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A B S T R A C T   

The urinary exosomal miRNAs are recently emerging prostate cancer (PC)-associated biomarkers for the early- 
stage diagnosis and prognosis due to their non-invasiveness, inherent stability and the representation of the 
status of the originated cells. However, developing a urinary exosomal miRNA detection method with high ac
curacy is challenging because of the low abundance and high sequence homology of miRNAs. Herein, we present 
a quantitative and label-free miRNA sensing platform using surface-enhanced Raman scattering (SERS) based on 
three-dimensional (3D) hierarchical plasmonic nano-architecture to detect urinary exosomal miRNAs. This hi
erarchical nanostructure is constructed by self-assembly between target-complementary DNA probes-conjugated 
gold nanoparticles and head-flocked gold nanopillars in the presence of the target miRNAs, creating numerous 
3D plasmonic hot-spots inducing exceedingly high amplification of SERS signals. This 3D SERS biosensor ach
ieved ~10 aM detection limits for the target miRNAs (miR-10a and miR-21), which is over 1000-fold more 
sensitive than previously reported miRNA sensors without the requirement of any labelling or pre-treatment 
steps. Finally, the clinical validation using urinary samples revealed that our 3D SERS sensor discriminates PC 
patients from healthy control with high diagnostic accuracy (0.93) based on the differential expression level of 
urinary exosomal miRNAs. These outputs demonstrate that our SERS sensor based on 3D hierarchical nano- 
architecture can offer facile, accurate and rapid methods to measure miRNA expression and is helpful for the 
diagnosis of various diseases.   

1. Introduction 

Prostate cancer (PC) is the second most frequent malignancy and the 
fifth major cause of cancer-related deaths among males globally (Monn 
et al., 2016; Valentino et al., 2017). For the diagnosis and prognosis of 
PC, serum prostate-specific antigen (PSA) testing is considered the 
current standard (Pickles et al., 2015). However, many studies have 
reported that the lack of specificity and accuracy of the PSA test for PC 
results in a high rate of false-positive, up to 76% (Mazzucchelli et al., 
2000; Thompson et al., 2006; Woolf, 1995). Certainly, this unacceptably 
high false-positive rate tended to increase a large number of unnecessary 
biopsies (Endzelins et al., 2017). Furthermore, increasing concerns have 
arisen considering the potential for overdiagnosis and overtreatment 

because of the inability to differentiate indolent from aggressive PC 
using PSA as a biomarker (Stuopelyte et al., 2016). Hence, there is an 
urgent need for the development of an accurate and reliable PC diag
nosis platform using novel PC-specific biomarkers. 

Recent studies have shown that tumor-derived exosome reveals in
sights regarding cancer pathogenesis, including tumor growth, metas
tasis, and tumoral angiogenesis (Azmi et al., 2013; Taylor and 
Gercel-Taylor, 2008; Whiteside, 2016). These nanovesicles are known to 
mediate intercellular communication in the tumor microenvironment 
and induce malignant transformation of target cells by transferring 
cancer-specific molecular signatures (including proteins and nucleic 
acids) from tumor cells to remote normal cells (Isola and Chen, 2017; 
Lee et al., 2020; Masyuk et al., 2013; Tickner et al., 2014). In addition, 
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tumor cells are known to secrete at least 10-fold more exosomes than 
normal cells (Pan et al., 2019). These evidences supporting involvement 
in tumor progression led to intensive research on the components pre
sent in exosomes, especially the exosomal miRNAs. Exosomal miRNAs 
are small non-coding single-stranded RNA, modulating gene expression 
at post-transcriptional steps (Bartel, 2004). Due to the heterogeneity of 
PC (Fabris et al., 2016), urinary exosomal miRNAs have been exten
sively investigated as emerging biomarkers for diagnosing PC owing to 
remarkable stability along with possible large-scale quantities (Kim 
et al., 2021; Overbye et al., 2015; Rodriguez et al., 2017). Furthermore, 
urinary exosomal miRNA expression is directly modified in association 
with organ functioning for genitourinary cancer (Zang et al., 2019; Zhan 
et al., 2018). Among the exosomal miRNAs, exosomal miRNA-21 
(miR-21) had been confirmed as an oncogene for PC, which regulates 
the expression of multiple tumor-related genes through p53 network to 
promote PC cell proliferation and invasion (Gao et al., 2016; Zhan et al., 
2018). Additionally, exosomal miRNA-10a (miR-10a) has been recently 
revealed as an oncogenic miRNA in PC (Zimta et al., 2019) which are 
released from the cancer cells, inducing conversion of normal cells into a 
cancer stem cell (Ngalame et al., 2018). Thus, for this reason, many 
research groups developed miR-10a and miR-21 detection platforms for 
the diagnosis of PC. 

