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Abstract 

The modernized use of nucleic acid (NA) sequences to drive nanostructure self-assembly has given 

rise to a new class of designed nanomaterials with controllable plasmonic functionalities for broad 

surface-enhanced Raman scattering (SERS)-based bioanalysis applications. Herein, for the first time, 

dual usage of microRNAs (miRNAs) as both valuable cancer biomarkers and direct self-assembly 

triggers has been identified and capitalized upon for custom-designed plasmonic nanostructures. 

Through strict NA hybridization of miRNA targets, Au nanospheres selectively self-assemble onto 

hollowed Au/Ag alloy nanocuboids with ideal interparticle distances (~2.3 nm) for optimal SERS 

signalling. The intrinsic material properties of the self-assembled nanostructures further elevate 

miRNA detection performance via nanozyme catalytic SERS signalling cascades. This enables fM-level 

miR-107 detection limit within a clinically-relevant range without any molecular target amplification. 

The miRNA-triggered nanostructure self-assembly approach is further applied in clinical patient 

samples, and showcases the potential of miR-107 as a non-invasive prostate cancer diagnostic 
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biomarker. The use of miRNA targets to drive nanostructure self-assembly holds great promise as a 

practical tool for miRNA detection in disease applications. 

 

1. Introduction 

The contemporary use of nucleic acid (NA) molecules on nanoparticle (NP) surfaces has significantly 

broadened feasible forms of fascinating self-assembled nanostructures for bioanalysis purposes.[1] 

By capitalizing on the endogenous base-pairing affinity of NAs for rapid and precise coupling of NP 

units, nanostructures of assorted morphologies can self-assemble into rationally-designed plasmonic 

nanomaterials.[2] Particularly, NA-guided nanostructure self-assembly has offered controlled 

adjustment of plasmonic functionalities such as optical chirality, electric dipolar interactions and 

electromagnetic resonance.[1d, 3] Taking full advantage of such superior functionalities, NA self-

assembled plasmonic nanostructures have seen remarkable bioanalysis applications based upon 

surface-enhanced Raman scattering (SERS),[4] by programming intense localized electromagnetic 

fields (“hot spots”) between NP junctions for highly sensitive Raman measurements.  

Typically, SERS requires interparticle distances of ≤10 nm to construct optimal plasmonic hot 

spots for ideal Raman signal enhancement.[5] Thus, the use of a relevant class of NA disease 

biomarkers to directly trigger the self-assembly of nanostructures with such ideal interparticle 

distances can fully promote its SERS bioanalysis performance. In this work, instead of relying on pre-

assembled nanostructures by designed synthetic NA sequences, we sought to exploit a native NA 

species as both a valuable disease biomarker, as well as a direct trigger to self-assemble our custom-

designed plasmonic nanostructures. 



 

  

 

This article is protected by copyright. All rights reserved. 

4 

 

MicroRNAs (miRNAs) are a class of short (about 22 bases) noncoding RNA molecules.[6] Given 

that the distance between NA bases is about 0.34 nm, the length of miRNA sequences are thus 

highly suitable for assembling nanostructures with optimal ≤10 nm-interparticle gaps. Biologically, 

miRNAs are key post-transcriptional regulators of gene expression and RNA silencing to control 

cellular functions.[7] Most importantly, abnormal miRNA expression strongly influences human 

disease biology. For example, miR-107 overexpression has been associated with increased tumor 

growth and metastatic potential in prostate cancer (PCa).[8] Additionally, miRNAs are stable in body 

fluids (e.g. blood, urine and saliva),[9] and higher miR-107 levels have been detected in PCa patient 

urine as a promising non-invasive diagnostic biomarker.[8a, 10] 

Herein, by using miR-107 targets as a direct trigger, we designed miRNA-driven self-assembly 

of Au nanospheres on hollowed Au/Ag alloy nanocuboids for PCa diagnosis. As compared to existing 

self-assembled plasmonic nanostructures for bioanalysis, our contribution comprises of several 

notable innovations. Firstly, miR-107 was selected as a promising PCa diagnostic biomarker and a 

direct trigger for self-assembly of plasmonic nanostructures with desirable interparticle gaps. This 

allows for target-induced nanostructure self-assembly without designed synthetic NA sequences and 

optimal ≤10 nm interparticle gaps in miR-107 presence.  

