of electronic states and creates hybrid bonding (HOMO’) and 
antibonding (LUMO’) orbitals. The HOMO’-LUMO’ gap further reduces after formation of -
ssDNA/microRNA duplex.49 The LUMO’ further facilitates photo-excited conduction 
electron (blue dot, plasmon excitation) wavefunction delocalization (yellow wavy line) from 
Au TNP to the -ssDNA/microRNA moiety. The extended pi-stacking in –ssDNA/microRNA 
duplex facilitate the wavefunction delocalization. Delocalization expands the box size 
(“particle-in-a-box model) and increases the aspect ratio of TNP that together red-shifts the 
LSPR dipole peak. The image is not to scale.
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Figure 5. Statistical representation of microRNA analysis in bladder cancer (metastatic and 
nonmetastatic) patient plasma and normal control subjects.  The concentration of oncogenic 
microRNAs (microRNA-10b and -182) and tumor suppressor microRNAs (microRNA-143 
and -145) are determined in different stages of bladder cancer, non-metastasis (NMT) and 
metastasis (MT), as well as in healthy individuals (normal control, NC); n = 4 (NMT), n = 7 
(MT), n = 4 (NC), two experiments for each sample (50 L/sample) using our nanoplasmonic 
sensors.  (A) microRNA-10b concentration in plasma.  (B) Detection of microRNA-182 in 
plasma.  (C) microRNA-143 concentration in plasma. (D) Detection of microRNA-145 in 
plasma.  * P<0.05, **P <0.01, ****P<0.0001, and ns = not significant by one-way ANOVA.

(A) 

(B) 

(C) 

(D) 
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Supporting Information. Additional information synthesis, instrumentation details, UV-

visible absorption spectra showing specificity of the sensors, tables for nucleotide sequence, 

LSPR peak shift values, and limit of detection values for different mismatch.  The following 

files are available free of charge. (PDF)
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