Conventional methods for detection of miRNAs in blood or biofluids 
include Northern blotting (Varallyay et al., 2008), qRT-PCR (Varko
nyi-Gasic et al., 2007; Wang and Yang, 2010), microarray (Zhao et al., 
2012), and fluorescence-based techniques (Shi et al., 2012). These 
methods require time-consuming and lengthy protocols and high costs 
due to the use of fluorescent labelling. In addition, conventional 
methods with low sensitivity need an additional amplification process or 
exploit a large amount of sample for diagnosis of prostate cancer in 
exosome containing biofluids (ranging from aM to fM) (Campuzano 
et al., 2014; Labib et al., 2013). Therefore, it is urgent to develop a 
sensing platform having a superb performance for prostate cancer 
diagnosis with a simple pre-treatment process, ultra-sensitivity, high 
selectivity, and broad dynamic detection range. Surface-enhanced 
Raman scattering (SERS)-based optical biosensor exploiting noble 
metal substrates or nanoparticles has gathered much attention as a 
promising technique due to providing specific “fingerprint” spectral 
profiles for individual bio-analytes (protein, DNA, and RNA) adsorbed 
onto the roughened metal nanostructures (Abell et al., 2012; Huang 
et al., 2020; Langer et al., 2020; Xu et al., 2015). The signal from the 
metal nanostructures is amplified for 6 to 14 orders of magnitude 
compared with the non-enhanced Raman signal, through the localized 
surface plasmon resonance (Lee et al., 2015; Nguyen et al., 2016; Wil
lets, 2009). However, the applicability of SERS is limited in complex 
clinical samples due to the strong background signals, especially when 
the concentration of the target biomolecule is extremely low (Li et al., 
2013). To employ label-free SERS detection in clinical samples, devel
oping a SERS biosensor with sufficiently high sensitivity and selectivity 
is essential. 

3D plasmonic nanostructures can provide higher SERS effects since 
the incident electric field on a 3D plasmonic nanostructure is dramati
cally amplified at SERS active sites, which are called electromagnetic 
“hot-spots” via localized surface plasmon effects compared with 2D 
plasmonic substrates such as nanofilm, nanodot, etc (Wang et al. 2015, 
2018). The enhancement effect enables the recognition of Raman 
spectral fingerprint from an individual molecule, thereby overcoming 
the low sensitivity and difficulty in identifying multiple analytes in 
conventional Raman signal (Lin et al., 2014; Wang et al., 2017). Thus, 
this unique property offers the ability to detect multiple miRNAs by 
merging the molecular fingerprint specificity and single-molecular 
sensitivity (Li et al., 2013). 

In this paper, we present an extraordinarily sensitive SERS biosensor 
for the label-free and quantitative detection of PC-related exosomal 
miRNAs in urine samples. In this system, we fabricated a 3D hierarchical 
nano-architecture based on our previously developed head-flocked gold 