Secondly, our designed self-assembled nanostructure has progressed from traditional 

coupling of geometrically-similar NP units[4c, 11] to the use of hollowed Au/Ag alloy nanocuboids as 

frames for patterning smaller Au nanospheres. The anisotropic nanocuboids consist of Ag within the 

alloy constituent for stronger Raman signal enhancement, sharp edges/corners for intensified 

electromagnetic fields, and increased surface areas to expand upon physical Au  nanosphere-

coupling limit; all of which contributed to intensified SERS signals.  
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Lastly, we employed the miR-107-mediated plasmonic hotspots on nanozyme catalytic 

cascades (generated by the inherent peroxidase-like activity of Au nanospheres)[12] for amplified 

miRNA SERS detection. This enabled native miR-107 detection at clinically relevant sensitivity level 

without PCR-based target amplification.  

Using the aforesaid properties of our designed miRNA-triggered plasmonic self-assembled 

nanomaterial, we showed excellent clinically-relevant detection specificity and sensitivity for miR-

107, as well as demonstrated PCa diagnosis potential using non-invasive patient urine samples.  

 

2. Results and Discussion 

2.1. Triggered Self-Assembly of Plasmonic Nanostructures for miRNA Detection  

Scheme 1 shows the miRNA target-triggered plasmonic nanostructure self-assembly process for miR-

107 quantification. Au nanospheres and hollowed alloy nanocuboids are first respectively 

functionalized with target probe 1 and 2 that are each half-complementary to the entire miR-107 

target sequence (Table S1). To facilitate instantaneous attachment of probe sequences onto the NP 

surfaces, poly-adenine (polyA)-tailed probe sequences are used to exploit the high adsorption 

affinity of polyA sequences to Au and Ag surfaces[13] under acidic buffer condition. As compared to 

thiolated probe functionalization, the polyA-mediated strategy offers faster probe functionalization 

with similar density and hybridization capability.[14] Thereafter, in the presence of miR-107 targets, 

the Au nanospheres and hollowed alloy nanocuboids spontaneously self-assembled into plasmonic 

nanostructures due to sequence-specific recognition trigger between probes and targets. This self-
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assembly process generated a unique nanomaterial with Au nanospheres patterned on the surfaces 

of hollowed alloy nanocuboids.  

To further intensify SERS signals for miR-107 detection, self-assembled Au nanospheres on 

the hollowed alloy nanocuboid frames served as peroxidase-mimicking nanozymes to generate 

catalytic cascades. Under nanozyme catalysis, 3,3’,5,5’-tetramethylbenzidine (TMB) substrates are 

oxidized in the presence of H2O2 to generate TMB oxidation (TMBox) products. Consequently, strong 

identifiable SERS spectral signal of TMBox is achieved as the oxidized products diffused into 

plasmonic hot spots between NPs or nanocuboid edges/corners of the self-assembled 

nanostructures.[15] As miR-107 target concentration is positively correlated to Au nanozyme amount, 

miR-107 target quantity can therefore be inferred from the SERS signal of TMBox.  

As illustrated by the high-resolution transmission electron microscope (HR-TEM) images 

(Figure 1) of assembled nanostructures, the designed miRNA target probes conferred an average 

interparticle distance (between Au nanospheres and hollowed alloy nanocuboids) of 2.3 nm. 

Considering the flexible nature of NA strands, it is expected that the resultant interparticle distance 

will be shorter than the calculated linear length (~7.5 nm) of miR-107. Moreover, it is noteworthy 

that these miR-107-mediated interparticle gaps are ideal for generating abundant optimal plasmonic 

hot spots for highly sensitive SERS analysis. This is supported by enhanced TMBox signals after the 

formation of self-assembled plasmonic nanostructures with optimal interparticle gaps (Figure 2).  

Crucially, the resultant intensified SERS signal, which is strongly dependent on both the 

presence and close proximity of Au nanospheres to hollowed alloy nanocuboids, is thus exclusively 

‘plasmonic-activated’ in the event of successful nanostructure self-assembly. This is highly desirable 
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for triggering selective self-assembly in the sole presence of miR-107 targets, thus preventing non-

specific interfering molecules in real patient samples from compromising detection performance.   