nanopillar (Lee et al., 2019) with self-assembling DNA probe-conjugated 
gold nanoparticles (SAP-AuNPs) for improving the detection sensitivity 
by significantly enhancing the SERS signal originated from miRNAs. The 
neighbouring gold nanopillar heads create a nanogap, and SAP-AuNPs 
are located in this gap and generate multiple electromagnetic 
hot-spots via the plasmon coupling effect. These abundant hot-spots on 
the hierarchical structures are capable of greatly enhancing the local 
electrical field, amplifying the Raman signal from miRNAs over 109-fold 
in theoretical simulation. The established 3D SERS sensor demonstrated 
an outstanding low limit of detection (10 aM) for multiple PC-specific 
exosomal miRNAs (miR-10a and miR-21) and an extensive linear 
range of detection from 10 aM to 100 nM, which covers the broad 
concentration range of urinary exosomal miRNAs (Campuzano et al., 
2014). Also, this biosensor was capable of distinguishing single-base 
pair mismatch of target miRNAs with high specificity. Moreover, we 
verified that our SERS sensor can successfully recognize the variation in 
the exosomal miRNA expression levels in urine samples between the PC 
patients and healthy controls and that our miRNA detection method is 
applicable in the diagnosis of PC with excellent clinical accuracy (area 
under ROC curve (AUC) ≥ 0.96). Hence, we demonstrated that our 3D 
hierarchical substrate-based SERS biosensor provides a promising 
method for miRNA-based PC diagnosis and expects to be potentially 
used in the diagnosis and prognosis of various clinical disorders. 

2. Materials and methods 

2.1. Chemicals and materials 

Unless otherwise specified, all chemicals used in this experiment 
were obtained from Sigma Aldrich Korea. The Au pellet (Ø 3 × 3 mm, 
99.99%) was acquired from Shin-woo Metal (Korea). 1.5 mL DNA 
LoBind tubes were provided from Eppendorf. Ambion® nuclease-free 
water was obtained from Thermo Fisher Scientific Korea. All solutions 
were prepared in ultra-pure water (18.2 mΩ/cm). DNA probes and 
target miRNA sequences were provided from Bioneer (Korea). The total 
Exosome RNA Isolation kit (Invitrogen™) was obtained from Thermo 
Fisher Scientific (MA, USA). 

2.2. Preparation of the hierarchical 3D SERS substrate 

As described in our previous study, we produced the head-flocked 
gold nanopillar by a maskless reactive ion etching and an electron 
beam evaporation (Lee et al., 2019). To conjugate the DNA probes onto 
the nanostructure completely, we activated the thiol group of the probes 
using DTT according to the protocol of the manufacturer. The activated 
capture probe (1 μM) was mixed with the conjugation buffer containing 
sodium sulfate (30 mM). The substrate was incubated with the mixture 
for 12 h at 30 ◦C. After incubation, the substrate was cleansed with DI 
water and blow-dried with N2. To prevent any nonspecific adsorption of 
other nucleic acids onto gold surfaces (Carrascosa et al., 2010), 6-mer
capto-1-hexanol (MCH) monolayer was applied nanopillar substrate. 
The probe-conjugated substrate was incubated in MCH solution (10 μM) 
at room temperature for 3 h and washed with the washing buffer con
taining 2 × saline-sodium citrate buffer (SSC) and 0.2% SDS. The sub
strate was thoroughly cleansed once more and dried with N2. For 
evaluation of sensitivity or specificity of the sensor, the sample was 
prepared by adding the target miRNA to the human serum from 1 aM to 
1 μM concentrations. The substrate was then incubated at 30 ◦C for 12 h, 
followed by washing and N2 drying. Finally, to hybridize the SAP-AuNPs 
with miRNAs, we incubated the substrate with the hybridization buffer 
containing 2 × SSC and SAP-AuNP (10 nM) in nuclease-free water for 6 h 
at 30 ◦C, followed by DI washing and N2 drying for SERS measurement. 
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3. Results and discussion 

3.1. Preparation and characterization of hierarchical 3D plasmonic 
nanostructure and SERS biosensor 

To ensure the sensitivity sufficient for clinical-level detection of 
exosomal miRNAs with SERS, it is essential to fabricate plasmonic 
nanostructures with high-density plasmonic hot-spots, producing strong 
amplification of near-field. For this purpose, we fabricated the SERS 
biosensor based on self-assembling DNA probe-conjugated gold nano
particles (SAP-AuNPs) to plasmonic head-flocked gold nanopillar SERS 
substrate through the intermediacy of a target urinary exosomal miRNA 
so as to create numerous 3D hot-spots which induces intense electro
magnetic field amplification (Li et al., 2018). In the previous works, we 
had fabricated plasmonic gold nanopillar structures via maskless reac
tive ion etching of silicon wafer and electron beam evaporation (Kim 
et al., 2019b; Lee et al., 2019). When this elastic nanopillar structure is 
in Wenzel state (i.e., fully wetted by the solvent), the elasto-capillary 
force generated between nanopillars drives the nanopillar heads to 
congregate and form plasmonic hot-spots across the entire surface of the 
substrate (Wang et al., 2018). We further applied SAP-AuNPs to form 
hierarchical plasmonic nanostructures, which extend the plasmonic 
hot-spots into 3D spaces between periodic nanopillars and SAP-AuNPs 
(Fig. 1), for enhancing the sensitivity of SERS sensor and improving 
clinical applicability (Jones et al., 2016; Li et al. 2013, 2018; Liang et al., 
2017). To form the hierarchical nanostructure and to detect the miRNAs, 
we chose the sandwich hybridization method, which uses two 
half-complementary DNA probes, capture and detection probes to 
recognize target miRNAs for reducing false results via improving target 
sequence recognition in complex biofluid environment containing 
various interfering biomolecules (Afzalinia and Mirzaee, 2020; Goldman 
et al., 2013; Kim et al., 2019a). When the target miRNA is present, the 
SAP-AuNP functionalized with the half-complementary DNA detection 
probe strands confines the target miRNA in the space between AuNP and 
nanopillar head and forms the 3D hot-spots. 

The conjugation of the DNA detection probe onto the AuNP was 
confirmed with the shift of UV–visible spectra and the peak information 

of X-ray photoelectron spectroscopy (XPS). The DNA probe having the 
thiol group at the end is immobilized onto the AuNP via Au–S bonding to 
form SAP-AuNP. As the detection probes were bound to the AuNP sur
face, the UV–visible spectra were red-shifted from 519 nm to 520.5 nm 
(Fig. S1A). Also, the presence of Au4f and S2p peaks in the XPS spectrum 
of SAP-AuNP signifies the creation of Au–S bonding from the immobi
lization of DNA onto the AuNP (Castner et al., 1996), as shown in 
Fig. S1B. These results indicate that the SAP-AuNP for probing the 
miRNAs was successfully synthesized. 

To verify the enhancement effect of SAP-AuNP in the hierarchical 
nanostructure, a 3D finite-difference time-domain (FDTD) simulation of 
the structure was conducted. As described in Fig. 1, the 3D hierarchical 
structure was created by the hybridization of target miRNA with the 
capture DNA probe and the SAP-AuNP on head-flocked gold nanopillars, 
as observed with field-emission scanning electron microscope (FE-SEM) 
image (Figs. S2 and S3). The structural model was constructed from 
these SEM images, with two nanopillars tilted towards each other and 
one SAP-AuNP placed over the gap between nanopillar heads. The 
plasmonic hot-spots formed between SAP-AuNP and nanopillar heads 
would drastically amplify the Raman signal from miRNAs located in the 
gaps (Fig. 2A and B) (Zhang et al., 2018). The influence of the SAP-AuNP 
size on electric field amplification was confirmed using four different 
sizes of SAP-AuNPs (5, 15, 30, 50 nm size); as shown in Fig. S4, the 
simulation result showed that the 15-nm SAP-AuNP induced the stron
gest near-field enhancement in the gaps. The simulation predicted that 
the 15-nm SAP-AuNP would have a four times more intense SERS 
enhancement effect than the bare head-flocked nanopillar structure 
(Fig. S5). This trend can be explained by the surface curvature of the 
nanoparticle. As the AuNP size increases, the convexity of the particle 
surface is decreased, resulting in the decrease of the absorbed or in
elastic scattering of light on the nanoparticle, which weakens the surface 
electromagnetic field and lowers the overall SERS intensity (Gullace 
et al., 2021; Hong and Li, 2013). In contrast, for 5 nm SAP-AuNP, the 
size of the AuNP is considerably small compared to the size of the gap 
between AuNP and nanopillar head (~8 nm, which corresponds to the 
length of 22-nucleotide miRNA), resulting in the absence of the 
near-field amplification induced by the plasmon coupling effect (Su 