 

2.2. Demonstration of Nanozyme and Raman Signal Enhancement Properties 

Our miR-107-triggered plasmonic self-assembled nanostructure is designed to possess both specific 

nanozyme activity (of Au nanospheres), and exceptional Raman signal enhancement capability (of 

hollowed nanocuboids).  

To first demonstrate nanozyme activity of the Au nanospheres, we utilized a direct 

colorimetric evaluation of blue TMBox product formation in presence of Au nanospheres or/and 

hollowed alloy nanocuboids. As shown in the inset of Figure 2, the inherent peroxidase-mimicking 

activity of Au nanospheres successfully generated TMBox, and led to a visible blue color change in 

solution (Tube a).[15] In contrast, the hollowed Au/Ag alloy nanocuboids with weak nanozyme activity 

only led to a faint color change (Tube b). With the further addition of Au nanospheres, TMBox was 

generated to produce a strong color change (Tube c). This phenomenon illustrated the specific 

nanozyme activity of Au nanospheres which we patterned onto our self-assembled nanostructures 

to create nanozyme-catalyzed signalling cascades.  

 To show the superior Raman signal enhancement capability of hollowed alloy nanocuboids, 

we performed Raman measurements to evaluate TMBox SERS signals. As seen in Figure 2, SERS 

signal was weak despite the presence of higher TMBox levels generated by Au nanospheres (Tube a). 

In contrast, stronger SERS signal of TMBox was achieved in presence of hollowed nanocuboids (Tube 

b). This result indicated the superior Raman enhancement capability of hollowed alloy nanocuboids 
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as compared to Au nanospheres alone due to both Ag retainment in the alloy nanomaterial and 

intensified electromagnetic fields on cuboid edges/corners.[16] The combination of unassembled Au 

nanospheres and hollowed alloy nanocuboids (Tube c) without optimal interparticle gaps further 

intensified the TMBox SERS signal. Ultimately, the strongest SERS signals was achieved in presence of 

Au nanospheres, hollowed alloy nanocuboids, and miR-107 targets (Tube d) which generated the 

desired self-assembled plasmonic nanostructures with ideal interparticle distances.  

To further evaluate the Raman enhancement capability of self-assembled nanostructures, 

we calculated relative SERS enhancement factor (EF). Using the obtained spectra of SERS and normal 

TMBox signals in Figure S1, relative EF was calculated[17] to be 3×106. Therefore, by combining Au 

nanospheres and hollowed alloy nanocuboids into self-assembled nanostructures, we have uniquely 

integrated both specific nanozyme activity and exceptional Raman signal enhancement into a single 

self-assembled nanostructure unit, showing great potential for sensitive miRNA detection.  

 

2.3 Optimization of Nanostructure Self-Assembly Elements 

To maximize the miRNA detection performance of our self-assembled nanostructures, we optimized 

several crucial elements: NP size, target probe concentration for NP surface functionalization, and 

salt concentration during self-assembly. 

The size of NPs can influence intrinsic nanozyme activity and Raman signal enhancement 

capability.[18] As it has been shown that smaller Au nanospheres possess greater nanozyme activity 

due to the larger specific surface area,[19] we successfully used the traditional Frens method[20] to 

synthesize homogenous and smallest possible Au nanospheres (~13 nm) for exceptional catalytic 
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activity. We then synthesized different sizes (40, 80, 120 nm) of hollowed nanocuboids (Figure 3A-C) 

and used them as frameworks for constructing different-sized self-assembled nanostructures to 

evaluate effects on TMBox Raman signal enhancement capability (Figure 3D). As shown in Figure 3D, 

self-assembled nanostructures generated the highest TMBox signal enhancement with 80 nm 

nanocuboids. This is largely attributed to the high Raman activity of 80 nm nanocuboids that fit 

within the optimum size range (30-100 nm) of ideal SERS substrates.[21] Therefore, 80 nm hollowed 

nanocuboids were adopted in combination with 13 nm Au nanospheres for our self-assembled 

nanostructure construction. 