Fig. 1. Schematic for detection of urinary exosomal 
miRNA using hierarchical 3D SERS structure. The 
capture DNA probes were first immobilized onto the 
gold nanopillar substrates. The purified urinary exo
somal miRNAs and detection probe-conjugated SAP- 
AuNP were then sequentially hybridized onto the 
substrate and formed hierarchical 3D SERS structures, 
inducing intense SERS signal enhancement from 
target miRNAs. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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et al., 2003). These results confirmed that the SAP-AuNP drastically 
contributes to the SERS signal enhancement and hence improves 
sensitivity for miRNA detection in our plasmonic nano-architecture. To 

assess the legitimacy of the simulation, experimental measurement of 
SERS signal using miR-21 was conducted. The Raman intensity at 1376 
cm− 1 peak, specific to miR-21 (Kim et al., 2019b), was compared from 

Fig. 2. Numerical simulation of the electromagnetic 
near-field distribution from (A) head-flocked gold 
nanopillar substrate without SAP-AuNP and (B) hi
erarchical 3D nanostructure after binding of 15-nm 
SAP-AuNPs. (C) Non-labelled SERS spectra graph of 
miR-21 and (D) SERS signal intensity at 1376 cm− 1 

(specific to miR-21) from the hierarchical nano
structures constructed with varying SAP-AuNP sizes, 
using 100 nM miR-21 as a model analyte. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 3. Signal uniformity of hierarchical 3D SERS nanostructure-based sensor for miR-10a and miR-21. The averaged SERS spectra (dash line) and the standard 
deviations (colored area) of (A) miR-10a and (B) miR-21, in 50 μm × 50 μm square area (2500 points) on a single SERS sensor. Raman mapping image in a 50 μm ×
50 μm square area for (C) miR-10a (1143 cm− 1) and (D) miR-21 (1376 cm− 1). 
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the various configuration of hierarchical nano-architecture with 
different nanoparticle sizes. Fig. 2C and D demonstrate that the addition 
of SAP-AuNP with various sizes produced the signal enhancement 
following the trend shown in the simulation result (Fig. S5), with the 
strongest signal was generated from SAP-AuNP with the size of 15 nm. 
The SAP-AuNP with 15 nm size exhibits 2.9-times stronger signal 
enhancement than the head-flocked nanopillar without the SAP-AuNP. 
This result indicates that the 3D plasmonic hot-spots induced on our 
hierarchical nanostructure generates a stronger SERS response which is 
consistent with other studies (Kang et al., 2010; Nguyen et al., 2016; 
Wang et al., 2018). This intense SERS signal amplification due to their 
3D hierarchical nanostructure enables the label-free direct detection of 
target biomarkers including the miRNAs which exist in extremely trace 
amount in the biofluids. 

3.2. Evaluation of miRNA sensing performance of SERS biosensor 

Although the sensitivity of the SERS had been improved over time, 
the practical application of the SERS in the quantification of analytes 
had been hampered by the low reproducibility and uniformity of the 
results (Jarvis et al., 2008). Therefore, to exploit our 3D SERS sensor 
based on the hierarchical structure in the quantification of miRNAs, we 
evaluated the uniformity of the sensor using two miRNAs associated 
with PC (miR-10a and miR-21). As shown in Fig. 3A and B, the 3D SERS 
nanostructure-based sensor revealed high signal uniformity over map
ping area (2500 points) on the substrate for both miRNAs in 100 nM 
concentration with small standard deviations (SD). The SERS spectra 
show different peak intensities because the two miRNAs have different 
sequence and base ratios (Kim et al., 2019b; Yao et al., 2021). Especially, 
miR-10a consistently produced a strong peak at 1143 cm− 1 position, 
which can be attributed to Adenine C–N vibration (Zhang et al., 2020), 
while miR-21 showed a characteristic peak at 1376 cm− 1 for Adenine 
CH3 deformation (Kim et al., 2019b), which were also appeared in the 
normal Raman spectrum (Fig. S6) and were selected as the representa
tive fingerprint peaks of each miRNA in this study. Table S2 describes 
more details about the SERS fingerprint peaks for both miR-10a and 
miR-21. The relative standard deviations (RSDs) of the characteristic 
peaks for miR-10a (1143 cm− 1) and miR-21 (1376 cm− 1) were 5.52 and 
4.92%, respectively (Fig. S7). The signal uniformity was further verified 
with the mapping of Raman intensity over the square area of 50 μm ×
50 μm on the SERS sensor surfaces, with a laser spot size of 1 μm 
diameter (Fig. 3C and D). The SERS sensor based on 3D hierarchical 
SERS substrate exhibited homogeneous SERS signal intensity at finger
print peaks and spectra in response to the miRNA attachment for 
miR-10a and miR-21. Also, disturbances against the SERS spectrum of 
target miRNA had not been identified due to Raman activities of DNA 
probes and background SERS signal of our 3D SERS platform without 
target miRNA (Fig. S8). These results signify that our SERS sensor is 
capable of producing a uniform and reproducible SERS signal for the 
detection of miRNAs, which is necessary for accurate and reliable 
diagnostic results. 

It is estimated that 2300 miRNAs are present in the human body 
(Alles et al., 2019), some of which are grouped as homologous miRNA 
family groups, with differences only one or two nucleotides among the 
members of a family group (Dong et al., 2014; Garcia-Rico et al., 2018; 
Ye et al., 2019). Due to the high sequence homology between those 
miRNAs, the miRNA biosensor for application in disease diagnosis ne
cessitates selective discrimination of miRNAs with a single-nucleotide 
difference. To evaluate the selectivity of our SERS biosensor, we 
compared the SERS signal intensity from the signal intensity of the 
perfectly matched target miRNAs with two different single-base mis
matched miRNAs (type A and type B). Type A miRNAs had single 
mismatch sites on the sequence complementary to the detection probes, 
while type B miRNAs had a single mismatch on the capture 
probe-complementary sequence (Table S1). The SERS signal intensities 
of 1143 cm− 1 for miR-10a and 1376 cm− 1 for miR-21 were measured 

and compared the fully matched with the single-base mismatched 
miRNAs (Fig. 4). At the same concentration (100 nM), intense SERS 
signals were obtained only in perfectly matched target miRNAs, whereas 
all single-base mismatched miRNAs (both type A and B) showed no 
recognizable SERS signals, indicating that single mismatch miRNAs did 
not react with the probe DNAs. These results represent that the 3D SERS 
biosensor had single-nucleotide level selectivity in the absence of the 
cross-reactivity and cross-hybridization with other miRNA sequences, 
which is necessary for the label-free detection of PC-related exosomal 
miRNAs. 

Since the exosomes exist in extremely small amounts in the body 
fluids, the sensor detecting exosomal miRNAs requires ultra-high 
sensitivity, ideally under femtomolar detection limit (Blondal et al., 
2013; Max et al., 2018; Wang et al., 2020). We investigated the limits of 
detection and dynamic detection ranges of our 3D SERS biosensor tar
geting PC-related miRNAs in the biofluid environment. Each target 
miRNA sample was prepared by serially diluting from 100 nM to 1 aM in 
human serum, and an unspecific miRNA sequence was prepared as a 
control (Table S1). Fig. 5A shows the SERS spectra of miRNA samples 
measured over concentration gradients. The Raman scattering in
tensities at the fingerprint peaks were plotted in Fig. 5B and C in cor
relation with the target miRNA concentrations. The signals at the SERS 
fingerprint peaks of each miRNA were detected even at deficient con
centrations (~10 aM), demonstrating that the 3D SERS biosensor in this 
study has remarkably low detection limits for target miRNAs. Each 
fingerprint peak intensity for miR-10a and miR-21 showed good linear 
correlations of broad concentration ranges from 10 aM to 100 nM. To 
establish the quantitative correlation in miRNA concentration and SERS 
intensity, we plotted the linear regression by fitting the miRNA-specific 
peak intensity to target miRNA concentration in Fig. 5C. The linear 
regression equations were obtained as below: 

y= 22920 log x + 1529.6, R2 = 0.968for ​ miR − 10a (1)  

y= 23039 log x + 5118.1, R2 = 0.970for ​ miR − 21 (2)  