The density of functionalized target probes on NP surfaces relates to colloidal stability in 

solution, and stable NP building blocks are fundamentally essential for favourable nanostructure 

self-assembly. Hence, we optimized the probe concentration (0, 0.25, 0.5, 1 µM) for surface 

functionalization of Au nanospheres and hollowed nanocuboids under acidic buffer condition, and 

evaluated colloidal stability via colorimetric assay. The addition of acidic buffer to bare Au 

nanospheres (i.e. 0 µM probe concentration) led to a purple-color change in solution (unstable 

aggregated state) as compared to the initial red-colored control (stable dispersed state) before 

acidic buffer addition (Figure S2A). In agreement with a previous report,[22] this indicated NP 

instability and aggregation in absence of probe surface functionalization to maintain colloidal 

stability. Subsequently, we observed that 0.5 µM probe 1 concentration was adequate for retaining 

good colloidal stability. For hollowed nanocuboids, we observed that 0.25 µM probe 2 concentration 

was required to similarly maintain colloidal stability during surface functionalization in acidic buffer 

(Figure S2B). Using these optimized probe concentrations, we successfully generated probe-
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functionalized Au nanospheres and hollowed nanocuboids which remained stable in phosphate 

buffer saline (PBS) solution (Figures S2C & D) for subsequent nanostructure self-assembly.       

An optimal salt concentration is another essential element for overcoming the repulsive 

forces between NP building blocks to achieve successful and stable self-assembled 

nanostructures.[23] We thus tested the self-assembly of Au nanospheres and hollowed nanocuboids 

in target presence (10 pM) using different PBS salt concentrations (0, 30, 180, 320 mM), and 

conducted Raman measurements of TMBox to investigate the optimal salt concentration. As shown 

in Figure S3A, the various salt concentrations have a remarked effect on resultant TMBox SERS 

signals. Under 0 mM salt, low Raman signal levels (i.e. poor nanostructure self-assembly) were 

obtained, probably due to strong electrostatic repulsion between Au nanospheres and hollowed 

nanocuboids.[24] Increasing salt concentrations (Figure S3A) aided in higher Raman signals through 

the effective nanostructure self-assembly by charge screening (Figure S3B). However, excess salt 

concentration at 320 mM dramatically decreased the TMBox SERS signals because of irreversible 

aggregation of NPs under a high salt concentration (Figure S3C), as observed by the increased 

average particle size using dynamic light scattering (DLS) characterization (Figure S3D). Thence, we 

opted for a salt concentration of 30 mM for stable nanostructure self-assembly.  

 

2.3. Specificity of Self-Assembled Nanostructures for miR-107 Detection 

To enable accurate and reliable detection, it is essential for the nanostructure self-assembly to be 

specifically triggered by miR-107 targets. Therefore, we challenged the target probes on the NP 

surfaces with different miRNA sequences (present in humans) to evaluate the specificity of the self-
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assembly process. It was found that our self-assembled nanostructures generated higher Raman 

signals in miR-107 target presence as compared to other miRNA sequences (Figure 4A) with non-

target miR-200c and miR-429 sequences displaying similar background signal levels to the no target 

(NoT) control (Figure 4B). To further support the Raman measurement data, we also imaged the 

corresponding nanostructures via TEM. We observed that miR-107 successfully triggered self-

assembly of Au nanospheres onto hollowed nanocuboids (Figure 4C). In contrast, non-target 

sequences and NoT (Figures 4D-F) were not recognized by probe sequences and showed restricted 

coupling between Au nanospheres and hollowed nanocuboids (Figures 4D-F). Consequently, this 

absence of nanostructure self-assembly led to a decline in nanozyme activity and interparticle 

plasmonic hots spots for amplified SERS signalling. Together, the consistent Raman measurement 

and TEM imaging results highlighted the sequence-specific hybridization between designed probe 

and target miR-107 sequences to directly trigger selective nanostructure self-assembly for 

plasmonic-activated signalling. 

  

2.4. Sensitivity of Self-Assembled Nanostructures for miR-107 detection 

miR-107 is a highly promising prognostic biomarker that is found to be upregulated in PCa 

patients.[8a, 9a] The short lengths of miRNAs are challenging for quantitative detection due to the 

need for conversion into a longer molecule to serve as a valid substrate for typical molecular 

amplification.  