where x is miRNA concentration. All the linear regressions for target 
miRNAs demonstrated an excellent correlation (R2 > 0.96) between the 
representative SERS peak intensities and the logarithm of the miRNA 
concentrations. The evaluated detection limits were as low as 10 aM for 
both miR-10a and miR-21, without any chemical labelling. Compared 
with our formerly reported label-free SERS sensor (Kim et al., 2019b) 
and other amplification methods, including the fluorescence or elec
trochemical sensors (Chen et al., 2020; Li et al., 2020; Liu et al., 2020; 
Wan et al., 2020; Zhang et al., 2017), our advanced 3D SERS biosensor 
showed more than 1000-fold lower detection limit (Table S3). This su
perior detection limit of our proposed sensor is originated from the 
exceptional electric field enhancement induced from the 3D plasmonic 
hot-spots and confinement of the target miRNAs inside these 3D 
hot-spots of the hierarchical nano-architectures (Jones et al., 2016; 
Wang et al., 2018). Considering the scarcity of the urinary exosomal 
miRNAs in urine, as well as the large discrepancy of the concentrations 
between PC patients and healthy individuals (Bryzgunova et al., 2016), 
we anticipate that our SERS sensor having exceedingly low detection 
limits and wide dynamic range is feasible for the detection of the urinary 
exosomal miRNAs for the diagnostic application. 

3.3. Clinical discrimination of PC patients from urine samples 

Urinary exosomes of PC patients contain unique PC-specific contents, 
including miRNAs, in which exosomal miRNAs specifically are critical 
biomarkers in the early-stage diagnosis of PC and a personalized 
approach to patient prognosis and treatment. Despite the growing in
terest in urinary exosomal miRNA, the development of a practical uri
nary exosomal miRNA-based biosensor for PC diagnosis is still 
challenging owing to several significant drawbacks, such as the complex 
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composition of urine as well as low concentration of exosomes (Leung 
et al., 2021; Li et al., 2019). To prove the potential of our approach for 
PC diagnosis, our label-free 3D SERS system was applied to quantify the 
exosomal miRNAs in clinical urine samples acquired from ten PC pa
tients and five healthy controls (Table S4). The purified exosomes 
released from the tumor cells into the urine were analyzed for surface 
protein expression and morphological images. The transmission electron 
microscopy image showed that the morphologies of the urinary exo
somes were spherical shapes with diameters from 30 to 100 nm 
(Fig. S9A). The western blotting for the purified exosomes revealed that 
the exosome-associated protein markers (ALIX and CD9) were present in 
the urinary exosomes from both the PC patients and the healthy con
trols, while the non-exosomal marker (calnexin) was absent (Fig. S9B). 
These features are consistent with the properties of exosomes reported in 
other literature (Perez-Hernandez et al., 2018; Yang et al., 2017). 

After extracting exosomal miRNA from urine samples, we quantified 
the expression levels of the target miRNA in PC patients and healthy 
controls using SERS spectra measured by the label-free 3D SERS 
biosensor (Fig. S10) and delta threshold cycles (ΔCt) value measured by 
the qRT-PCR. These results are presented as the box plots in Fig. 6A and 

B, respectively. The measurement results from both the qRT-PCR and the 
3D SERS sensor revealed a higher expression level of the target miRNAs 
in the PC patients than in the healthy controls. This observation is in 
accordance with the literatures reporting elevated concentration for 
both miRNAs in PC (Foj et al., 2017; Worst et al., 2020). We calculated 
the p-value for evaluating statistically significant differences of exoso
mal miRNA expression levels between two clinical groups. Although 
both the qRT-PCR and the 3D SERS sensor showed the same tendency 
between miRNA concentrations and PC occurrence, qRT-PCR had 
p-values larger than 0.01 for both miRNAs (miR-10a: 0.12, miR-21: 
0.067), whereas the p-values for the label-free SERS 3D biosensor 
were less than 0.01 (miR-10a: 0.0068, miR-21: 0.0035). The lower 
p-value stands for a statistically more significant difference between 
groups (Berkson, 2003; Lenzi et al., 2021). Hence, this result can be 
interpreted that our 3D SERS sensor shows the relation between the 
concentration of the miRNA and the PC occurrence more clearly than 
qRT-PCR and has higher clinical reliability for disease diagnosis. 