We utilized miR-107 targets to directly trigger nanostructure self-assembly with ideal 

plasmonic hot spots for molecular amplification-free detection. To determine the detection 
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sensitivity of our self-assembled nanostructures, we titrated different concentrations of miR-107 

targets (1 fM to 10 pM) and monitored the resultant plasmonic-activated SERS signals. With more 

miR-107 targets to couple Au nanospheres onto hollowed nanocuboids, as shown by TEM imaging 

(Figure S4) for higher plasmonic-activated signals, the obtained SERS signals increased 

correspondingly with higher target concentrations (Figure 5A). For quantification purpose, a good 

linear plot was drawn between the various logarithmic target concentrations and SERS signals of 

TMBox at 1609 cm-1 (R2=0.98), with a limit-of-detection (LOD) of 0.7 fM based on three times the 

standard deviation of the blank signal (Figure 5B).  

For comparison between different TMBox readouts, we also evaluated the colorimetric 

detection performance of our self-assembled nanostructures by UV-vis absorption measurement of 

TMBox at 652 nm (Figure S5). As expected, without plasmonic signal enhancement, the colorimetric 

detection approach had a lower detection sensitivity with a LOD of 79 fM.  

The SERS achieved fM-level detection sensitivity outperforms or is comparable to recent NA-

driven self-assembled nanostructure- and NP-based assays[10b, 25] for molecular amplification-free 

miRNA detection, and is highly useful for miR-107 detection over a clinically-relevant range in real 

patient samples.[10] Moreover, our self-assembled plasmonic nanostructure is unique as compared to 

current NA-driven counterparts as it does not require pre-assembly via designed sequences for 

target detection and is dependent on native miRNA targets for optimal plasmonic-activated 

detection performance.   

As compared to related SERS- and microarray-based systems for miRNA detection,[26] our 

nanozyme patterned self-assembled nanostructures enabled higher detection sensitivity. This 
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detection sensitivity can be ascribed to the triple signal amplification strategies of our self-

assembled nanostructure: ideal miRNA-mediated plasmonic interparticle hot spots, plasmonic-

activated nanozyme catalytic cascades, and strong Raman enhancement capability of hollowed 

Au/Ag alloy nanocuboids. In addition, PCR-free detection of miRNA using self-assembled 

nanostructures resolves issues of amplification bias/artifacts.  

   

2.5. Self-Assembled Nanostructures for miR-107 Detection in PCa Cell Lines 

To investigate the feasibility of our self-assembled nanostructures for miRNA detection in simulated 

patient samples, we introduced cultured PCa cells into healthy donor urine for miR-107 

measurement. Three different well-characterized PCa cell lines (22Rv1, LnCap and DuCap) were used, 

prior to incubation of extracted cellular RNA with probe-functionalized Au nanopheres and hollowed 

alloy nanocuboids. We obtained different SERS signals (i.e. miR-107 levels) from each of the different 

PCa cell lines (Figure 6A), for which 22Rv1 generated the highest signals whereas LnCap and DuCap 

produced similarly but low signals. The detected miR-107 levels (Figure 6B) were in good agreement 

with previous established reports.[10a] Hence, this result further indicated our designed plasmonic 

nanostructure can self-assemble in presence of cell-derived miR-107 targets. Importantly, the 

successful detection was achieved in a complex heterogeneous mixture of cellular RNA, and 

exhibited excellent robustness for accurate miR-107 bioanalysis in patient-derived biofluid samples. 

 

2.6. Clinical Application for PCa Diagnosis 
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Finally, we evaluated our self-assembled plasmonic nanostructures for the application of PCa 

diagnosis in clinical samples via miR-107 detection. First-catch urine samples were collected from 

patients before positive PCa diagnosis upon biopsy findings (n = 12) and healthy subjects (n = 4) with 

no prior PCa history. All the urine samples were processed using a rapid urinary RNA extraction 

protocol to remove high protein and cellular debris content which will interfere with nanostructure 

self-assembly. This is especially important for degrading protein complexes that bind to mature 

miRNAs in circulating biofluids (i.e. urine, blood),[27] and subsequently releasing higher amount of 

viable unbound miRNAs to trigger nanostructure self-assembly. We split each sample into two 

aliquots for miR-107 detection via nanostructure self-assembly and compared the results with the 

gold-standard quantitative PCR (qPCR)-based amplification. Overall, we found significantly higher 

miR-107 levels (P < 0.05) in PCa patient samples (Figure 7), with good agreement between SERS 

signals from plasmonic self-assembled nanostructures and cycle thresholds for fluorescent signals of 

qPCR-based validation (Table S2). Our miRNA-triggered nanostructure self-assembly approach, 

however, enabled accurate miR-107 quantification without any pre-processing of native miRNA 

targets to allow PCR-based analysis. Importantly, we have demonstrated the ease of the miR-107 

bioanalysis via triggered nanostructure self-assembly in real patient-derived samples, and the 

convenient nature of urinary miRNA sampling provides possible non-invasive PCa 

diagnosis/monitoring as opposed to invasive biopsies. 

 

3. Conclusions 
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In summary, miRNA-triggered self-assembly of Au nanospheres and hollowed alloy nanocuboids has 

established a new form of plasmonic nanostructures with ideal interparticle distances for optimal 

SERS signalling. The resultant self-assembled nanostructures provided high clinically-relevant fM-

detection sensitivity and specificity for accurate detection of miR-107, as we have rigorously 

optimized and demonstrated for ultimate application in real PCa patient samples. We envisaged 

possible future studies towards clinical validation[28] and multiplexing[29] of our nanostructure 

assembly-based approach to facilitate clinical translation. Our designed nanostructures generated 

plasmonic-activated SERS signals in miR-107 target presence, and served as a new form of self-

assembled nanomaterial with unique signal amplifying properties; including the first-ever direct use 

of native miRNA targets to trigger selective nanostructure self-assembly with optimal interparticle 

plasmonic hot spots, and patterning of Au nanospheres onto hollowed alloy nanocuboid frames to 

generate nanozyme catalytic cascades for enhanced Raman signals. These properties provide a 

promising route for developing innovative early disease diagnosis and high-throughput miRNA 

screening assays.         

 

4. Experimental Section 

Chemicals and materials: Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O) and silver nitrate 

(AgNO3) were purchased from Sigma Aldrich. Ascorbic acid (AA) and sodium citrate were bought 

from MP Biomedicals, Inc. Oligonucleotides were obtained from Integrated DNA Technologies and 

the sequences are displayed in Table S1. 3,3’,5,5’-tetramethylbenzidine (TMB) was purchased from 
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ThermoFisher Scientific. H2O2 (30 wt%) was purchased from Merck. Ultrapure water (electrical 

resistance = 18.2 MΩ·cm) was used throughout the experiment. 

 

Synthesis of the hollowed Au/Ag nanocuboids and Au nanopheres: To prepare 40 nm hollowed 

nanocuboids, 45 µL of HAuCl4 (25.4 mM) was introduced into 10 mL of H2O with the magnetic 

stirring at 850 rpm for 1 min. Then, 170 µL of AgNO3 (6 mM) and 200 µL of AA (0.1 M) were added 

into the system simultaneously. The solution was kept stirring for 1 min, followed by centrifuging at 

600 g for 15 min for characterization. The synthesis of 80 nm and 120 nm hollowed nanocuboids 

followed a similar process, except for changing the AA volume to 30 µL and adding AA 1 min after 

AgNO3, respectively. 13 nm Au nanospheres were synthesized using the citrate reduction method. 

Briefly, 50 mL of HAuCl4 (0.01%) were heated to boiling point, and then 1.5 mL of Na3Ct (1%) solution 

was added. The reaction was stopped after 20 min. 

 

PolyA-tailed probe functionalization of Au nanospheres and hollowed nanocuboids: We followed a 

reported acidic pH-mediated method[22, 30] to surface-functionalize NPs with target probes. All probe 

sequences contain polyA sequences for gold surface functionalization and C3 spacer arms (short 

three-carbon chains) to provide probe flexibility for enhanced sequence hybridization. For Au 

nanosphere surface functionalization, 4 µL of polyA-tailed probe 1 sequences (10 µM) was added 

into 200 µL of 13 nm Au nanospheres and incubated at room temperature for 1min. After that, 4 µL 

of 5× saline-sodium citrate (SSC) buffer (pH=3) was added into the solution and gently shaken at 350 
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rpm, 25 oC for 15 min. Then, the Au nanospheres were centrifuged at 500 g for 1 h twice to get rid of 

excess probes and resuspended into 100 µL of HEPES buffer (5 mM, pH=7.4). 