The clinical sensitivity and selectivity of the PC diagnosis using the 
3D SERS biosensor were further assessed using a Receiver Operating 
Characteristics (ROC) plot. On the ROC graph, the area under the curve 

Fig. 4. Selectivity of hierarchical 3D nanostructure-based SERS sensor for detection of miR-10a and miR-21. (A) SERS intensity at 1143 cm− 1 of miR-10a and single- 
mismatched sequences, and (B) SERS intensity at 1376 cm− 1 of miR-21 and single mismatched sequences. The concentrations for each miRNA were 100 nM. 

Fig. 5. Sensitivity of the hierarchical 3D SERS nanostructure-based miRNA sensor. (A) Graph of SERS spectra over concentration gradients (B) Plot of specific SERS 
peak intensities (1143 cm− 1 for miR-10a and 1376 cm− 1 for miR-21) against the miRNA concentrations in the spiked human serum sample. (C) Linear regression for 
the correlation between the miRNA concentration and specific peak intensity. The error bars indicate the standard deviations from 20 measurements. 
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(AUC) represents the diagnostic performance, where a non-significant 
diagnostic method has AUC near 0.5 while a value of 1 indicates per
fect discrimination between positive and negative samples (Berrar and 
Flach, 2012). Fig. 6C displays the ROC curves of qRT-PCR and our SERS 
biosensor for the PC diagnosis using miR-10a and miR-21. The results 
showed that our 3D SERS biosensor had outstanding high sensitivity and 
selectivity for diagnosis of the PC patients; the AUCs of the 3D SERS 
biosensor for target miRNAs were 0.96 (with 95% confidence interval 
(CI) of 0.87–1.00) for miR-10a and 0.98 (95% CI: 0.91–1.00) for miR-21, 
whereas the AUCs of qRT-PCR were 0.88 (95% CI: 0.70–1.00) for 
miR-10a and 0.88 (95% CI: 0.71–1.00) for miR-21, respectively. The 
diagnosis of PC based on miRNAs using our 3D SERS biosensor achieved 
an accuracy of 0.93 for both miR-10a and miR-21 (Fig. S11), which were 
significantly improved from the accuracy of serum PSA-based PC diag
nosis reported from other literatures (~50%), which has been consid
ered insufficient for the decisive PC diagnosis (Borkowetz et al., 2020; 
Tubaro et al., 2008). These results demonstrate that the proposed 
label-free 3D SERS biosensor using the hierarchical SERS substrate had a 
prominent clinical potential for diagnosing PC by detecting 
exosome-derived urinary miRNAs. 

4. Conclusion 

In summary, a SERS-based, label-free biosensor was established to 
detect urinary exosomal miRNAs at the attomolar level sensitivity for PC 
diagnosis with improved accuracy. In this system, 3D hierarchical nano- 
architecture was constructed through the self-assembling of SAP-AuNPs 
with the plasmonic head-flocked gold nanopillar SERS substrate induced 
by the target miRNA. The uniform and abundant nanogaps in the 3D 
nano-architecture lead to an intense magnification of the unique SERS 
fingerprint peaks of the target miRNAs and result in the ultrasensitive 
(~10 aM) and single-nucleotide-level specific detection performance for 

target miRNAs. The clinical accuracy of our SERS sensor for PC diagnosis 
was verified by discriminating the PC patients from the healthy controls 
using differential expression analysis of PC-associated urinary exosomal 
miRNAs. Importantly, the diagnostic performance of our sensor was 
superior to the traditional qRT-PCR, showing the potential of our SERS- 
based miRNA sensor for the diagnosis of PC. Thus, we expect that our 3D 
SERS sensor serves as a versatile platform for detecting various disease- 
associated miRNAs and other trace biomarkers such as proteins or cell- 
free nucleic acids in biofluids, with high diagnostic fidelity. Our future 
works include the clinical validation of our system with larger clinical 
sample size and incorporation of data processing methods, including 
principal component analysis (PCA) for enhanced diagnostic precision. 
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