For hollowed nanocuboid functionalization, 200 µL of synthesized hollowed nanocuboids 

were mixed with 4 µL of polyA-tailed probe 2 sequences (10 µM) for 1 min. Then, 4 µL of Na3·HCl 

buffer (500 mM, pH=3) was added and kept in the thermomixer at 350 rpm, 25 oC for 3 min before 

adding 12 µL of HEPES buffer (500 mM, pH=7.6) to adjust the solution pH to neutral. 10 min later, 

the hollowed nanocuboids were centrifuged at 600 g for 10 min twice to remove excess probes and 

resuspended into 100 µL of HEPES buffer (5 mM, pH=7.4).  

 

miR-107-triggered nanostructure self-assembly and SERS bioanalysis: 30 µL of probe 1 functionalized 

Au nanospheres and 30 µL of probe 2 functionalized hollowed nanocuboids and were firstly mixed, 

followed by addition of 10 µL of phosphate buffer saline (PBS, 150 mM) solution to a final salt 

concentration. 1 µL of synthetic miR-107 targets at the required experimental concentration was 

then added into the system. The hybridization between the probes and miR-107 targets was 

initialized by following the thermal profile: 90 oC for 2 min, 50 oC for 30 min, 25 oC for 30 min, and 4 

oC for 2 h.  For miR-107 detection in cell lines and clinical samples, 5 µL of cellular RNA extract was 

used for hybridization. 

To purify the self-assembled nanostructures, gentle centrifugation was performed to remove 

free Au nanospheres. For SERS analysis, assembled nanostructures were separated from the solution 

by centrifugation at 300 g for 5 min before 50 µL of TMB solution, 20 µL of H2O2 (30 wt%) were 

added to generate TMBox for signal readout. All Raman measurements were taken after 10 min of 
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nanozyme catalytic reaction and the average spectrum was obtained from a 5 s of illumination for 10 

times.  

 

Cellular RNA extraction from PCa cell lines and patient urine samples: PCa cell lines were cultured in 

RPMI-1640 growth media (Life Technologies) supplemented with 10% fetal bovine serum (Life 

Technologies), 2 mM Glutamax (Gibco) and 1% PenStrep (Invitrogen) in a humidified incubator 

containing 5% CO2 at 37 °C. Cellular RNA was extracted using Trizol reagent (Life Technologies) as 

instructed by the manufacturer.   

 For patient urine samples, ethics approval was obtained from The University of Queensland 

Institutional Human Research Ethics Committee (Approval No. 201400012), and informed consent 

was obtained from each patient before sample collection. Clinical assays were conducted according 

to approved guidelines. De-identified voided urinary samples were prospectively collected from 

patients prior to PCa needle biopsies and healthy donors with no PCa history. Cellular RNA in urine 

samples was extracted using the commercially available ZR urine RNA isolation Kit (Zymo Research) 

as previously described.[10a] 

 

qPCR-based validation of miR-107 levels in patient urine samples: Poly-adenylation of extract cellular 

RNA was first carried out to lengthen miRNAs for molecular amplification. 7.5 µL of cellular RNA 

extract was added to 1 µL of 10x E. Coli Poly(A) polymerase reaction buffer (250 mM NaCl, 50 mM 

Tris-HCl, 10 mM MgCl2, pH 7.9), ATP (1 mM), and E. Coli Poly(A) polymerase (5 U, New England 

BioLabs) to make up a 10 µL reaction mixture. The reaction mixture was incubated at 37°C for 15 
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min, and then quantified by Qubit RNA HS Assay kit (ThermoFisher Scientific) before qPCR-based 

analysis.  

For qPCR-based analysis, the KAPA SYBR® FAST One-Step qRT-PCR kit (KAPA BIOSYSTEMS) 

was used to set up a single reaction volume of 10 µL for each sample. Each reaction volume consist 

of 1X KAPA SYBR® FAST qPCR Master Mix, forward and reverse miR-107 primers (200 nM), 1X KAPA 

RT Mix, ROX dye (50 nM) and 30 ng of poly-adenylated cellular RNA extract. RT-qPCR was performed 

using the Applied Biosystems® 7500 Real-Time PCR System (ThermoFisher Scientific). The cycling 

protocol was: 42°C for 10 min to synthesize cDNA, followed by 95°C for 5 min to deactivate RT 

before cycling 35 times (95°C for 30 s, 50°C for 30 s and 72°C for 1 min) and finished with 72°C for 10 

min.   

 

Instrumentation: TEM and HR-TEM images were taken on a Hitachi HT7700 microscope (Hitachi, 

Tokyo, Japan) operated at 120 kV. SEM images were obtained with a JEOL-7100 FE-SEM microscope 

with 20 kV voltage. Raman measurements were performed on a portable IM-52 Raman microscope 

with 785 nm laser excitation, and 30 µm laser spot diameter.[31] DLS measurements were conducted 

on a Nano ZS ZETA SIZER (Malvern Instruments) with the viscosity of 0.8872cp and refractive index 

of 1.330. 
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Scheme 1. Schematic illustration of triggered self-assembly of plasmonic nanostructures for miR-107 

detection. Surface functionalization of (A) Au nanospheres and (B) Hollowed alloy nanocuboids with 

respective polyA-tailed target probe sequences that are each half-complementary to miR-107; (C) 

miR-107 triggered self-assembly of nanozyme-patterned hollowed nanocuboids and plasmonic-

activation of TMBox SERS signal; (D) Representative TEM image of our miR-107-triggered plasmonic 

self-assembled nanostructure. 
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Figure 1. Measurements of interparticle distances between the Au nanospheres and hollowed alloy 

nanocuboids. (A, D) Representative TEM images of self-assembled nanostructures; (B, E) HR-TEM 

images of red-dotted regions in A and D, respectively; (E, F) HR-TEM images of blue-dotted regions in 

A and D, respectively. 
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Figure 2. Evaluation of nanozyme activity (inset) and Raman signal enhancement capability of self-

assembled nanostructures. All samples were not centrifuged to ensure unbiased comparison under 

the same Au nanosphere concentration. 
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Figure 3. Size optimization of hollowed alloy nanocuboids for strongest SERS signalling. SEM images 

of hollowed nanocuboids of (A) 40 nm (B) 80 nm (C) 120 nm; and (D) Raman spectra of TMBox 

enhanced by self-assembled nanostructures consisting of different-sized hollowed nanocuboids. 
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Figure 4. Specificity of self-assembled nanostructures for miR-107 detection. (A) SERS spectra and (B) 

Column plots of Raman intensities of different miRNA targets; (C-F) Representative TEM images of 

nanostructures in the presence of miR-107, miR-200c, miR-429, and NoT control, respectively; miR-

107 targets successfully triggered self-assembly of Au nanopheres onto hollowed alloy nanocuboids 

as opposed to restricted coupling in non-target miRNAs. Error bars represent the standard deviation 

of three independent replicates. 
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Figure 5. miR-107 detection sensitivity of self-assembled nanostructures. (A) Raman spectra and (B) 

Corresponding linear calibration curve for different miR-107 target concentrations based on the 

Raman peaks located at 1609 cm-1. Error bars represent the standard deviation of three independent 

replicates. 

 

  

 



 

  

 

This article is protected by copyright. All rights reserved. 

29 

 

Figure 6. The evaluation of self-assembled nanostructures in complex cellular RNA matrix. (A) SERS 

spectra and (B) Column plots of Raman intensities reflecting miR-107 levels of different PCa cell 

lines. Error bars represent the standard deviation of three independent replicates. 

 

Figure 7. miR-107 detection in urine samples from PCa patients and healthy donors as analyzed by 

plasmonic self-assembled nanostructures, *P<0.05.   
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Native microRNA targets directly trigger the assembly of Au nanospheres on hollowed Au-Ag alloy 

nanocuboids with ideal interparticle gaps for surface-enhanced Raman scattering detection. The self-

assembled plasmonic nanostructure enables specific and sensitive miR-107 detection from prostate 

cancer patient samples without the need for target amplification. 
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